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Recording Infant ERP Data for Cognitive Research

Stefanie Hoehl and Sebastian Wahl
Department of Psychology, University of Heidelberg, Heidelberg, Germany

Researchers from different backgrounds have an increasing interest in investigating infant cognitive
development using electroencephalogram (EEG) recordings. Although EEG measurements are suit-
able for infants, the method poses several challenges including setting up an infant-friendly, but
interference-free lab environment and designing age-appropriate stimuli and paradigms. Certain
specifics of infant EEG data have to be considered when deriving event-related potentials (ERPs)
to investigate cognitive processes in the developing brain. The present article summarizes the prac-
tical aspects of conducting ERP research with infants and describes how researchers typically deal
with the specific challenges entailed in this work.

Neurophysiological recordings provide a valuable source of information for researchers interested
in early cognitive development. However, recording infant electroencephalogram (EEG) is
associated with a number of methodological challenges and constraints. On the one hand,
neuroscientists who wish to extend their work to developmental populations may find it chal-
lenging to adjust their paradigms to the limited attention span and motor abilities of an infant.
Developmental psychologists, on the other hand, have the proficiency to design infant-friendly
experiments, but may have to acquire substantial expertise on electrophysiological recordings and
analyses when choosing to use EEG for their research.

The EEG is a continuous recording of all electrical signals at the scalp. This signal reflects
summated postsynaptic potentials of pyramidal neurons in the cortex (Allison, Allison, Wood, &
McCarthy, 1986; Davidson, Jackson, & Larson, 2000), as well as noise from muscular activ-
ity and eye movements. For an overview of differences between adult and infant EEG and on
how brain development affects the EEG signal see Thierry (2005) and Picton and Taylor (2007).
Event-related potentials (ERPs) are derived from the continuous EEG by averaging multiple EEG
segments that are recorded time-locked to certain events, such as visual or auditory stimuli or
motor responses. Thereby, random noise and activation not related to the stimuli is reduced and
the resulting ERP is considered a systematic response to the experimental stimulation.

The present article summarizes some important specifics of EEG recording and analyses
with infants ranging from newborns to 1- to 2-year-olds. We will focus particularly on ERPs
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188 HOEHL AND WAHL

as these are the most commonly derived measurements from infants’ EEG, although other use-
ful measurements include EEG coherence (Bell & Fox, 1992), and event-related oscillations
(Csibra & Johnson, 2007). Some of our recommendations will apply to EEG measurements in
general (e.g. lab setup, recording devices), while some will be specific for the measurement of
ERPs (e.g., trial numbers, stimulus durations, filter settings).

ERPs are now widely used to investigate various aspects of infant cognitive development
ranging from auditory processing and language acquisition (Thierry, 2005) to visual stud-
ies of recognition memory (Nelson, 1994), attention (Richards, 2003), categorization (Quinn,
Westerlund, & Nelson, 2006), and face and emotion processing (de Haan, Johnson, & Halit,
2003; Hoehl & Striano, 2008). In some instances ERPs have provided a more sensitive mea-
surement of infants’ discriminative abilities than looking behavior (de Haan & Nelson, 1997;
Hoehl, Reid, Mooney, & Striano, 2008a; Snyder, 2007), although in other instances behavioral
data and ERP data have provided complementary results (Grossmann, Striano, & Friederici,
2007; Peltola, Leppänen, Maki, & Hietanen, 2009; Snyder, 2010). ERPs are particularly use-
ful for researchers interested in the timing and sequence of cognitive processes. However, ERP
experiments with infants are mainly restricted to passive viewing or listening paradigms, which
narrows the possibilities of application.

We will start our review with recommendations for an infant-friendly lab setup. We will
include a brief overview on the necessary hardware and software components. Next, we will
discuss infant participant samples before focusing on the design of age-appropriate stimuli and
paradigms. We will then continue with practical aspects of recording EEG data from infants.
Finally, we will outline the typical steps of signal analysis and particularly address specifics of
infant ERPs.

STARTING FROM SCRATCH: LABORATORY SETUP
AND RECORDING DEVICES

We recommend setting up an infant-friendly, light and colorful room with age appropriate toys
for warming up with the infant, briefing the parents, and starting the preparation of the infant
for EEG recording. There should also be a place for parents to feed the infant or change the
infant’s diapers. In cases in which the infant and/or the parent already arrives at the laboratory
being stressed or uneasy (e.g., because of teething or a light cold) we recommend giving infants
and parents enough time to relax and calm down before starting any procedures. In some cases
it might even make sense to offer to postpone the experiment because testing an unhappy infant
rarely succeeds.

The preparation procedure for EEG recording with infants should not take longer than a couple
of minutes. It is often necessary to entertain the infant while preparing her for testing. The parent
or an additional experimenter may offer toys or show picture books depending on the infant’s
age. During preparation both boredom and sensory overload of the infant should be avoided
which requires sensitivity on the part of the experimenter.

There are different electrode systems commonly used to record infant EEG. These systems
mainly differ in the type and number of electrodes and the way the electrodes are mounted onto
the head. Regarding the electrode type a distinction can be made between active and passive
electrodes. Passive electrodes measure electrical activity at the scalp and send the information to
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INFANT ERP RECORDING 189

an amplifier. Interferences (e.g., line noise) may affect the signal on the way from the electrode to
the amplifier, so proper shielding is required. Active electrodes, in contrast, contain an amplifier
in each electrode, which reduces contamination of the data due to electrical noise and cable
movements.

The electrode systems also differ in the way the electrodes are attached onto the head.
Electrode caps and geodesic sensor nets (GSN) are most commonly used today. Systems using
electrode caps consist of a tight and flexible cap available in different sizes and a set of elec-
trodes that are mountable onto the cap. Caps may be fastened with a strap underneath the chin
or with a chest belt. In our experience infants rather tolerate a chest belt. Since the electrodes
are not in direct contact with the scalp a conductive gel is required. This gel is injected into
each electrode with a syringe. We recommend warming up the gel in warm water before apply-
ing it to the infant’s head because warm gel is more comfortable and provides better contact.
There are also new developments like so-called “dry” active electrodes that are used without gel
application (Fonseca, et al., 2007). A common problem when using electrode caps is that over-
application of conductive gel can cause low impedance bridges between electrodes underneath the
cap. These electrolyte bridges may not be visible during preparation but may distort the recorded
signal, especially in terms of topography, because a similar signal is recorded at sites connected
through gel. The risk for gel bridges is increased with an increasing number of electrodes because
distances between electrodes are reduced.

The GSN is a high-density EEG recording system that is less prone to this kind of artifact
and can applied be with infants. Up to 256 electrodes, usually 64–128 channels for infants, are
arranged in an elastic tension structure. The net can be applied relatively quickly to the scalp
surface (Johnson, et al., 2001). Gel is not required but it is required to soak the net in warm elec-
trolyte solution. The solution usually dries quickly on infants’ heads, thus, decreasing the risk for
bridges between electrodes. Johnson et al. (2001) provide a detailed overview of the utilization
of the GSN with infants. A major advantage of the GSN is the high spatial resolution, which
provides the opportunity to localize potential brain sources. Compared to electrode caps the elec-
trodes of the GSN are not fixed rigidly to the scalp once the net is applied. Consequently, the GSN
is more prone to movement artifacts than the electrode cap. Furthermore, there are limitations in
using the GSN with infants younger than 3 months of age. Due to poor neck musculature it is
challenging to support young infants’ heads in a way that does not interfere with the electrode
placement. However, to date the GSN is the only system that allows high-density EEG recording
with infants to our knowledge.

Electrooculogram (EOG) is often measured in addition to EEG. Eye movements and blinks are
tracked with electrodes on the right and left side next to the eyes (horizontal EOG) and/or with
electrodes above and below one or both eyes (vertical EOG). EOG electrodes for infants may be
embedded in the cap or GSN. When using caps it may be necessary to apply one or several EOG
electrodes (mostly the one underneath the eye) using a small piece or ring of adhesive tape. Some
infants do not tolerate this procedure or try to remove electrodes from the face.

After preparation the infant is seated for the stimulus presentation. In most of the laboratories
the infant is placed on their parent’s lap or arm ( Hoehl, Wiese, & Striano, 2008b; Leppänen,
Richmond, Vogel-Farley, Moulson, & Nelson, 2009), or, depending on the infant’s age, in a car
seat or a high chair (Clifford, Franklin, Davies, & Holmes, 2009; Friedrich & Friederici, 2004a;
Webb, Long, & Nelson, 2005). When using a car seat or high chair it is important to consider
the location where the parent is seated. We recommended seating the parent somewhere near the
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190 HOEHL AND WAHL

infant to ensure physical proximity. For instance, a car seat may be placed on the parent’s lap.
In studies examining lateral preferences or lateral attention shifts placing the parent to the left or
the right of the infant may confound the resulting effects.

In visual studies the area surrounding the presentation monitor should be designed the least
distracting possible. Presentation screens are usually surrounded by plain panels (Leppänen et al.,
2009; Reynolds & Richards, 2005). In addition, surrounding lights are often dimmed (Clifford
et al., 2009; Hoehl & Striano, 2008; Quinn, Doran, Reiss, & Hoffman, 2010) and the room may be
electrically and/or acoustically shielded (Farroni, Csibra, Simion, & Johnson, 2002; Friedrich &
Friederici, 2004a; Striano, Kopp, Grossmann, & Reid, 2006a; Swingler, Sweet, & Carver, 2007),
or at least provide a quiet environment. Ideally, neither the experimenter nor any recording or
observation devices should be directly visible to the infant during recording.

Auditory stimuli are usually presented via loudspeakers that are located at a distance of
20–150 cm beside, above, or in front of the infant (Brannon, Libertus, Meck, & Woldorff,
2008; Čeponiene et al., 2002; Grossmann, Striano, & Friederici, 2005; Kushnerenko, Ceponiene,
Fellman, Huotilainen, & Winkler, 2001a; Leppänen et al., 2010; Martynova, Kirjavainen, &
Cheour, 2003; Novitski, Huotilainen, Tervaniemi, Näätänen, & Fellman, 2007; Weber, Hahne,
Friedrich, & Friederici, 2004). Headphones are sometimes used when testing older children or
adults (Brannon et al., 2008).

Several devices are required for recording infant EEG. Besides the electrode system a record-
ing system is needed. The hardware of a recording system usually consists of an amplifier that
enhances the deflected brain activities, an A/D switcher that transforms the analog signal into a
digital signal and a personal computer including a device that receives and processes the incom-
ing data (e.g., a PCI device). A software package is necessary to record and store, visualize, and
analyze the data. If the stimulus presentation is also run on a computer (which is usually the
case) a second computer should be used because limitations in memory and processor capacity
could otherwise lead to problems in the accuracy of the recording timings or continuity. However,
the stimulus presentation computer has to be connected to the recording computer and send trig-
gers every time a stimulus is presented in order to enable precise temporal matching of the EEG
data to the stimulus presentation. Depending on presentation software and operating system (and
refreshment rates of monitors in visual studies) there may be delays between stimulus presenta-
tion and trigger registration in the range between several microseconds up to tens of milliseconds.
Inconsistent delays are particularly problematic because they are harder to correct for. When
recording ERPs these delays should be minimized, especially when recording early components
occurring within narrow latency windows. Late slow waves should be less affected. In general, we
consider delays lower than one millisecond acceptable. Most of our stimulus presentations still
run under a pure Disk Operating System (DOS) environment because precise timing is harder to
achieve with multitasking operating systems.

In visual studies observing the infant’s behavior during recording is important for identifying
sequences or trials in which the infant was not attending to the stimuli. This can be done by reg-
istering the behavior online (de Haan & Nelson, 1999; Webb et al., 2005) or by videotaping and
coding the behavior offline (Farroni et al., 2002; Hoehl et al., 2008b). Especially in case of record-
ing on tape an observation camera is needed which is ideally placed somewhere hidden above or
below the presentation monitor. In order to link the infant’s behavior to the stimulus presentation
it is possible to run a picture-in-picture recording of the stimulus presentation and the infant’s
behavior on tape. Alternatively, the stimulus presentation computer may also be connected to
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INFANT ERP RECORDING 191

the video recording device and simultaneously send triggers to the EEG recording computer and
the video recording device. In any case, precision in temporal correspondence between stimulus
presentation device, EEG recording device and infants’ behavior registration is essential for ERP
recording.

VERY SPECIAL PARTICIPANTS

In addition to building up a well-equipped laboratory, having access to subjects is a basic pre-
requisite for studying infant development. Recruitment of infant participants may take place in
many forms. Parents may be contacted in hospitals, doctors’ practices, nurseries or play-groups.
Sometimes birth records may also be available to research institutes. Informed consent should be
obtained from the infants’ parents.

Ideally, age groups for testing are chosen based on hypotheses regarding infants’ cognitive,
perceptual or behavioral development at the corresponding ages. However, some age groups are
more difficult to test with EEG methods than others. From our own experience, infants between
3 and 12 months of age are the least problematic for visual studies because they are easily dis-
tracted during preparation and usually do not mind the cap or sensor net too much. Infants at
this age are often fascinated with computer monitors, which is helpful for visual studies. Testing
infants younger than 3 months of age is the easiest when infants are sleeping because young
infants usually sleep a lot during the day. Naturally, testing infants asleep is only possible for
auditory studies. When measuring the EEG of sleeping infants, it is important to monitor sleep
stages (Čeponiene et al., 2002; Kushnerenko, et al. 2007; Leppänen et al., 2010; Novitski et al.,
2007; Teinonen, Fellman, Näätänen, Alku, & Huotilainen, 2009). For instance, some authors dis-
tinguish between active and quiet sleep phases based on infants’ behavior, respiratory activity, eye
and limb movements, and continuous EEG and EOG patterns (Čeponiene, et al., 2002; Leppänen,
Eklund, & Lyytinen, 1997). During quiet sleep infants produce fewer artifacts (body and eye
movement) compared to active sleep. However, newborns spend about 50% of their sleeping
time in active sleep (Thoman, 1990), so testing infants during quiet sleep is not always possible.
ERP responses may differ depending on the sleep stages. For instance, it has been reported that
mismatch responses during active sleep are smaller compared to quiet sleep (Pihko, Sambeth,
Leppänen, Okada, & Lauronen, 2004).

Infants around one year of age and older are challenging to test in ERP studies because they
sometimes resist the preparation procedures, pull out electrodes, pull off the electrode cap/net or
simply walk away if they are bored by the stimuli. When working with infants older than one year
of age researchers should anticipate needing a longer warm-up phase and more distraction (e.g.,
provided by a second experimenter) during preparation. In any case, the age range within an infant
sample should be narrow (i.e., 1 month or even 1–2 weeks with very young infants), because of
rapid developmental changes in the first two years of life (Picton et al., 2000; Picton & Taylor,
2007). When typically developing infants are tested all infants should be born full term and with
a normal birth weight (i.e., with a gestational age of at least 37 or 38 weeks and a birth weight
of more than 2,500 grams) and no known neurological abnormalities. Of course there are also
studies on preterm samples or infants at risk for developmental disorders (Bisiacchi, Mento, &
Suppiej, 2009; Slater et al., 2010). When comparing preterm born infants with full term infants
it should be considered including both a full term group with comparable postnatal experience
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192 HOEHL AND WAHL

(i.e., at the same postnatal age as the preterm infants) and a full term group at a comparable stage
of maturation (i.e., at the same postmenstrual age as the preterm infants) to control for effects of
postnatal experience and neural maturation (deRegnier, Wewerka, Georgieff, Mattia, & Nelson,
2002).

Sample sizes vary largely between studies ranging from 10 to more than 50 infants per exper-
imental group (Friederici, Friedrich, & Christophe, 2007; Friedrich & Friederici, 2004b; Quinn
et al., 2006; Senju, Johnson, & Csibra, 2006). The required sample size should ideally be esti-
mated a priori based on the expected effect size using power analysis (Murphy & Myors, 1998).
The expected effect size may be derived from the existing literature or may be estimated based
on pilot data. When estimating the required sample size an attrition rate of 25–75% of all tested
infants should be anticipated (de Haan, Pascalis, & Johnson, 2002; DeBoer, Scott, & Nelson,
2007; Friedrich & Friederici, 2004a; Halit, de Haan, & Johnson, 2003; Striano, Reid, & Hoehl,
2006b).

CREATING AGE-APPROPRIATE STIMULI

One of the most important requirements for testing infants in visual paradigms is that the subjects
actually pay attention to the stimuli and maintain their attention long enough to allow for the
collection of a sufficient amount of data. One way to facilitate infants’ focus of attention to the
stimuli is to create a non-distractive lab environment as described earlier. Secondly, the applied
stimuli have to be capturing and attractive for the tested age group. Since infants are attracted to
faces from early on (Goren, Sarty, & Wu, 1975), a large number of visual ERP studies with infants
has used faces as stimuli even when more general cognitive processes such as recognition memory
were studied (Nelson & Collins, 1992; Nelson & Salapatek, 1986). Apart from these studies,
there is also a great interest in infants’ processing of human faces as compared to other stimuli
(de Haan et al., 2002, 2003; de Haan & Nelson, 1999; Halit et al., 2003), infants’ processing of
facial emotional expressions (Hoehl & Striano, 2008; Nelson & de Haan, 1996; Peltola et al.,
2009) and infants’ eye gaze processing (Farroni et al., 2002; Farroni, Johnson, & Csibra, 2004;
Hoehl et al., 2009), making faces one of the most frequently used types of visual stimuli in infant
ERP research. In the majority of studies solely female faces have been presented, because infants
generally show a spontaneous preference for female as compared to male faces, at least if their
primary caregiver is a female (Quinn, Yahr,Kuhn, Slater, & Pascalis, 2002).

Depending on the purpose of the given study other visual stimuli may also be suitable for
infants, however. Some researchers have used arbitrary patterns or geometric shapes (Karrer &
Monti, 1995; Reynolds & Richards, 2005; Richards, 2003), pictures of animals (Quinn et al.,
2006), or objects (Striano et al., 2006b). Physically simple stimuli (e.g., brief tones or visual grat-
ings) may be suitable for research on basic sensory processes because they can be well controlled
in terms of physical stimulus properties, whereas complex and more natural stimuli (e.g., speech
sounds or faces) may be used to tackle more complex cognitive processes such as categorization
(Picton & Taylor, 2007). In any case, it seems reasonable to present infants with a variety of
different stimuli in order to avoid boredom, although sometimes only a small number of stimuli
(e.g., two different faces) has been used in order to limit inter-stimulus variance of low-level per-
ceptual features (for visual stimuli, e.g., luminance, size, color, shape). Stimuli should always be
matched for low-level perceptual features between conditions in order to avoid confounds when
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INFANT ERP RECORDING 193

differences in brain responses are found. Visual low-level parameters such as luminance, size,
and color may be easily derived and manipulated using picture editing software such as Adobe
Photoshop (Adobe Systems Inc., San Jose, CA) or GIMP (GNU Image Manipulation Program,
www.gimp.org).

One particular stimulus feature that should be considered in visual studies is stimulus size since
infants’ visual acuity is limited in early months (Salomao & Ventura, 1995). In many studies with
infants in the first six months of life visual stimuli were presented at 15◦–25◦ of visual angle
(de Haan & Nelson, 1999; Farroni et al., 2002; Gliga & Dehaene-Lambertz, 2007; Halit, Csibra,
Volein, & Johnson, 2004; Hoehl et al., 2008b). When testing older infants it might make sense
to reduce stimulus size in order to reduce the probability of eye movements, which can distort
the EEG signal (see Figure 1). Accordingly, in many studies with infants older than 6 months
of age stimuli were presented at 5◦–15◦ of visual angle (Carver & Vaccaro, 2007; Grossmann,
Striano, & Friederici, 2006; Reid, Hoehl, Landt, & Striano, 2008; Senju et al., 2006; Striano,
Reid, & Hoehl, 2006b).

Apart from static visual stimuli dynamic stimuli may be used as well. For instance, dynamic
point light displays have been applied to study infants’ processing of biological motion (Reid
et al., 2006, 2008). When using films instead of static pictures problems related to eye movements
are even more likely. Again, limiting the visual angle of stimulus presentation may help to some

FIGURE 1 Sequences of infant electrooculogram (EOG) and elec-
troencephalogram (EEG) data containing typical artifacts. Panel A: Eye
movement. Panel B: Blink. Panel C: Head/body movement. Panel D:
Pacifier artifact (rhythmic sucking). EEG data were referenced to the
linked mastoids, EOG were recorded bipolarly. Note that the effects of
eye movements and blinks also affect the EEG.
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194 HOEHL AND WAHL

degree. However, large movement paths of stimuli across the presentation monitor should be
avoided when measuring ERPs.

Another possibility is to present visual and acoustic stimuli in conjunction. This has been done,
for instance, when studying crossmodal integration of emotional expressions (Grossmann et al.,
2006), lexical priming (Friedrich & Friederici, 2004a, 2004b), or the McGurk effect in infants
(Kushnerenko, Teinonen, Volein, & Csibra, 2008). The combination of pictures and spoken words
seems to be particularly attractive for infants: The aforementioned studies have remarkably low
attrition rates (19–45%) and a relatively high number of usable trials per infant and condition
(25–53). Very different age groups were tested in these studies (5-, 7-, 14-, and 19-month-olds).
The dynamic and multimodal nature of stimuli in these studies seems to be particularly engaging
for infants and young toddlers.

Even when using highly capturing stimuli infants rarely maintain their attention to visual stim-
ulus presentations for more than a couple of minutes in a row. In case the infant loses interest in
the stimuli, researchers often use attention attractors to recapture the infant’s attention and pro-
long data acquisition. Different laboratories have developed a variety of stimuli that are presented
in pauses or between the experimental trials. For instance, dynamic cartoons or clips from chil-
dren’s programs are presented to infants and replaced by experimental stimuli when infants fixate
the screen in visual studies (Farroni et al., 2002; Reynolds & Richards, 2005). Other researchers
have presented static fixation stimuli prior to the presentation of every single experimental stim-
ulus (Farroni, Johnson, & Csibra, 2004; Hoehl & Striano, 2008; Kobiella, Grossmann, Reid, &
Striano, 2008).

Attention attractors are useful in visual studies since they help to drag infants’ attention to the
screen prior to the appearance of the experimental stimulus, which may help to reduce eye move-
ments during stimulus presentation. However, the attention attractor itself elicits brain responses
(e.g., offset potentials), which might interfere with the subsequent ERP signal in response to the
experimental stimulus. If an attention attractor is used prior to every stimulus picture, its presen-
tation duration should be variable because otherwise it precisely predicts the onset of the next
stimulus picture. The perceptual characteristics of attractor stimuli have to be regarded as well
in order to avoid priming or repetition suppression effects on the response to the following stim-
ulus picture. Thus, the attention attractor should not be too similar to the experimental stimuli
and should certainly not be more similar to stimuli from one experimental condition compared
to another. Many researchers pause the stimulus presentation if the infant becomes fussy or inat-
tentive and present some kind of attractive stimulus in order to recapture the infant’s attention.
In general, dynamic stimuli in addition to sounds have proven useful. Examples include looming
objects, rotating spirals or spinning stars among others. Again, the stimulus should be chosen
carefully not to interfere with the cognitive and perceptual processes to be measured. In pauses it
might also be useful to engage the infant with a toy or simply ask the caregiver what might help
to reestablish the infant’s interest in the presentation. Sometimes it is as easy as giving the infant
something to drink or letting her interact with the caregiver for a couple of minutes.

When auditory stimuli are used it may be helpful to engage the infant in some kind of visual
presentation in order to avoid boredom and excessive (eye) movements. In some cases the infant
may be allowed to sleep during auditory stimulus presentations (Kushnerenko, Čeponiene, Balan,
Fellman, & Näätänen, 2002; Ruusuvirta, Huotilainen, Fellman, & Näätänen, 2009). In other
cases, an unrelated movie or screensaver may be presented in addition to the acoustic stimuli
(Grossmann et al., 2005), or the experimenter may entertain the infant by blowing bubbles or
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INFANT ERP RECORDING 195

with a puppet show (Brannon et al., 2008; Weber et al., 2004). There are many possibilities to
keep the infant calm and attentive as long as visual stimulation is not time-locked or related to
the experimental stimuli.

In auditory studies pure sinusoidal tones (Brannon et al., 2008; Leppänen et al., 2010; Novitski
et al., 2007; Ruusuvirta, Huotilainen, Fellman, & Näätänen, 2003, 2004; Ruusuvirta et al., 2009)
or more complex harmonic tones are often used as non-vocal stimuli (Čeponiene et al., 2002;
Kushnerenko et al., 2001a, 2002). Tone frequencies between 500–4,000 Hz are commonly used.
Harmonic tones often consist of about three partials. It is argued that harmonic tones facilitate
central sound encoding and preattentive sound discrimination in newborns compared to pure
tones (Čeponiene et al., 2002). White noise or diverse environmental noises (e.g., clicks or chirps)
are also used in auditory studies with infants (Kushnerenko et al., 2007). Non-vocal stimuli are
usually presented for 50–400 msec, at a volume of 50–80 dB.

Vocal or speech stimuli in infant studies include syllables (Dehaene-Lambertz & Dehaene,
1994), known or unknown words (Friedrich & Friederici, 2004a; Grossmann et al., 2005),
pseudo-words (Friederici et al., 2007; Kushnerenko et al., 2001b; Teinonen et al., 2009; Weber
et al., 2004), and sentences (Männel & Friederici, 2009). Depending on the study’s aim the stimuli
are varied in stress, prosody or number of syllables and are presented mostly for 300–1,000 msec
at a volume of about 65–70 dB. It has to be noted that newborns prefer human voices to non-
social auditory stimuli (Ecklund-Flores & Turkewitz, 1996; Hutt, 1968) and show increased brain
responses to speech sounds compared to tones (Wunderlich, Cone-Wesson, & Shepherd, 2006).
However, harmonic tones or other computer generated sounds are easier to control than human
vocal stimuli in terms of physical characteristics. The psychological properties of speech stimuli
should also be taken into consideration. Infants’ brains are sensitive to emotional prosody from
early on (Grossmann et al., 2005), and infant-directed speech may be perceived as an ostensive
signal by the infant and as such modulate cognitive processes and possibly enhance attention
(Csibra & Gergely, 2006). As it is recommended for visual stimuli, auditory stimuli should be
matched for low-level perceptual features between conditions (e.g., length and volume) to avoid
confounds. Software tools for analyzing and creating speech and tone stimuli include Praat (www.
praat.org), Adobe Audition (Adobe Systems Inc., San Jose, CA), GoldWave (GoldWave Inc., St.
John’s, Canada), and Audacity (http://audacity.sourceforge.net/).

The use of variable inter-stimulus intervals is recommended in visual, auditory, and multi-
modal studies in order to decouple the signal from line noise and prevent infants from anticipating
the onset of the subsequent stimulus. The conscious or unconscious detection of regularities in
stimulus sequences may lead to expectations regarding the stimuli which may alter ERP responses
(Picton et al., 2000).

DESIGNING INFANT-FRIENDLY PARADIGMS

Given that an infant-friendly lab environment and an age-appropriate set of stimuli has been
created, suitable ERP paradigms for infants should be considered. There are many restrictions
on ERP paradigms with infant participants. Naturally, infants cannot be instructed to perform a
certain task. Thus, passive viewing or passive listening paradigms are the most common. Since
body movements and eye movements distort the EEG signal infants are usually kept as still as
possible during data acquisition. Exceptions to passive viewing paradigms are studies on infants’
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196 HOEHL AND WAHL

cortical saccade planning in which ERP responses are time-locked to behavioral responses (i.e.,
saccades; Richards, 2001).

Another important restriction is the number of conditions that can be applied in a within-
subject design. As there is large inter-individual variance regarding latency, amplitude and even
morphology of the components in infant ERP data (DeBoer, Scott, & Nelson, 2007; Thierry,
2005), within-subject designs are generally preferred to between-subjects comparisons. However,
the more conditions are applied on one subject the less likely it is that the infant sits still and main-
tains attention long enough to provide a sufficient number of artifact-free trials per condition for
averaging (see Figure 2). For instance, in two recent studies with three or four within-subject con-
ditions drop-out rates were relatively high (60–73%) and a relatively small number of 12–13 trials
was available for averaging per condition (Hoehl & Striano, 2008; Reid et al., 2008). The min-
imum number of artifact-free trials that is required from every infant in order to be included in
the final sample of participants varies immensely between studies ranging from 7 or 8 to 40 valid
trials per condition (Carver & Vaccaro, 2007; de Haan & Nelson, 1997; Friederici et al., 2007),
although typically 10–15 trials are required in visual paradigms (Farroni et al., 2004; Hoehl et al.,
2008b; Quinn et al., 2006; Swingler et al., 2007). In auditory paradigms a much higher number
of trials is often available, for example, about 20–80 trials in studies with infants tested awake
(Friederici et al., 2007; Friedrich & Friederici, 2004a, 2004b; Grossmann et al., 2005), and up to
several hundred trials when infants are tested asleep (Čeponiene et al., 2002; Kushnerenko et al.,

FIGURE 2 Examples of event-related potential (ERP) averages includ-
ing differing numbers of trials within one subject (panel A) and examples
of grand averages including differing numbers of subjects (panel B). Data
from the Fz electrode in response to a visual stimulus are shown and neg-
ativity is plotted upward. Note that high-frequency noise is averaged out
with an increasing number of trials and subjects, and amplitude is reduced.
The depicted Negative central (Nc) component is a large deflection in
infants’ ERPs and its morphology is visible even when only a small num-
ber of trials and subjects are included. However, its peak gets more clearly
defined with an increasing sample size.
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INFANT ERP RECORDING 197

2001a; Ruusuvirta et al., 2004). In general, the number of trials required to produce valid results
depends on the amount of noise in the data and the relative size of the ERP component to be
measured (Picton et al., 2000). When using auditory or multimodal stimuli more trials and, con-
sequently, more conditions can be presented (Stets, Stahl, & Reid, 2012). In some cases it might
make sense to include a greater number of infants in the sample even though each individual does
only provide a small number of trials (Stahl, Parise, Hoehl, & Striano, 2010; Stets & Reid, 2011).

In many studies stimuli belonging to two (or three or four) conditions are presented in a ran-
domized or semi-randomized order and infants’ brain responses are measured in passive viewing
or listening paradigms. A typical restriction on the randomness of presentation sequences is that
one condition is not repeated more than three times consecutively (Farroni et al., 2004; Halit et al.,
2003; Macchi Cassia, Kuefner, Westerlund, & Nelson, 2006). Stimuli may also be presented with
different frequencies. In typical “oddball” paradigms one stimulus is presented frequently (stan-
dard) while another stimulus is presented rarely (oddball or deviant). When applying auditory
stimuli this paradigm can be used to study automatic change detection as reflected in the mismatch
negativity (MMN), sometimes dubbed “mismatch response” in very young infants (Brannon
et al., 2008; Cheour, Kushnerenko, Ceponiene, Fellman, & Naatanen, 2002; Kushnerenko et al.,
2002; Marshall, Reeb, & Fox, 2009; Novitski et al., 2007; Ruusuvirta et al., 2009). In auditory
oddball paradigms stimulus length and/or frequency may be varied between standard and oddball
(e.g., 100 msec vs. 200 msec; Čeponiene et al., 2002; 1,000 Hz vs. 1,100 Hz, Leppänen et al.,
2010).

Visual oddball paradigms have been employed in studies on infants’ recognition memory
and attention (Karrer & Monti, 1995; Nelson & Collins, 1992; Reynolds & Richards, 2005).
Especially when using visual oddball paradigms recording a sufficient number of oddball trials
poses a serious challenge. Furthermore, infants may become bored quickly when viewing only
two stimuli repeatedly for several minutes. Another problem related to stimulus presentations at
different frequencies is that much less trials will be recorded for the rarely presented stimulus
as compared to the frequently presented stimulus. This may cause heterogeneous variances and
statistical errors when comparing ERPs between conditions (Thomas, Grice, Najm-Briscoe, &
Miller, 2004). A common approach to handle this problem is to artificially reduce the number of
standard trials to match the available number of oddball trials by randomly discarding trials of
the condition for which more trials are available (e.g., de Haan & Nelson, 1999).

We would like to mention two further kinds of paradigms, which broaden the available
methodological repertoire and have been applied successfully with infants. One fruitful approach
is to use priming or repetition suppression paradigms with infants (Gliga & Dehaene-Lambertz,
2007; Jeschonek, Marinovic, Hoehl, Elsner, & Pauen, 2010). These paradigms rely on the fact
that activity in a neural network is decreased when the same network is repeatedly activated.
Thus, when one identical stimulus is presented repeatedly the neural networks processing this
stimulus will typically decrease their responses. This effect can be used to assess whether differ-
ent stimuli share a common neural representation and, if they do, at which step of signal analysis
this representation is activated. For instance, the posterior N290 component to eyes is reduced
in 4-month-olds if the eye stimulus is presented in the context of frontal view faces (Gliga &
Dehaene-Lambertz, 2007). Likewise, in 7-month-olds the positive slow wave response to pictures
of animals and furniture items is reduced if stimuli are preceded by items of the same category
(Jeschonek et al., 2010). Priming effects provide an interesting topic for investigation and should
also be considered as possibly unwanted side effects in studies in which stimuli belonging to the
same category are presented in sequence.
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198 HOEHL AND WAHL

The second promising yet rarely used approach is to apply live interaction paradigms
with infants (Carver & Vaccaro, 2007; Hirotani, Stets, Striano, & Friederici, 2009; Kopp &
Lindenberger, 2011; Parise, Reid, Stets, & Striano, 2008; Striano et al., 2006b). In these stud-
ies an experimenter or the infant’s caregiver interacts with the infant either during EEG recording
(Striano et al., 2006b) or prior to EEG recording (Carver & Vaccaro, 2007; Hirotani et al., 2009;
Kopp & Lindenberger, 2011; Parise et al., 2008). In both cases ERPs are time-locked to presenta-
tions of objects and/or words that are displayed via monitor or loudspeaker. The effects of prior or
simultaneous social interaction (e.g., eye contact, emotional expressions) on infants’ processing
of the respective objects and/or words are assessed. In a similar fashion, action sequences may
be first presented to an infant by a live experimenter and subsequently on a computer monitor in
order to measure ERP indices of recognition (Bauer, Wiebe, Carver, Waters, & Nelson, 2003).
In studies on infants’ social cognitive processes live interactions with an experimenter augment
the ecological validity of the paradigm compared to video or picture presentations. However, hav-
ing an adult interact with every infant live may warrant special efforts in controlling, for instance,
emotional expressions in face and voice, especially when the infants’ caregivers are involved who
are not trained in experimental procedures (Carver & Vaccaro, 2007).

PRACTICAL ASPECTS OF RECORDING INFANT ERP DATA

We are not aware of any ERP study with infants tested awake in which every subject completed
the whole testing session. In terms of practicability, auditory studies are often easier than visual
studies, because in auditory studies visual attention does not have to be maintained to a certain
location and infants may in some cases be tested asleep. In general, stimuli are presented until the
subject shows signs of fatigue or “fussiness,” meaning the infant refuses to continue participation
in the study. Usually infants are very explicit in their disapproval. In case of uncertainty we rec-
ommend to rely on the caregiver’s judgment. Many reasons may lead to the early termination of a
testing session: The infant may have fallen asleep, lost interest in the presentation, moved exces-
sively or even started to cry. Of course, it is not wise to continue a recording session if the infant
is unhappy. Sometimes a pause may help to reengage the infant’s attention, but at some point it is
better to conclude the testing session. Unfortunately, a clear definition of fussiness is rarely given
in publications and the criteria may differ from lab to lab and even from experimenter to exper-
imenter. We recommend training new experimenters thoroughly by experienced experimenters
to be sensitive to infants’ signals of distress (e.g., tension in limbs and body, flushing, facial and
vocal expressions of distress) and furthermore to rely on the caregiver’s judgment. For training
purposes it might be helpful to watch and discuss tapes of previous testing sessions (e.g., Why
was testing stopped at a certain point? What effect do short pauses have during the experiment?
How can subtle signs of the infant’s unease be indentified before the infant starts crying?). New
experimenters should first observe or assist experienced experimenters before testing infants on
their own. Of course the testing session is ended whenever the caregiver wishes and he or she is
informed that this is the case before starting the session. However, occasionally a study may have
to be aborted even against the caregiver’s wish if the infant shows clear-cut signs of distress.

Apart from fussiness, sleepiness or lack of interest in the stimuli other reasons may lead to
the untimely termination of a testing session (see also Stets et al., 2012). Some of these can
be avoided, however: Thorough training of the experimenter may help to avoid drop-outs due
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INFANT ERP RECORDING 199

to experimental error and regular maintenance of the testing equipment may reduce the risk of
technical problems. Prior to testing caregivers should be instructed not to talk (except for com-
forting the infant if needed), not to point toward the presentation screen and not to touch the
electrodes since contact with the parent’s skin can cause artifacts. Infant-directed speech and
directing the infant’s attention to the screen can affect infants’ information processing (Striano
et al., 2006b). Therefore, we recommend no direct interaction with the infant during recording
as long as the infant is comfortable unless the interaction is thoroughly controlled and reported
in the manuscript. If the infant is seated on the caregiver’s lap, the caregiver should be asked not
to bounce or rock the infant and to cautiously reduce the infant’s movements as much as possi-
ble without causing the infant to resist against the constraint. For instance, it is often helpful if
the caregiver keeps the infant’s hands down from the electrode cap or net. If possible the infant
should not be allowed to keep a toy or pacifier during recording in order to reduce artifacts caused
by sucking or chewing (see Figure 1). However, in some cases a pacifier may be helpful as an
ultima ratio for infants who would otherwise not continue the testing session. Finally, testing ses-
sions should not coincide with infants’ typical sleeping or feeding times. Parents should be able
to choose a time of the day most convenient for their infant and of course there should be no time
pressure if the infant nonetheless arrives at the laboratory hungry or asleep.

If a testing session is quit early the infant may still provide a sufficient number of artifact
free trials for averaging (see section above for respective numbers). On the contrary, an infant
may sit through the entire testing session, but still not provide usable data, because of excessive
movements, alpha waves, sweat artifacts, gel bridges, or other difficulties that may sometimes be
noticed only after testing. Thus, whether an infant can be included in the final sample for data
analysis is often unclear until the data have been edited (see section below). In any case, one has
to be prepared for drop-out rates of between 25–75% of all tested infants that are common in
infant ERP studies and plan subject recruitment accordingly. Thus, the infants remaining in the
sample may not be representative of the population. We recommend collecting information on
age, gender, socioeconomic status, and, depending on the study’s aim, more specific information
for instance on health status, language proficiency or other potentially important variables for
infants remaining in the sample as well as for infants rejected from the final sample in order to
check for systematic differences.

Even though working with infants and parents clearly requires patience and sensitivity, EEG
measures are a suitable method for studying early development as evidenced by the large and
rich body of literature on ERP studies and other kinds of EEG studies with infants (see also
other articles in this issue). Regarding the practical aspects there is even an advantage to many
behavioral studies: No overt behavioral response is needed, thus even very young infants with a
limited motor repertoire can be tested. Compared to EEG recordings with adults, the preparation
of an infant for EEG recording can be done very quickly, since impedances are generally lower
than in adults. The infant’s skull and skin are very thin and no abrasive gel or paste of any kind
is necessary. However, baby oil or other oily skin care products should be removed before testing
in order to enhance impedances. Cradle cap is usually not a problem as long as the infant’s skin
is unscathed. Infants with a lot of (curly) hair may be a bit more difficult to test than bald infants.
Usually the electrode cap and gel or the sensor net can be applied in 5–10 min. This is helpful
since every minute of infants’ attention and well-being in the laboratory is precious. Electrode
impedances are not always reported in infant ERP articles, however, depending on the system
impedances between 10–20 k� (Carver & Vaccaro, 2007; Friedrich & Friederici, 2004b; Webb
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et al., 2005) or even 50–100 k� (Macchi Cassia et al., 2006; Reynolds & Richards, 2005) are
considered acceptable. Sometimes it might make sense to start recording even if impedances
on supposedly less relevant electrodes are still higher if the infant is on the verge of becoming
impatient. If EEG is measured with a high-density system (i.e., 64 channels or more) a limited
number of missing or bad channels (e.g., up to 10%) may be interpolated from the remaining
channels offline (Farroni et al., 2004; Macchi Cassia et al., 2006).

SPECIFICS OF INFANT EEG DATA: RECORDING
AND STEPS OF SIGNAL ANALYSIS

The EEG is a relatively small electrical signal that needs to be amplified, usually with an amplifi-
cation factor of between 10,000–50,000 times (DeBoer et al., 2007; Johnson et al., 2001). Since
the EEG is an analog and continuous signal it has to be digitized for further processing. Most
amplifiers offer a built-in A/D-converter that converts the analog signal into a digital signal.
Depending on the chosen sampling rate the signal is captured in certain time-steps. A sampling
rate of 100–250 Hz (de Haan & Nelson, 1999; Hoehl et al., 2008b) and up to 500 Hz (Friedrich &
Friederici, 2004b) is commonly used in infant EEG recording. The increasing capacity of storage
devices has made it feasible to record data with increasing sampling rates. Note that only fre-
quencies below half the size of the sampling rate can be captured by the A/D-converter. Higher
frequencies will appear as noise (aliasing artifacts). To provide appropriate data quality the sam-
pling rate should be chosen at least four to eight times greater than the highest frequency of
interest (Handy, 2004; Seifert, 2005). For ERP studies a sampling rate of 250 Hz is usually appro-
priate. Anti-alias recording filters are usually applied before the signal is digitized. A low-pass
filter attenuates high frequencies and should be chosen at half the size of the sampling rate or
lower. Most commonly a low-pass filter of 30–100 Hz is chosen (Quinn et al., 2010; Webb et al.,
2005), depending on the sampling rate and the frequency range of interest. High-pass filters atten-
uate low frequencies, which may, for instance, be caused by sweat artifacts. Since direct current
(DC) signals from the brain cannot be distinguished from low-frequency artifacts and in order to
avoid blocking of the A/D-converter, high-pass filters set at DC or 0.1 Hz are also often applied
(Farroni et al., 2004; Macchi Cassia et al., 2006). Some researchers also apply a notch filter to
reduce the impact of electrical noise from power lines and technical devices (de Haan & Nelson,
1997; Webb et al., 2005).

Recording EEG requires a process of signal transformation. The difference between the signal
of each electrode and a reference electrode is gained. Most commonly used recording references
are the vertex/Cz (Hoehl et al., 2008b; Senju et al., 2006; Swingler et al., 2007), or one of the
mastoids behind the left or right ear (Courchesne, Ganz, & Norcia, 1981; Ruusuvirta et al., 2009).
However, data may be re-referenced offline to any other electrode or the arithmetic mean of any
chosen sample of electrodes (e.g., both mastoids). The reference should be chosen carefully with
respect to the ERP components of interest. Since those signals that a measuring electrode and
the reference have in common are eliminated the resulting activity decreases with increasing
proximity to the reference electrode. Hence, it is often recommended to choose a reference site of
less significant activity like the mastoids. However, the mastoids are not as inactive as sometimes
argued (Lehtonen & Koivikko, 1971). When high-density recording systems are used the average
reference has clear advantages since it is relatively unsusceptible to scalp currents at any specific
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INFANT ERP RECORDING 201

channel site (Dien, 1998). Here, the arithmetic mean of all measured electrodes is subtracted
from the signal at every channel. However, the adequacy of the average reference depends on the
number and locations of measured electrodes and its use is not recommended if the inter-electrode
distance is more than 2–3 cm (DeBoer et al., 2007).

Once the EEG signal is recorded artifacts (i.e., signals not related to the brain activations of
interest), have to be removed. Artifacts can be caused, for instance, by eye or body movements,
biological processes like heartbeat or respiration, or electrostatic/electrical interspersions from
technical devices or line voltage. Obviously, infants cannot be instructed to sit still and fixate
on the stimuli. Thus, movement artifacts are very common (see Figure 1). Several procedures
can be applied to reduce or eliminate artifacts. Artifacts often differ from valid EEG in terms of
frequency. In addition to the aforementioned analog recording filters, digital filters may be applied
offline. Common filters include high-pass filters set at 0.1–0.5 Hz (Gliga & Dehaene-Lambertz,
2007; Reid et al., 2008), and low-pass filters at 15–40 Hz (Clifford et al., 2009; Friederici et al.,
2007; Scott & Monesson, 2010). However, it has to be kept in mind that filters do not completely
cut off the frequencies above or below the chosen value and can sometimes distort the signal
(Picton et al., 2000).

Another method to reduce artifacts is to reject contaminated epochs of EEG data. This can be
done manually or automatically. Common automatic algorithms include rejection of trials when-
ever the standard deviation of the signal exceeds 100 μV within a sliding window of 500 msec
(Friederici et al., 2007), or whenever values exceed analog to digital values (Swingler et al., 2007;
Webb et al., 2005). Given that automatic rejection algorithms may still fail to detect artifacts, an
additional manual rejection is often done in infant studies (Friedrich & Friederici, 2004a; Macchi
Cassia et al., 2006; Senju et al., 2006; Striano et al., 2006a). Automatic artifact rejection algo-
rithms provided in purchasable software packages are often too strict or not flexible enough for
infant data. Therefore, some researchers prefer a semi-automatic procedure to be able to recover
part of the data segments that would have been discarded by a completely automatic rejection
algorithm.

Manual inspection is usually led by the morphology of the waveforms. Artifacts are harder
to discriminate from valid data when studying infants compared to adults because of the greater
inter-individual variance of infant EEG and greater background activity in the delta and theta band
compared to adult EEG (Thierry, 2005). Huge differences in amplitude within a short period
of time often indicate artifacts (see Figure 1). If the signal seems not to vary at all between
channels this indicates a short of electrodes, mostly due to salt-bridges on the scalp. Likewise,
eye movements and blinks may be registered with bipolarly recorded vertical and horizontal
EOG (see Figure 1). Based on visual inspection of the EOG contaminated trials may be rejected
manually. In visual studies manual inspection of the data is also necessary in order to exclude
trials in which the infant has not looked toward the presentation. One major problem of manual
trial rejection (or inclusion) is that criteria for rejection may be very subjective and vary from
researcher to researcher. Manual rejection is also time consuming and requires intensive training
beforehand. We recommend that coders start with editing an existing and already analyzed data
set and compare results with those obtained by experienced coders for training.

Reduction of available trials due to artifacts is a serious problem in infant ERP research and
several approaches have been taken to prevent extensive data loss in order to increase signal-to-
noise ratios (SNR). As mentioned earlier, bad channels may be interpolated from the remaining
channels when high-density recordings are used and only a limited number of channels are
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affected (Farroni et al., 2004; Macchi Cassia et al., 2006). Correction algorithms for ocular arti-
facts, blinks in particular, are also available (Gratton, Coles, & Donchin, 1983). When using
high-density recording systems eye movements may be separated from the EEG signal with
Principal Component Analysis (PCA, Picton et al., 2000), or Independent Component Analysis
(ICA, Johnson et al., 2001). In order to limit data loss due to artifacts that are restricted to a small
number of channels it has recently been suggested to reject individual channels for certain epochs
while keeping the trial for the remaining channels (Fujioka, Mourad, He, & Trainor, 2011). This
results in a different number of trials for each individual channel in the average. However, the
resulting spatial distortions apparently do not exceed those obtained with conventional artifact
rejection procedures (Fujioka et al., 2011).

The SNR provides information about the quality of the recorded data and can also be used to
measure the quality of artifact reduction procedures. The SNR is calculated by the quotient of
the signal’s average and standard deviation. Due to the huge inter-individual variance of human
EEG there are no standardized values of SNR to pursue. However, different artifact reduction
procedures may be compared by SNR. Furthermore, SNR can be used to assess the appropriate
number of trials used for averaging. For this purpose, the square of the SNR is multiplied by a
constant factor to obtain an appropriate number of trials (Seifert, 2005). Vice versa, the constant
factor is calculated by dividing the number of trials by the square of the SNR. This factor cannot
be standardized but it can be used as a heuristic to choose a sufficient number of trials for each
set of data.

After re-referencing, digital filtering, and artifact rejection, EEG data are usually segmented
into epochs of data that are time-locked to the stimulus events. This sequence of processing steps
may vary depending on the chosen procedures. For instance, when using an average reference
it is recommendable to perform re-referencing on clean data (i.e., after filtering, and/or artifact
rejection, and interpolation of noisy channels). Filtering of continuous data (i.e., before segmen-
tation) is recommended, because applying high-pass filters to segmented data can significantly
distort the potentials at the start and end of the epoch or even the whole time range when being
applied to baseline corrected data (Picton et al., 2000).

Typically, a baseline correction is applied with a defined pre-stimulus epoch of between
100–200 msec (Quinn et al., 2010; Scott & Monesson, 2010; Striano et al., 2006a). A baseline
shorter than 100 msec may lead to increased noise in the signal (Picton et al., 2000). Following
segmentation, segments are averaged first on the individual level and then across subjects for
the grand average/grand mean. Averaging is an obligatory procedure when analyzing ERPs
because event-related activities are separated from spontaneous activities. Furthermore, averag-
ing reduces artifacts that are not temporally related to the presented event. Another approach
for identifying event-related activities is to use component analysis techniques on single trials
(DeLorme, Makeig, Fabre-Thorpe, & Sejnowski, 2002; Jung et al., 2001; Reynolds & Richards,
2005; Richards, 2005). Here, the signal is extracted by component analysis from an aggre-
gation of single trials. This approach provides a high SNR and is able to identify separate
but overlapping components that contribute to a single ERP component (Michel et al., 2004;
Reynolds & Richards, 2005, 2009).

Differences in amplitude or latency of components may be compared across conditions with
statistical analyses such as t-tests or analyses of variance (ANOVA). It should be noted that infant
components may vary from those found in adults in terms of latency, amplitude, morphology,
and polarity (for reviews on infant ERP components see e.g. de Haan, et al., 2003; Thierry,
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INFANT ERP RECORDING 203

2005). Components of interest are ideally defined a priori based on the existing literature and
should be analyzed on those channels on which they display the greatest amplitude. Electrodes
are sometimes grouped to regions of interest (ROIs). Grouping can be done based on the litera-
ture and/or by visual inspection of the scalp distribution of the examined component (Halit, de
Haan, & Johnson, 2003; Quinn et al., 2006; Webb et al., 2005).

The chosen latency range for analysis should be centered around the peak of the component
or may also be defined a priori based on the literature (Picton et al., 2000). For peak activities
time windows can be chosen based on the grand means of all analyzed channels and their range
(Carver & Vaccaro, 2007) or based on the averages of individual infants (Čeponiene et al., 2002).
Alternatively, data may be analyzed in pre-defined consecutive time windows (e.g., consecutive
time windows of 100 msec duration: Friedrich & Friederici, 2004b). It is also possible to run
t-tests to assess amplitude differences across conditions in small consecutive epochs until condi-
tions differ significantly for a defined number of consecutive epochs (e.g., a minimum of three
consecutive epochs of 6 msec each; Brannon et al., 2008). When different conditions are com-
pared the same time window should be used for all conditions and peak amplitude should be
assessed at the same latency for all channels (Picton et al., 2000). When investigating different
age groups it is often necessary to choose different time windows across age groups (Halit et al.,
2003; Webb et al., 2005), because components often change in latency across age (de Haan,
2007).

Typical dependent variables for statistical testing are mean or peak amplitude, area below
or above a curve and latency to peak. Mean amplitude or area is used when components do not
exhibit a distinctive peak or occur in long latency (e.g., slow waves). Area measurement and mean
amplitude are less sensitive to noise than peak amplitude and have therefore been recommended
for infant recordings (Picton & Taylor, 2007), but they tend to underestimate differences between
factor levels (van Boxtel, 1998). In general, mean amplitude is preferable to area measurement
(Picton et al., 2000). Peak amplitude and latency to peak can be used with clearly defined compo-
nents, although peaks are typically less well-defined in infants than in adults (Thierry, 2005). The
latency of components in infant ERP (especially in young infants) often varies broadly among
and within individuals (“latency jitter”). Overall this results in a relatively broad plateau without
a reliably definable peak and reduced amplitude. In this case techniques may be used to adjust for
latency jitters (e.g., Woody filtering; Woody, 1967), which are surprisingly rarely applied in infant
studies. When using peak amplitude it usually makes the most sense to calculate peak amplitude
relative to baseline (Picton et al., 2000). However, when the peaks of interest are superimposed on
a larger slow drift that differs between conditions a peak-to-peak or peak-to-trough measurement
may be more appropriate (e.g., Hoehl et al., 2008).

As mentioned earlier, most infant studies use within-subject designs, thus requiring a repeated
measures analysis. Psychophysiological data often violate the assumption of sphericity in
repeated measure ANOVA (or MANOVA) models, thus statistical compensations have to be
provided, such as Greenhouse-Geisser correction or the Huynh-Feldt correction (Greenhouse &
Geisser, 1959; Huynh & Feldt, 1976). Typical within-subject factors are condition and location
(e.g. electrode site or ROI). However, it has to be kept in mind that a condition × electrode
interaction does not necessarily mean that the conditions differ in the spatial configurations of
generators (McCarthy & Wood, 1985). Amplitude normalization is sometimes used to deal with
this problem (Farroni et al., 2004). However, amplitude normalization has also been criticized
sharply and should be applied cautiously (Urbach & Kutas, 2002).
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Apart from common linear modeling techniques such as ANOVAs, infant ERP data may also
be analyzed with hierarchical models (Stahl et al., 2010). In contrast to linear models, hierarchical
models allow to analyze data sets with missing values even if data are not missing completely
at random, making them particularly useful in infant ERP research. Furthermore, time-varying
covariates, for example, the number of trials in each experimental condition, may be included.

The reliability of results can be assessed by calculating grand averages with subsamples of the
available trials, for example, both halves of the trials (split-half reliability). Although information
about the reliability of results is rarely reported in published manuscripts we highly recommend
performing such analyses, which may also help to detect changes in ERP responses across the
testing session (Stets & Reid, 2011; Wiebe et al., 2006).

In addition to testing for differences in amplitude or latency across conditions there are several
methods for extracting information about neural sources. Principal Component Analysis (PCA)
and Independent Component Analysis (ICA) are procedures that separate the ERP signal into
different sources (Bell & Sejnowski, 1995; Donchin, 1966). Thereby artifact components can
be eliminated. However, both procedures are sensitive to outliers. Thus, a conventional artifact
rejection has to be done beforehand. In contrast to PCA, ICA does not depend on the restriction
of normal distribution of independent components and is able to extract components from noisier
data (Johnson et al., 2001). However, recording a sufficient amount of clean data for running ICA
algorithms still poses a challenge when working with infants.

Cortical source localization attempts to identify the location, orientation and magnitude of
dipoles in the brain that underlie ERP components. Brain Electrical Source Analysis (BESA
GmbH, Gräfelfing, Germany) and EMSE (Source Signal Imaging, San Diego, CA) are software
packages used for dipole localization in adults and more recently also in infants (Reynolds &
Richards, 2009). Led by theoretical assumptions about the location of the generators, dipoles are
placed somewhere in the virtual head by the researcher. Based on this assumption the software
reconstructs the potential distribution in accordance with physical and physiological principles.
The approximation of the reconstructed distribution to the actual distribution specifies the quality
of the estimate. Reynolds and Richards (2005) presented the first study examining cortical sources
of infant components that were extracted from high-density EEG using ICA. A recent and more
detailed overview of cortical source localization techniques developed specifically for infants can
be found in Reynolds and Richards (2009).

Since most procedures were originally developed for adults there are limitations regarding the
applicability of source localization techniques with infants. In particular, infant head models are
required that take into account head sizes at different ages, different conductivities of skull, tissue,
and scalp compared to adults, and specifics of infant heads such as the fontanels (Reynolds &
Richards, 2009). Only recently, a database with structural MRI (magnetic resonance imaging)
templates for different infant age groups has been provided for scientific use: http://jerlab.psych.
sc.edu/NeurodevelopmentalMRIDatabase/index.html

CONCLUSION

Various aspects of recording and analyzing ERP data from infants have been discussed in the
current article. Despite the challenges and potential pitfalls entailed in this technique infant
ERP measurements are increasingly conducted and have deepened our understanding of early
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cognitive development. New technological developments will extend the existing scope of meth-
ods (Stahl, Pickles, Elsabbagh, Johnson, & The BASIS Team, 2012), although some of the
constraints on experimental designs are inherently related to the technique and/or the particular
age groups tested. We would like to encourage the use of EEG/ERP measurements in devel-
opmental cognitive research as an important source of information on the timing and neural
correlates of cognitive processes in the developing brain.

REFERENCES

Allison, T., Wood, C., & McCarthy, G. (1986). The central nervous system. In M. Coles, E. Donchin, & S. Porges (Eds.),
Psychophysiology: systems, processes, and applications. New York, NY: Guilford.

Bauer, P. J., Wiebe, S. A., Carver, L. J., Waters, J. M., & Nelson, C. A. (2003). Developments in long-term explicit
memory late in the first year of life: Behavioral and electrophysiological indices. Psychological Science, 14(6),
629–635.

Bell, A. J., & Sejnowski, T. J. (1995). An information-maximization approach to blind separation and blind deconvolution.
Neural Computation, 7, 1129–1159.

Bell, M. A., & Fox, N. A. (1992). The relations between frontal brain electrical activity and cognitive development during
infancy. Child Development, 63(5), 1142–1163.

Bisiacchi, P. S., Mento, G., & Suppiej, A. (2009). Cortical auditory processing in preterm newborns: An ERP study.
Biological Psychology, 82(2), 176–185.

Brannon, E. M., Libertus, M. E., Meck, W. H., & Woldorff, M. G. (2008). Electrophysiological measures of time
processing in infant and adult brains: Weber’s Law holds. Journal of Cognitive Neuroscience, 20(2), 193–203.

Carver, L. J., & Vaccaro, B. G. (2007). 12-month-old infants allocate increased neural resources to stimuli associated with
negative adult emotion. Developmental Psychology, 43(1), 54–69.
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