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Rapid auditory processing and acoustic change detection abilities play a critical role in
allowing human infants to efficiently process the fine spectral and temporal changes
that are characteristic of human language. These abilities lay the foundation for
effective language acquisition; allowing infants to hone in on the sounds of their native
language. Invasive procedures in animals and scalp-recorded potentials from human
adults suggest that simultaneous, rhythmic activity (oscillations) between and within
brain regions are fundamental to sensory development; determining the resolution with
which incoming stimuli are parsed. At this time, little is known about oscillatory
dynamics in human infant development. However, animal neurophysiology and adult
EEG data provide the basis for a strong hypothesis that rapid auditory processing in
infants is mediated by oscillatory synchrony in discrete frequency bands. In order to
investigate this, 128-channel, high-density EEG responses of 4-month old infants to
frequency change in tone pairs, presented in two rate conditions (Rapid: 70 ms ISI and
Control: 300 ms ISI) were examined. To determine the frequency band and magnitude
of activity, auditory evoked response averages were first co-registered with age-
appropriate brain templates. Next, the principal components of the response were
identified and localized using a two-dipole model of brain activity. Single-trial analysis
of oscillatory power showed a robust index of frequency change processing in bursts of
Theta band (3-8 Hz) activity in both right and left auditory cortices, with left activation
more prominent in the Rapid condition. These methods have produced data that are
not only some of the first reported evoked oscillations analyses in infants, but are also,
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importantly, the product of a well-established method of recording and analyzing clean,
meticulously collected, infant EEG and ERPs. In this article, we describe our method
for infant EEG net application, recording, dynamic brain response analysis, and
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SHORT ABSTRACT:

High-density electroencephalography (dEEG) is being used increasingly to study brain
development and plasticity in the early years of life. Here we present an application of
sophisticated analysis techniques that builds on traditional EEG recording to understand the
oscillatory dynamics of rapid auditory processing in the infant brain.

LONG ABSTRACT:

Rapid auditory processing and acoustic change detection abilities play a critical role in allowing
human infants to efficiently process the fine spectral and temporal changes that are
characteristic of human language. These abilities lay the foundation for effective language
acquisition; allowing infants to hone in on the sounds of their native language. Invasive
procedures in animals and scalp-recorded potentials from human adults suggest that
simultaneous, rhythmic activity (oscillations) between and within brain regions are fundamental
to sensory development; determining the resolution with which incoming stimuli are parsed. At
this time, little is known about oscillatory dynamics in human infant development. However,
animal neurophysiology and adult EEG data provide the basis for a strong hypothesis that rapid
auditory processing in infants is mediated by oscillatory synchrony in discrete frequency bands.
In order to investigate this, 128-channel, high-density EEG responses of 4-month old infants to
frequency change in tone pairs, presented in two rate conditions (Rapid: 70 ms ISl and Control:
300 ms ISI) were examined. To determine the frequency band and magnitude of activity,
auditory evoked response averages were first co-registered with age-appropriate brain
templates. Next, the principal components of the response were identified and localized using a
two-dipole model of brain activity. Single-trial analysis of oscillatory power showed a robust
index of frequency change processing in bursts of Theta band (3-8 Hz) activity in both right and
left auditory cortices, with left activation more prominent in the Rapid condition. These
methods have produced data that are not only some of the first reported evoked oscillations
analyses in infants, but are also, importantly, the product of a well-established method of
recording and analyzing clean, meticulously collected, infant EEG and ERPs. In this article, we
describe our method for infant EEG net application, recording, dynamic brain response analysis,
and representative results.

INTRODUCTION:

Across a wide spectrum of developmental disorders, it is becoming increasingly clear that the
key to early identification and ultimately remediation lies in understanding the early
mechanisms that come into play as the developing brain assembles functional networks. Thus,
there is increased interest in understanding the temporal dynamics of neural patterns that
impact cognition. In particular, specific cognitive functions to be differentially correlated with
oscillatory activity in specific frequency bands (e.g. cyclic fluctuations single-cell or population
membrane potentials) *. Previous studies have established that oscillatory dynamics play a
crucial role in the activity-dependent self-organization of developing networks **, control
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neuronal excitability >® and integrate sensory inputs 2. Oscillatory brain activity is thought to
be metabolically beneficial >*°, increasing the efficiency of a variety of sensory processing
functions and coordination of higher-level functions such as cognition and language. However,
systematic investigation of the role of neural synchrony across age and links with behavioral
outcomes in human infants has yet to be accomplished. An important step toward this
objective is to achieve a deeper understanding of the emergence and maturation of the
temporal dynamics and oscillatory mechanisms that support developing cognitive processes
including early language.

A crucial component of language development is the ability to accurately process and
categorize acoustic signals that change rapidly: often on the order of as little as tens of
milliseconds. For example, the acoustic dynamics of the words “dad” and “bad” differ
acoustically only over the first 40 ms of the syllable, yet the two have very different meanings
and associations. Previous studies show a maturational trajectory of receptive ability for
acoustic and linguistic differences. As early as 2 months of age, infants show the ability to
discriminate rapid frequency changes (e.g. <100 ms); suggesting that the “hardware” for
detecting the difference between two acoustically similar syllables is in place. Over the next few
months, babies can discriminate increasingly smaller differences, develop categorical
perception, and exhibit cortical specialization for sounds of the native language syllables
Because complex sound perception relies on the function of basic processing mechanisms, it is
thought that deficits in the ability to perceive rapidly changing acoustic differences — even for
simple sounds such as tones — may be early indicators of ** later language impairment.

11-14

Previous work from Choudhury and Benasich in this laboratory strongly supports this
hypothesis, showing that an infant’s ability to process very rapid changes in simple sounds (e.g.
tones) can predict 3- and 4-year language and cognitive abilities 117 These data verify that the
brain responses of pre-lingual infants can provide a quantifiable indicator of auditory
processing and developmental progress. The study and methods presented here probe key
aspects of the underlying mechanism of this relationship. Several lines of research now indicate
that peak latency and amplitude features of ERP features arise from the summation of
spectrotemporal dynamics in EEG oscillations of multiple generators '*%3. Spectrotemporal
analysis also allows the separation of phase and power information. Phase-locked activity
reflects the part of the neuronal response that is evoked by the stimulus. This type of
information is similar to what can be extracted from the ERP, since responses are averaged
relative to a time-locked event. However, the timing of some neuronal activity may vary from
trial to trial. In ERP analysis, this activity is “averaged out”; however in analysis of power
changes from trial to trial, this information can be recovered and analyzed. Therefore,
spectrotemporal analysis of phase and power may give additional information about the
neuronal response, relative to the conventional ERP. Regarding infant development, there is
considerable evidence that oscillations contribute to the development of neural circuits in
animal models %* but these mechanisms are only beginning to be investigated in the human
population. Work from this laboratory has shown theta and gamma oscillatory correlates of
native language specialization at 6-months . This highlights the functionality of oscillatory
hierarchies in infancy.
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The global hypothesis, based on the evidence presented above, is that synchrony of evoked
oscillations in auditory cortices supports infant brain development. As a first step in testing this
hypothesis, a “baseline” of processing in early infancy was obtained; namely, 4-months-of-age,
which is currently thought to precede “perceptual narrowing” for native language specialization
2226 Accordingly, we performed single-trial frequency analysis on infant EEG data recorded
during passive listening to pitch-variant and pitch-invariant tone pairs presented in an “oddball
paradigm” consisting of two rate conditions (Control condition: 300 ms inter-stimulus interval;
Rapid condition: 70 ms inter-stimulus-interval).

Here we illustrate this method using stimuli from studies focusing on rapid auditory processing.
In these studies, an “oddball paradigm”, was used to assess neuronal activity to unpredictable,
but recognizable events. In this paradigm, the brain response to unpredictable or “odd” stimuli
are often called “Deviant” responses, whereas the response for the predictable stimulus,
presented most of the time, is usually called the “Standard” brain response. Responses to
stimuli presented in an oddball paradigm can be automatically elicited without focused
attention, making this paradigm easy to use with very young infants. All of the auditory stimuli
are presented via free-field speakers at intervals, which vary depending on the study. As
mentioned previously, in the current study sounds that index rapid auditory processing (RAP)
abilities were used: that is, sounds containing tens-of-milliseconds of acoustic change %7278,
It may be noted that many other stimulus types are useful for testing neurophysiological
discrimination, including consonant-vowel (CV) sounds as well as deviants reflecting changes in
Frequency or Duration, with an interposed Gap, and/or ascending or descending frequency
Sweeps. Finally, we also recommend recording spontaneous EEG during “quiet play” in which
no auditory stimulus is presented. These data may then be used to measure oscillatory coupling
and coherence in the absence of repeated stimulation.

Recording EEG activity from an infant population poses a set of unique challenges. For example,
cooperation with placement of the electrodes and leaving them in place for the duration of the
experiment, minimizing movement to prevent EEG artifacts, and keeping the baby engaged and
distracted with silent toys all represent challenges. Additionally, infant data do not easily lend
themselves to straightforward applications of protocols developed with adult/older child data.
In many instances the relationship between components observed in infant EEG and event-
related potentials (ERPs) is not as clear cut nor does it always map on to what is accepted in the
adult. While developmental research holds a powerful potential for understanding the genesis
of typical and disordered brain function, recording reliable and interpretable brain responses
from human infants requires a high level of proficiency in both technical and interpersonal
realms. These challenges, however, can be overcome and reliable EEG and ERP data can be
recorded from infants of different ages using a variety of paradigms. Here we describe a general
method of analysis utilizing commercially available ERP recording and analysis software in
combination with a free, open-source ERP analysis package that works in the MATLAB
environment *°.

The application of oscillatory analysis methods to infant brain response recordings allows
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exploration of more mechanistic questions of neuronal synchrony development in relation to
language acquisition and putative underlying mechanisms when that synchrony is
compromised. Related efforts using other stimuli, such as speech syllables **, and analysis of
spontaneous or “resting” oscillations * in longitudinal analyses or in combination with early
training paradigms, offer windows into the temporal, spatial, and spectral dynamics of typical
and disordered developmental trajectories. It is hoped that these efforts will increase our
understanding of the bases of auditory development and plasticity, and aid in identification and
remediation strategies for developmental language disorders.

PROTOCOL:

All work with human subjects requires Institutional Review Board approval and oversight.
Methods reported here, when used in research, have been reviewed and approved by the
Human Subjects Protection Program through the Rutgers Arts and Sciences Institutional Review
Board (IRB).

1. Preparation

1.1.  Schedule the baby for 2 hours of testing in a sound-attenuated and electrically-shielded
chamber. The study protocol presented in this article that produced representative data

includes 20-30 minutes of EEG testing.

1.2.  Allocate three people per testing session: one “primary tester”, one “net assistant” and
one “entertainer”.

1.3.  For high-density infant EEG recording, use at least a 64-channel net. For the
representative data presented here, a 128-channel sensor net was used.

2. Net Application

2.1.  Set up the following supplies in the recording chamber: Coban self-adherent wrap tape,
measuring tape, marking pen, 2 towels, and pipettes. Calibrate sounds to testing level (e.g. dB
SPL, HL, etc.).

2.2.  Make the electrolyte solution (distilled water, Potassium Chloride and baby shampoo)
well before estimated family arrival time. To ensure that the net is not too cold on the baby’s
head, warm 8 ounces of water to be added to the solution just before application.

2.3.  When the family arrives, obtain consent with IRB approved forms.

2.4. Inthe testing chamber, sit the infant on the caregiver’s lap, and have the entertainer
begin to play with the infant. If it is the first visit, explain the net application procedure.

2.5. Measure the infant’s head circumference at the widest point of the head and choose
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the net size based on this measurement. To obtain the best fit, choose a smaller-sized net if the
circumference is close to the minimum size for one age. Submerge the chosen net in the
electrolyte solution.

2.6. Measure nasion-to-inion and mark the scalp at % of the total measurement. Do the
same for the ear-to-ear measurement. The final mark is Cz (vertex).

2.7. Remove excess solution from the net by placing it on a dry towel. Have the net assistant
invert the net and grasp the Cz electrode; holding the net so that the primary tester can
position their fingers at the front of the net.

2.8.  Flip the net over and place the net on the infant head as the net assistant moves the
chinstrap and colored front threads (connecting the nasion electrode and chinstrap) outside of
the net.

2.9. Adjust the net position on the infant’s head, placing Cz at the vertex scalp mark.
Position/align each of the electrodes starting from the back and working toward the front,
making sure that there is a right angle between each electrode and the head surface.

2.10. Collect the wires, adjust the chinstrap, secure wires with Coban tape, and plug in the net
connector.

2.11. Measure the electrode impedance with a threshold of <50 KOhms, or according to
system instructions. If some electrodes have high impedance, re-soak the electrode with an
electrolyte-filled pipette and gently move the hair from beneath the electrode.

3. Stimuli Presentation and EEG Recording
3.1.  Present auditory stimuli in free-field with speakers equidistant from the infant’s head.

NOTE: The representative study stimulus parameters were as follows: 70 ms tone-pairs with a
fundamental frequency of either 800 or 1200 Hz and 15 harmonics (6 dB roll-off per octave) are
presented in two blocks (70 or 300 ms inter-stimulus interval). The low-high pairs (800-1200 Hz)
are presented as deviants (15 % = 125 trials) among low-low (800-800 Hz) standards (85% = 708
trials).

3.2. Record the EEG according to hardware and software instructions. Use the following
parameters for the representative data: Sampling rate: 250 Hz, Low-pass Hardware filter: 100
Hz, Elliptical, High-pass filter: 0.1 Hz, Auto: set to Nyquist, Board gain: 1.

3.3. Provide a calm, quiet, mildly engaging environment for the infant during recording.
Engage the infant by playing an age-appropriate silent video or with soft toys (e.g. blow
bubbles, point to pictures in books, puppet play). Providing the caregiver with earphones to
listen to music avoids inadvertent caregiver interference with the infant response. If the infant
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is restless, impacting the EEG, pause stimulus presentation and EEG recording until a calm
environment can be restored.

3.4. After the experiment is completed, gently remove the net and dry the infant’s hair and
head.

3.5.  Save and backup the raw, unfiltered EEG data before closing the programs at the end of
the testing session.

4, Data Processing - ERPs

4.1. Visually inspect the raw EEG data and reject segments with high-amplitude artifact.
NOTE: Reject channels with high amplitude and interpolate. Maximum percent of rejected
channels should be set at 30%. Alternative methods (e.g. ICA, PCA) ** may be employed to

reduce or reject artifacts present in the data.

4.2.  Filter the data with pre-established parameters that accord with cortical activity. For
infants, use an off-line bandpass filter of 1-15 Hz.

4.3. Segment the continuous data to create epochs around “Time 0” (stimulus onset)
according to software instructions. For segmentation, include sufficient pre-stimulus time to
establish baseline activity and post-stimulus time to capture the entire response.

4.4,  Reject noisy epochs according to an appropriate rejection criteria (e.g. +/- 200 pV for
infants). Set maximum percent of rejected epochs set at 30% for inclusion.

4.5. Average the epochs for each individual and each condition and combine these averages
according to group and condition for grand averages.

4.6. If the number of epochs contained within each average varies across subjects, weight
the number of epochs so that subjects with more/less epochs are equally valued.

4.6.1 To weight the grand average, calculate the individual average from each condition as n
times the waveform, where n equals the number of epochs that comprise the average, then
divided by the total number of epochs for all subjects. This method gives each trial equal weight
in the final average.

5. Data Processing — Source Localization

5.1. Forinfant data, co-register each individual and grand average ERP file with either an
age-appropriate MR template or an individual MR scan (refer to previous publications **>?).

NOTE: In the co-registration process, the electrode positions and reconstructed head are
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registered into a single coordinate system. Grand averages may be used to define the dipole
model.

5.2.  Evaluate the scalp thickness, skull thickness, width of the subarachnoid space and bone
conductivity must be accurately and enter the age group as these factors change rapidly during
development. For the representative data, parameters are: skull: 1.5 mm; scalp: 2.5 mm;
subarachnoid space: 1.7 mm; bone conductivity: 0.0581.

5.3.  Beginning with a grand average ERP, choose a time window of interest corresponding to
a peak. Conservative parameters are typically +/- 20 ms around the peak of interest .

5.4. Estimate the number and location of underlying sources to be fitted to the data. For an
auditory paradigm, use two dipoles with free location and rotation.

NOTE: Source estimation is then automatically guided through a minimization of a cost function
that is a weighted combination of 4 residual fit criteria to obtain the “best fit” location to the
time window of interest.

5.5. Check the “goodness of fit” for the dipole solution using the software outputs of
residual variance. This is the amount of signal that remains unexplained on the given time
window of fit by the current dipole model. Adjust the time window to minimize the residual
variance. Use a distributed source model (CLARA) to check the solution within the extended
activity region.

5.6.  Save the dipole-source solution and waveforms for each condition and peak.

5.7. Repeat the procedure for every individual average file.

5.8.  For statistical analysis of source location, use values of peak latency, amplitude, and
location coordinates in the X (medial-lateral), Y (anterior-posterior), and Z (superior-inferior)
directions for each dipole from each individual average file solution. In the case presented here,
2X2 Repeated measures ANOVA (Stimulus (standard, deviant) X Hemisphere (Left, Right) for the
amplitude and latency of the sources can be useful to look at strength and timing of the
generators. Source coordinates can be evaluated in the same way [for review, ***].

6. Data Processing — Time-Frequency Analysis in Source Space

6.1. Apply the dipole model solution to the raw, unfiltered, continuous EEG data.

6.1.1. Apply the source solution (saved in step 5.6.) to the raw EEG data file as a virtual
electrode montage.

NOTE: The use of the dipole model in this way applies a fixed spatial filter onto the surface
channel recording (sensor space) to transform the continuous high-density EEG into a virtual 2-
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source montage (brain source space).

6.2.  Transform the time-domain single-trial source signal into the time-frequency-domain
(Figure 1).

NOTE: Currently, several approaches can be utilized to transform single-trial data into the time-
frequency domain, including wavelet analysis and application of a Hilbert transform to filtered
data. While a comparison of these methods is outside the scope of this article, several
published articles have thoroughly described these methods ***°. The time-frequency analysis
using the complex demodulation procedure found in a commercially available coherence
software program *’, calculates the instantaneous envelope amplitude and phase of each brain
activity as a function of frequency and time *">°. This produces measures of instantaneous
power shifts (Temporal Spectral Evolution, TSE) and phase-locking (Inter-trial Phase Locking,
ITPL).

6.2.1. Use the following parameters: 1 Hz wide frequency bins from 2 to 80 Hz and 50 ms time
resolution from -1500 to 1500 ms. The epoch time window should be long enough to allow
filtering or processing at the lowest desired frequency without incurring artifacts “>*.

6.3.  Visualize the frequency peaks of activity in EEG in order to avoid interpretation of
possible spurious artifact-related or circular related oscillations “**%.

6.4. Perform permutation and testing cluster analysis to determine regions of significant
differences across conditions and groups 2043

[Place Figure 1 around here]

REPRESENTATIVE RESULTS:

Infant Event-related Potentials

Infant ERPs are generally larger than adult ERPs, and may have fewer or more peaks of
activation, relative to mature responses, depending on the age **. Here, we show
representative Grand Average responses from twenty three 4-month-old infants ** (Figure 2).
The oddball paradigm allows us to determine whether the infant’s brain can recognize the
difference between two events. In the representative results, the tone-variant, deviant
response (DEV, 800-1200Hz, red line) elicits an additional peak of activation, relative to the
invariant tone pairs (STD, 800-800Hz, black line). This finding is apparent in both Control rate
(300 ms IS, left) and Rapid Rate (70 ms IS, right) conditions. Example responses from
electrodes of Fz (Frontal midline), C3 (Central, right) and C4 (Central, left) are shown. The
computed difference wave (Deviant minus Standard) is also shown in gray lines. The additional
peak of activation suggests that the infant brain at this age can discriminate the difference
between the tones at both rate presentations.

[Place Figure 2 around here]
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Infant source waveforms

Source activity with little residual variance should follow the ERP peaks, signifying a “good fit”
between the original data and the source localized transformed data. In the representative
data, we show the location of the two-dipole best fit source model of the infant grand average
ERP to the STD (tone-invariant) condition over the CLARA distributed model (Figure 3). The
computation clearly shows left and right auditory activation in Control and Rapid Rate
conditions.

[Place Figure 3 around here]

Peaks of activity from the two-dipole model (Figure 4) corresponded to the ERP response very
well. The peak timing and morphology of the ERP waveforms, shown in panel (i), match the
timing and morphology of the source waveforms shown in panel (ii) (for more details, see
original article, **). Source waveforms from this experiment explained 97.9% of the variance in
activity over the scalp electrodes. Statistical analysis of the source peak latencies showed that
right hemisphere activity was faster than the left in both conditions, and responses in the rapid
rate were later in both hemispheres than in the control condition. Hemispheric differences
were not observed using the ERP data, suggesting that the source localization techniques
enabled the retrieval of additional information from the responses.

[Place Figure 4 around here]

Infant Event-related Oscillations

In general, time-frequency analyses of adult and animal data show that stimuli evoke a 1/f
pattern of neuronal synchrony (e.g., decreasing power with increasing frequency). In the
representative data, evoked by auditory tone pairs, we show that infants also express this
pattern (Figure 5). Here, stimulus onset elicits synchronous bursts of theta (5-6 Hz), beta (20-
25) Hz and gamma (35-45 Hz) power in both right and left auditory regions of the brain.

[Place Figure 5 around here]

Animal models and adult experiments suggest that oscillatory synchrony, and in particular low-
to mid-frequency oscillations (e.g. 1-8 Hz) are major contributors to evoked potentials *°.
Analysis of instantaneous power shifts (Temporal Spectral Evolution, TSE) in infant oscillations
from our previous publication ** showed greater induced power to the variant tone in the theta
band (6-8 Hz), relative to the invariant tone. This effect was observed in both rate conditions,
particularly over the right auditory region in the Control rate condition (Figure 6). Rapid rate
presentation yielded a more bilaterally symmetrical activity, suggesting enhanced left cortical
involvement during auditory processing of rapidly occurring stimuli and in particular during
acoustic change processing.

[Place Figure 6 around here]

Figure 1: Steps of time-frequency analysis.
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Time-frequency analysis method is illustrated using grand average (n=12) data from 4-month-
old infants during the 70 ms ISl tone condition. Stimulus onsets are shown in red arrows
beneath the time axis. Steps of analysis: 1. Averaged ERPs, shown in Cz electrode, are created
for each channel. 2. Source location of ERP generators, shown in a sketch head, is obtained by
using a 2-dipole model in data mapped onto an infant MRI template. 3. Individual and grand
average source waveforms are obtained from the fit of the Left and Right dipoles. Infant head
models show the voltage maps corresponding to the selected peak (in gray). 4. The source
montage is applied to the 128 channel scalp data, and amplitudes are computed and saved for
the two source channels. 5. Event related oscillations are calculated from single-trials and
averaged over the response period.

Figure 2: Event-related potential morphology.

Grand Averages (n=23) to Rapid (70 ms ISI) and Control (300 ms ISI) rate responses to standard
(STD, black lines) and deviant (DEV, red lines) tone pairs are shown in frontal midline and
central left and right electrodes. Negativity is plotted up. Stimulus onsets are shown in red
arrows beneath the time axis at Fz. P1 is shown in the Fz panel with a black arrow. The

difference wave (response to DEV minus response to STD) is shown in gray lines (Adapted from
43
).

Figure 3: Source localization results.

Two-dipole “best fit” source model is shown overlaid on distributed activity from the source
model. Clear left and right activity can be seen over left and right temporal lobe regions.
(Adapted from *).

Figure 4: Event-related Potential and Source Waveform Comparison.

i. Example ERPs from frontal left and right electrodes (F3 and F4) show peaks of activation to
tone pairs with invariant and variant fundamental frequencies (STD and DEV, respectively). A
change in frequency elicits larger peaks ~ 400 ms (DEV, red line), relative to the when
frequencies are unchanged (STD, black). ii. The latency of peaks of activation is similar for the
source-localized dipole activity, suggesting a good match between ERP and source waveform
analysis. The large peak at 400 ms is particularly noticeable in the right hemisphere with the
source-localized data. For simplicity, only the responses to the Rapid Rate condition are shown,
however a similar match was also observed between ERP and source waveforms for the
responses in the Control Rate condition.

Figure 5: Pooled TSE maps are expressed in terms of percent spectral change over an epoch of
-1 to 1 sec of time for left and right generators.

i. Tones in the 300 ms ISI condition elicit event-related oscillations in coherent frequency bands
around stimulus onset (e.g. -1140 ms and 0 ms). A long stimulus epoch is used in order to
visualize more of the data and to provide a long enough sample for frequency decomposition.
Right panel shows the average spectrum over the initial processing peak (150-300 ms). The
average spectrum shows an overall 1/f spectrum with discrete peaks of synchrony at specific
frequency bands. ii. A similar pattern is observed for the 70 ms ISI condition.
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Figure 6: Time-frequency analysis of event-related oscillations in 4 month-old infants.
Change in oscillatory power is shown in Temporal Spectral Evolution (TSE) grand average plots
for 4-month-old infants in the Control (A) and Rapid Rate (B) conditions. Black bars on the x-axis
illustrate tone onset and durations. Left and Right source activity is indicated in the top left
corner of each graph. First row: i.Responses to tone pairs with invariant frequency (STD) show
power changes in the delta-theta range. Middle row: ii. Responses to tone pairs with a
frequency change in the second tone (DEV) show enhanced delta-theta power at the second
tone, relative to STD responses, particularly in the Right auditory region in the Control
condition. Third row: Difference plots between STD and DEV responses show a right lateralized
increase in power in the Control Rate (A.iii) and bilateral power difference in the Rapid Rate
(B.iii). Significant differences between STD and DEV response in the time-frequency domain are
shown in black outline. (Adapted from *3).

DISCUSSION:

The research method described here describes how to facilitate a deeper understanding of
spectrotemporal dynamics and anatomical location of high-density auditory-evoked EEG and
ERP brain responses in infants. There are four critical steps within this protocol that facilitate
analysis. First, proper net application and positioning with minimal caregiver and infant distress
is the foundation for recording clean EEG in non-sedated paradigms. Proper head measurement
and net size selection as well as the use of a net assistant and entertainer during the application
process is key to accomplishing this step. Second, it is important to establish a calm, quiet and
playful atmosphere for the family during the testing session, a condition facilitated by the
primary tester, net assistant and the entertainer, who engages the infant in quiet play. Third,
for data analysis, it is critical that age-appropriate MRl head models be used for source
localization. The head size, bone and skin and cerebrospinal space must be accurate for the age
tested in order to obtain the most precise localization results. Finally, for cortical responses in
general, it is also critical that a high-density net be used (e.g. at least 64 channels of data) in
order to optimize the chances of obtaining low-artifact recordings.

One limitation of this technique is that source localization of EEG data is not the gold standard
for site of activity tests. One must keep in mind that the forward model of localization even
with the best head models and measurements are still estimates of activity location. Therefore,
it is essential to design the experiment in such a way that information regarding source activity
may be compared across experimental conditions or groups. In addition, infant testing in
general and in particular, longitudinal study may be fraught with incomplete or missing data
sets. Solutions to this problem are to a) maintain relationships with participating families; b)
optimize a quiet, calm recording atmosphere for the infant and caregiver; and c) overestimate
the subject pool. In our hands, with an experienced pediatric team, we have attained low
dropout and minimal data loss rates. In a longitudinal sample of 211 infant recording sessions
with 57 participants we show 98.6% data retention (e.g. 208 sessions that resulted in usable
data) and a 10% drop out rate (e.g. 6 participants were unable to continue after beginning the
experiment). An advantage of EEG over other techniques, such as MEG and NIRS, is that
subcortically biased activity is accessible with different filter bands. In addition, it is easier to
control for movement as the electrodes travel with the head.
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Once this protocol is mastered, the experimental applications of infant EEG and oscillatory
dynamics are abundant. It is clear that we must first understand typically developing cortical
networks in order to identify those that are atypically organized. This suggests the need for the
creation of a model in which the integrity of early auditory processing mechanisms (including
oscillations) plays a role in the generation and plasticity of sound representation as auditory
experiences are incorporated and, ideally, learned. According to this model, nonlinguistic
processing deficits may be associated with symptoms years, or in some cases decades, before
formal diagnosis occurs.

Future investigations are needed to understand further details, including the function of
frequency-band-specific oscillatory dynamics, cross-frequency phase coupling and regional
inhibitory/excitatory patterns across early development. In addition, subcortical activity and
testing in different states, such as sleep, are needed to give a more complete picture of typical
development. We believe research with this technique will provide important insight into the
process by which "neurotypical" and atypical oscillatory dynamics organize and interact with
emerging cognitive and language abilities.
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Excel Spreadsheet- Table of Materials/Equipment
Click here to download Excel Spreadsheet- Table of Materials/Equipment: JoVE_MaterialsMusacchia_R4 .xls

Name of Material/ Equipment Company Catalog Number Comments/Description
EEG Amplifiers EGI 1301281
Sensor Nets EGI C-GSN-128-1011-110 Sizes of nets vary with age, by month
EEG Recording Software Net Station 4604200
Presentation Computer Dell 4608161
Presentation Software Eprime 13102456-50
Baby bottle warmer Avent Target or any baby store
Electrolyte solutuion (Potassium Ct EGI A-A-CC-KLL-1000-000
Coban self-adherent wrap tape Coban 595573
Measuring tape Target or any baby store
Washable Markers Target or any baby store
Pipettes Comes with EGIl amplifier setup
Analysis Computer Dell
Analysis Software | BESA 3955054 v5.3
Analysis Software Il Brain Voyager 3955054

EEGLAB/ERPLAB/

MassUnivariate
Analysis Software lll Toolbox Freeware MatLAB v2007b

Analysis Software IV BESA Statistics 3956341


http://www.editorialmanager.com/jove/download.aspx?id=256929&guid=03140522-0a4c-4ea0-8ff6-e5fcc36793a3&scheme=1

Article & Video License Agreement

tel. 617.945.9051
VISUALIZED EXPERIMENTS www.jove.com

&
1 Alewife Center #200
Cambridge, MA 02140

Title of Article:

Author(s):

ARTICLE AND VIDEO LICENSE AGREEMENT

Investigating infant auditory processing and event-related brain oscillations

Gabriella Musacchia, April A. Benasich

ltem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish ) via:

Iltem 2 (check one box):

Standard Access

Open Access

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Rebuttal Comments
Click here to download Rebuttal Comments: Rebuttal Comments R6.docx

Dear Dr. Nguyen,

Thank you for opportunity to revise our manuscript according to editorial comments. We believe we
have addressed the final comments thoroughly. We have reviewed our spelling and grammar, omitted
methodological descriptions from out figure legends and changed our references to be in citation order.

We look forward to a positive review of this manuscript and moving forward with publication. Please let
us know if we can be of further assistance in any way.

Sincerely,

Gabriella Musacchia

Editorial comments:

The manuscript has been modified by the Science Editor to comply with the JoVE formatting standard.
Please maintain the current formatting throughout the manuscript. The updated manuscript

(52420 _R5_120914.docx) is located in your Editorial Manager account. In the revised PDF submission,

there is a hyperlink for downloading the .docx file. Please download the .docx file and use this updated
version for any future revisions.

Some minor revisions regarding the references must be addressed before your paper can be formally
accepted.

Changes made by the Science Editor:

1. There have been edits made to the manuscript.

Changes to be made by the Author(s):


http://www.editorialmanager.com/jove/download.aspx?id=256937&guid=8cc62eed-d3b0-4971-b6fa-77a562bfcb40&scheme=1

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

2. The Figure Legends should include a title and a short description of the data presented in the Figure
and relevant symbols. The Discussion of the Figures should be placed in the Representative Results.
Details of the methodology should not be in the Figure Legends, but rather the Protocol.

Figure 6, especially.

3. Please number the references in order of appearance in the manuscript, and not alphabetical order
by first author's last name as it is currently. The first numbered superscript should be 1, not 39.

4. Please check your references: for example: Reference 40 and 41 are the same; similarly with 42 and
43
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