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Abstract
Developmental research is enhanced by use of multiple methodologies for examining
psychological processes. The electroencephalogram (EEG) is an efficient and relatively
inexpensive method for the study of developmental changes in brain-behavior relations. In this
review, we highlight some of the challenges for using EEG in cognitive development research. We
also list best practices for incorporating this methodology into the study of early cognitive
processes. Consideration of these issues is critical for making an informed decision regarding
implementation of EEG methodology.

Developmental scientists have various research methodologies available for the study of
age-related changes in brain-behavior relations. The electroencephalogram (EEG) is
considered by many to be one of the most efficient and relatively inexpensive methods for
examining these developmental changes. We prefer the EEG because it also allows an
examination of developmental changes without dramatic interference with normal ongoing
behaviors. We have used EEG methodology to examine correlations between brain electrical
activity and working memory performance during infancy (Bell, 2012, 2001) and early
childhood (Wolfe & Bell, 2004, 2007) and recall memory performance during toddlerhood
(Cuevas, Raj, & Bell, 2012a). We have also used EEG to describe month-to-month changes
in brain development during infancy (Bell & Fox, 1992, 1994; Cuevas & Bell, 2011).

EEG measures the electrical potential between two electrodes on the scalp, with evidence
that the origin of this electrical signal is in the brain (Pizzagalli, 2007). The EEG signal is
spontaneous but context-related; EEG generated during quiet rest is quantitatively different
from that generated during cognitive processing. The EEG signal has temporal resolution on
the order of milliseconds. Thus, postsynaptic changes are immediately reflected in the EEG,
making this methodology outstanding for tracking rapid shifts in brain functioning. Of value
to research with younger participants, the electrical signals recorded at the scalp are robust
and the techniques by which they are obtained are relatively simple and non-invasive.
However, obtaining high-quality signals typically requires a significant amount of training.

This manuscript is a brief review on the use of EEG in cognitive research with infants and
young children. The review is intended for the non-EEG researcher; we focus on issues to
consider when incorporating EEG into an existing research program. Two of the most
popular techniques involve cap/gel or net/saline systems. It is our experience that
researchers typically have strong opinions as to which is the better technique, with “better”
being defined various ways by different researchers. It is clear from the photograph in
Figure 1 that we use the cap/gel system; thus, our comments are focused on that
methodology. Advantages and disadvantages of the cap/gel and net/saline systems for
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developmental populations have been discussed by DeBoer, Scott, and Nelson (2006) and
Johnson and colleagues (2001).

EEG Measures
The EEG discussed here is sometimes called “quantitative EEG” and is used for basic
research on brain electrical activity during cognitive or affective processing. The EEG signal
recorded from the scalp is composed of multiple sine waves cycling at different frequencies.
Fourier analysis decomposes the EEG into these different sine waves and estimates the
spectral power (in mean square microvolts) at each frequency. This results in information
regarding the contribution of each individual frequency to the entire EEG spectrum at a
particular electrode site. Power is thought to reflect the excitability of groups of neurons.
Power values are usually totaled across frequency bins to form measures of power in a
specific frequency band (see frequency band section). The power data should be normalized
(e.g., natural log transformation) because EEG power data are usually positively skewed
(Davidson, Jackson, & Larson, 2000).

Coherence is the frequency dependent squared cross correlation between two scalp electrode
sites which reflects the degree of phase synchrony between them (Gevins, 1989; Nunez,
1981; Thatcher, Walker, & Giudice, 1987). Coherence values (range: 0 to 1) may be related
to the strength and number of synaptic connections (Thatcher, 1994), and thus may reflect
the level of connectivity between two EEG recording sites. Power and coherence measures
both show changes with development and both are associated with cognitive processing
(e.g., Bell & Fox, 1992; Cuevas & Bell, 2011).

EEG is typically recorded during specific events of cognitive processing and comparisons
are made to the EEG recorded during a resting or baseline period. An advantage of EEG is
that the cognitive events can be relatively long, on the order of seconds or even minutes. For
example, EEG power and coherence values can be obtained during multiple trials of a
working memory task and during the encoding of stimuli for a later recall or recognition
memory task. If there are several trials, EEG power and coherence can be averaged across
trials. Alternatively, a single prolonged period of information processing, such as during the
encoding of a complex stimulus, can be appropriate.

Another advantage of EEG is that experimental conditions are designed such that attrition is
relatively low. Our recent infant EEG work has attrition rates of 0–12% due to excessive
movement artifact or crying (Bell, 2012; Cuevas & Bell, 2011; Cuevas, Raj, & Bell, 2012b).
Attrition rates for two- and three-year-old children are higher (30–45%), typically due to
refusal to wear the EEG cap, cap removal during the session, or excessive movement artifact
(Cuevas, Raj, & Bell, 2012a; Morasch & Bell, 2011; Wolfe & Bell, 2007). Attrition rates
drop to 20% by age four as children become more tolerant of the EEG cap and exhibit less
movement during recording (Wolfe & Bell, 2004, 2007).

The EEG differs from event-related potentials (ERPs), which are waveform analyses of the
brain electrical responses within the EEG signal, time-locked to a specific set of stimuli.
ERPs are used to capture snapshots of brain responses to discrete stimuli associated with the
recognition of familiar and novel objects or sounds. ERP events are brief, typically 500
milliseconds. Many trials are required because the ERP waveform is extracted by averaging
across all trials of the same stimulus so that the background EEG signal drops out and the
specific response to a particular stimulus is observable. An advantage of ERPs is that the
various positive and negative components of the waveform at different latencies from
stimulus onset have been associated with specific cognitive processes. A disadvantage is the
relatively large number of trials required, such that the attrition rate in ERP studies with
infants can range from 35–75% (de Haan, 2006). A discussion of ERPs in studies of
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cognitive development can be found elsewhere (e.g., DeBoer et al., 2006; Fox, Schmidt,
Henderson, & Marshall, 2007).

Challenges for Developmental EEG Research
Spatial and Temporal Resolution

Although EEG is one of the more favorable brain imaging methods for use with infants and
children, there is one major caveat of this methodology. The EEG signal has excellent
temporal resolution, but it has poor spatial resolution. The skull behaves like a low-pass
filter and distorts the underlying brain electrical activity over a large area of the scalp.
Furthermore, potentials recorded at the scalp are likely generated by multiple groupings of
cortical and subcortical generators spread across a relatively wide area (Pizzagalli, 2007).
Thus, a scalp electrode is likely detecting electrical activity generated from non-local groups
of neurons, which is why it is better to discuss EEG activity at a specific electrode location
rather than resulting from a particular brain area. Use of dense electrode arrays (typically
considered to be a minimum of 64 electrodes) may alleviate some of the concerns with
spatial resolution. Indeed, dense arrays allow calculation of the source of the electrical signal
(Reynolds & Richards, 2009). Of course, the cost of an EEG system is correlated with the
number of electrodes.

Application of EEG Electrodes
EEG electrode arrays are available in many different sizes from newborn to adult. After
measuring the head and determining appropriate size, affixing the EEG cap to the infant’s or
child’s head requires a tremendous amount of practice, planning, and patience, as well as at
least two researchers. Application time varies with the type of EEG technique (cap/gel or
net/saline) and the number of electrodes. While an infant sits on mother’s lap it is relatively
easy for one research assistant to apply the EEG array as another research assistant
continuously entertains and distracts the infant with a wide variety of toys, games, or songs.
The “entertainer” is critical to the success of the EEG research study with young participants
and should be a research assistant savvy to individual differences in participants’
development and temperament.

Toddlers are very challenging in the EEG lab. Depending on the child, EEG application
occurs while the toddler either sits on mother’s lap or in a high chair near mother. Snacking
on crackers and watching an animated video with a research assistant facilitates this process.
Some toddlers may need additional distraction with musical or electronic toys. Playing a
computer game with the research assistant sufficiently distracts most preschoolers to allow
electrode placement and preparation, although preschoolers are definite in their opinions
about whether they wish to contribute EEG data. By middle childhood, participants enjoy
chatting with the research assistant during cap placement, especially while sitting in front of
a mirror.

It is critical that care be taken during electrode application to insure a high quality EEG
signal that is free of non-EEG electrical signals or “noise.” With the cap/gel technique, we
use one gel to prepare the scalp and another gel to conduct the electrical signal. These
techniques reduce the likelihood of recording non-EEG electrical signals. In the past,
researchers had to be mindful of ambient electrical interference from lighting and other
equipment in the EEG room. With contemporary EEG bioamplifiers, this is less of a
concern.
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EEG-Appropriate Tasks
A challenge for both behavioral and psychophysiological investigations with developmental
populations is identifying tasks that are engaging (e.g., maintain visual attention) and require
responses that are within the participants’ behavioral repertoire (e.g., looking, reaching).
Most of the cognitive tasks used in adult EEG research are inappropriate for younger
populations because they require receptive and productive language skills (i.e., instructions,
stimuli, responses), include numerous trials that lengthen the experimental protocol, and use
methods that are not engaging for infants and children. When designing age-appropriate
EEG tasks, researchers must also consider the influence of gross motor movements, eye
blinks or lateral eye movement, and unrelated changes in behavioral state (e.g., crying or
drowsiness during a cognitive task), which contaminate the EEG recording (i.e., artifacts;
see next section). In order for EEG collection to be worthwhile, researchers must have
sufficient artifact-free EEG available for data analysis. Since only portions of the EEG that
are associated with the cognitive process of interest are included in data analysis, researchers
should identify tasks that require minimal gross motor movement. Likewise, state changes
can be reduced by assessing participants at optimal points in their sleep-wake and eating
cycles.

The development of the looking A-not-B task (Bell & Adams, 1999) provides an example of
global and local changes in task design that can be implemented to reduce motor artifacts.
The reaching A-not-B task creates too many motor artifacts for data analysis. Clearly, eye
movements (looking A-not-B) produce fewer artifacts than reaching movements (reaching
A-not-B). Smaller changes in task design can also increase the amount of artifact-free data.
During the looking task, infants were less likely to lean and/or reach if they were not within
reaching distance of the table (i.e., location of the desirable object; see Figure 1).
Importantly, within-subjects comparisons of performance of looking and reaching versions
of the A-not-B task suggest that the same cognitive processes are required for both versions
(Bell & Adams, 1999; Cuevas & Bell, 2010).

Identifying Artifacts
After data collection is complete, a significant amount of time is required to process the
EEG data. It is essential to eliminate portions of the EEG record that are contaminated by
gross motor movements or eye blinks (i.e., artifact scoring) prior to data analysis. The EEG
signal is of such small amplitude that motor movements and eye blinks tend to overpower
the EEG signal, in effect wiping it out. Simultaneous recording of electrooculogram (EOG;
i.e., recording of eye movement: blinks and lateral eye movements) and electromyogram
(EMG; i.e., recording of muscle movement) can facilitate artifact detection. Eye blink and
lateral eye movement artifacts, however, are also readily identified via visual inspection of
the EEG at frontal electrodes. Although eye blink correction algorithms are often used on
adult EEG recordings, there has been some concern that the algorithms may filter out
maturational change in frontal EEG power in young research participants (Somsen & van
Beek, 1998). Thus, selecting artifact-free data may yield a more accurate portrayal of the
EEG developmental record (Somsen & van Beek, 1998).

Best Practices for Developmental EEG Research
Frequency Band Selection

The EEG is comprised of rhythmic activity oscillating at different frequencies. This
rhythmic activity is theorized to emerge from interactions between the thalamus and cortex
(see Pizzagalli, 2007, for review). For adults, specific frequency bands (e.g., 4–8 Hz; 8–13
Hz) are associated with different behaviors or mental processes. One challenge for
developmental EEG researchers is understanding how infant/child frequency bands are
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related to adult frequency bands. As can be seen in Figure 2, there are differences in both the
frequency and amplitude of infant and adult EEG. Early longitudinal research demonstrated
that (a) infant EEG is at a much lower frequency than adult EEG and (b) there are
substantial changes in the peak frequency from infancy through early childhood (see Bell,
1998; Bell & Fox, 1994, for reviews). Accordingly, developmental EEG researchers have
questioned the appropriateness of using traditional adult frequency bands (Pivik et al.,
1993).

Pivik and colleagues (1993) recommend two approaches for determining appropriate
frequency bands for developmental population: small band and wide band. For the wide
band method, EEG analyses are computed for a wide frequency band that includes all
frequencies in which there is evidence of power (e.g., Jones, Field, Fox, Davalos, Lundy, &
Hart, 1998). This method, however, is not used as often as the small band method.
Researchers using the small band method examine individual spectra and define frequency
bands that center around the peaks in the spectrum. This technique has been applied to
longitudinal data to reveal that 6–9 Hz is the dominant frequency band during quiet
wakefulness from infancy (i.e., 5 or 7 months) through early childhood (i.e., 48 months; Bell
& Fox, 1992; Marshall, Bar-Haim, & Fox, 2002). Stroganova and colleagues (e.g.,
Stroganova, Orekhova, & Posikera, 1999) have identified an overlapping infant frequency
band using a narrow frequency bin method in which narrow frequency bins (e.g., 0.4 Hz) are
analyzed and frequency bands are determined by significant findings at adjacent bins.
Specifically, the 5.2–9.6 Hz band in 8- to 11-month-old infants exhibits changes in power
values at occipital sites during the absence of visual input (i.e., a “lights off” period) that is
analogous to changes exhibited by adult 8–13 Hz alpha band during an eyes closed period
(Stroganova et al., 1999). Thus, the 6–9 Hz band has been identified by independent
investigations, using different approaches, as the dominant frequency band during early
development.

The 6–9 Hz band has emerged as a standard in developmental EEG research, and some
researchers refer to it as “infant alpha” (Stroganova & Orekhova, 2007). This frequency
band, however, also exhibits some characteristics of adult theta, and may be a hybrid of the
adult theta and alpha bands. Much like the adult 8–13 Hz alpha and 4–8 Hz theta bands, the
infant/child 6–9 Hz band has been used to examine a variety of different constructs, (e.g.,
visual attention, emotion expression and regulation, working memory and inhibitory control;
Fox, Henderson, Rubin, Calkins, & Schmidt, 2001; Morasch & Bell, 2011; Orekhova,
Stroganova, & Posikera, 2001). Relatively little work, however, has examined the functional
significance of other infant/child frequency bands (e.g., Bell, 2002; Cuevas, Raj, & Bell,
2012a, 2012b; Jing, Gilchrist, Badger, & Pivik, 2010). Clearly, age-appropriate frequency
bands are critical for developmental EEG research, and future research will enhance our
understanding of infant-adult frequency band relations.

Number of Electrodes
With technological advances, it is now possible to quickly apply an EEG array with 128 or
more electrodes to the head of an infant or young child. Researchers who use these dense
array techniques typically average across clusters of electrodes to calculate EEG power
values (e.g., Grieve, Myers, Stark, Housman, & Fifer, 2005). Researchers who use 32 or
fewer electrodes tend to report power values for individual scalp electrodes. The number of
scalp electrodes is typically determined by the research question. If information about
electrical activity at specific scalp locations is of interest, then the standard 19 electrode
montage (i.e., the 10/20 system; Jasper, 1957) may suffice. If information about the source
of the electrical signal is of interest, then dense arrays are required.
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Reference Electrode
As noted earlier, the EEG signal reflects the electrical potential between two electrodes, one
of which is considered the “active” electrode site (i.e., the site of interest) and the other the
reference. Choice of appropriate reference electrode location has been the source of much
disagreement in the psychophysiology literature in recent years. Researchers have
demonstrated that various reference electrode locations (Cz and linked ears, for example)
produce different EEG results. The pros and cons of various reference electrode locations
are discussed by others (Davidson et al., 2000; Hagemann, Naumann, & Thayer, 2001;
Stroganova & Orekhova, 2007). In our work, we record EEG using Cz as the reference
electrode and then re-reference the data via software to an average reference configuration
(Lehmann, 1987). This re-referencing eliminates concerns that power values at each active
site reflect interelectrode distance as much as they reflect electrical potential. At this point,
there is debate about how many electrodes are adequate for average referencing.

Baseline
A period of resting physiology is essential to EEG research for multiple reasons. First,
individual differences in baseline EEG have been associated with cognitive, emotional, and
motor processes/skills (e.g., Bell & Fox, 1997; Benasich, Gao, Choudhury, & Harris, 2008;
Smith & Bell, 2010). Baseline analyses are particularly useful with developmental
populations because they permit the examination of brain-behavior relations when EEG
recording during task performance is not permissible (i.e., too much motor movements).
Second, researchers interested in task-related changes in EEG measures typically use a
baseline period for comparisons (e.g., event-related desynchronization; Marshall, Young, &
Meltzoff, 2011; task-related changes; Cuevas et al., 2012a, 2012b). Thus, obtaining an
accurate baseline measure is critical to interpretation of EEG findings.

Adults and older children can be instructed to remain still and either close their eyes or
fixate on a screen in order to obtain a period of resting physiology (i.e., quiet wakefulness).
As noted in the Appropriate Task section, these procedures would be inappropriate for
research with infants and young children. Developmental researchers define baseline as a
period of quiet wakefulness/attention and use stimuli that are likely to elicit the same
affective and cognitive state in the majority of participants. Common procedures for an
infant baseline period include watching colorful balls move around a bingo wheel or
watching someone blow bubbles. Toddlers and preschoolers, on the other hand, are typically
shown abstract visual images or nonarousing video clips during the baseline phase. Thus, as
with task design, it is important to use an age-appropriate baseline while also accounting for
the influence of state changes and other artifacts.

Data Analyses
The amount of artifact in the EEG record can vary widely by condition and/or by individual
participant. Thus, it is important to examine the amount of EEG data available for analyses
after the EEG power and coherence values have been computed by the Fourier analysis
software. Each research lab should determine the amount of data they consider to be
appropriate for their analyses. It is important to keep in mind that including participants with
drastically different amounts of data (e.g., seconds versus minutes) can result in questionable
data analyses and conclusions. Furthermore, for research designs where participants are
assigned to experimental groups, it is important to verify that the amount of EEG data
between the groups (baseline, task-related) is similar. It is also critical to examine the EEG
power and coherence values for outliers. As with behavioral datasets, careful handling of the
EEG data can help the researcher verify the quality of each EEG recording and the integrity
of the dataset.
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Finally, because EEG measures typically are collected across different conditions at frequent
intervals, the measures tend to be highly correlated, especially for adjacent conditions. This
violates the sphericity assumption of repeated-measures ANOVA and can lead to invalid
statistical results. Thus, researchers should use Huynh-Feldt, Geisser-Greenhouse, or other
similar corrections to alter the degrees of freedom and the significance of the F-ratio. The
epsilon value should be reported in manuscripts (Jennings, 1987). An appropriate alternative
is to analyze data with repeated-measures MANOVA, which does not assume sphericity. No
corrections are required when using MANOVA to analyze EEG data.

Implications for ERP Studies
With slight modification, these best practices for EEG research are also applicable to ERP
research studies. Rather than focusing on appropriate selection of frequency band, ERP
studies focus on appropriate selection of waveform components for infants and young
children, which vary in latency and amplitude from adult ERP components. The “baseline”
in ERP studies is the part of the waveform prior to stimulus onset and is typically 100
milliseconds. Issues regarding number of electrodes in the montage, selection of reference
electrode, and data analysis are similar for EEG and ERP studies.

Conclusions
As can be seen, there are many considerations for developmental scientists interested in
adopting EEG methodology for their cognitive development research. We raised four issues
and suggested five best practices. Clearly, determining whether EEG is worth the time,
effort, and cost is important to consider prior to incorporating this technique into an existing
research program. Even for the experienced EEG researcher, the amount of power and
coherence data generated by an EEG study can be overwhelming (i.e., the number of
conditions, electrodes, and frequency bands/bins). An EEG study is definitely not the
context to apply the adage “more is better.”
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Figure 1.
The experimental arrangement for EEG data collection during the infant looking A-not-B
task.
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Figure 2.
Adult (top) and 8-month-old infant (bottom) EEG tracings of F3 and F4 (left and right
medial frontal) scalp locations. There are differences in the amplitude and frequency of
infant and adult EEG. The large deflections in the adult tracing are eye blinks. Eyeblinks in
the infant record are difficult to see because of the high amplitude of the infant tracing.
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