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Abstract
We determined the spatio-temporal dynamics of intracranially-recorded gamma-oscillations
modulated by spontaneous cooing and babbling, which are considered to embody pre-linguistic
language behaviors during infancy. Electrocorticographic (ECoG) signals were recorded from 110
cortical sites in the right hemisphere of a 10-month-old girl with focal epilepsy. ECoG signals
were time-locked to the onset of cooing or babbling. The amplitudes of gamma-oscillations during
vocalizations were compared to those during preceding silent reference periods. Cooing and
babbling elicited significant gamma-augmentation at 30–100 Hz at distinct sites of the inferior
Rolandic region, whereas both forms of vocalizations elicited gamma-augmentation at an identical
superior temporal site. The spatial, temporal and spectral characteristics of gamma-augmentation
elicited by cooing and babbling were similar to those elicited by phoneme vocalization in older
children and adults. Differential activation within the right inferior Rolandic region during cooing
and babbling may reflect the mechanical or developmental difference between these two forms of
vocalizations. The right superior temporal gyrus may participate in an auditory feedback system
during vocalization.
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INTRODUCTION
Cooing and babbling are considered to embody the pre-linguistic language behaviors of
infancy, with humans beginning to voluntarily coo and babble before imitating or speaking
discernible words [1]. Cooing is defined as vocalization of long pure vowel sounds with
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variations (e.g.: “ah-ah-ah”) other than those observed during crying or yawning, and
normally occurs by the age of 3 months [1, 2]. Babbling, vocalization of syllables containing
consonants (e.g.: “ba-ba-ba”), normally occurs around the age of 6 to 10 months [1, 2].

We hypothesize that both cooing and babbling are executed by the Rolandic cortices
bilaterally and that such self-generated phonetic sounds are processed in the superior
temporal gyri bilaterally. This hypothesis is based on the substantial evidence from
lesioning, imaging, and electrophysiological studies of speech in adults and older children
[3–13]. Here, we obtained a unique opportunity to monitor electrocorticographic (ECoG)
signals directly sampled from the right-sided cortical surface in a 10-month-old girl with
focal epilepsy. We determined the spatio-temporal dynamics of gamma-oscillations
modulated by spontaneous cooing and babbling, and determined whether such pre-linguistic
behaviors would elicit augmentation of gamma-oscillations at >30 Hz in the Rolandic and
superior temporal regions. It has been generally accepted that event-related cortical
activation is reflected by gamma-augmentation, which is tightly correlated to increased
blood oxygen level dependent (BOLD) responses on functional MRI (fMRI) [14, 15] and
increased firing rate on single unit recording [16, 17]. ECoG can provide neural measures
with a much better signal-to-noise ratio and anatomical specificity, compared to scalp
electroencephalography (EEG).

METHODS
Patient

The study has been approved by the Institutional Review Board of Wayne State University,
and written informed consent was obtained from the parents. We studied a 10-month-old girl
with medically-uncontrolled epilepsy, who underwent a two-stage epilepsy surgery
following extraoperative ECoG recording. The patient was born full-term to English-
speaking parents. Her developmental milestones were normal and there was no medical
issue other than seizures at the time of surgery. Preoperative brain MRI suggested the
presence of focal cortical dysplasia in the right parietal region. Scalp video-EEG recording
localized the seizure onset zone in the right hemisphere. Subsequently, a total of 110
platinum subdural electrodes (intercontact distance: 10 mm; diameter: 4 mm) were placed
over the widespread regions in the right hemisphere (Figure 1), to localize the presumed
seizure focus to be surgically removed.

Measurement of gamma-modulations elicited by cooing and babbling
Expanded methodological detail of ECoG recording and subsequent time-frequency analysis
are described in the supplementary document on the website (Supplementary Document S1)
as well as in our previous studies [10, 18, 19]. In short, spontaneous vocalizations of the
patient were recorded with a digital voice recorder and the amplified audio waveform was
concurrently integrated into the Digital ECoG Recording System. The onsets of cooing and
babbling events were manually marked directly on ECoG.

Each ECoG epoch containing the onset of each vocalization was transformed into the time-
frequency domain using a complex demodulation technique [20, 21]. We determined ‘when’
and ‘where’ the amplitudes of gamma-oscillations (30–150 Hz) were augmented relative to
that during the reference period (i.e.: the quiet and resting baseline) as well as statistical
significance of vocalization-related augmentation of gamma-oscillations.

RESULTS
A total of 64 events of spontaneous cooing and 36 events of spontaneous babbling were
identified. Immediately following the onset of cooing, significant gamma-augmentation at
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30–100 Hz was elicited in the right inferior pre-central gyrus (electrode #1). Immediately
following the onset of babbling, significant gamma-augmentation at 30–100 Hz was elicited
at a more inferior portion of the right pre-central gyrus (electrodes #2) as well as in the right
inferior post-central gyrus (electrode #3). Babbling-related gamma-augmentation in
electrode #1 failed to reach significance; this finding can be explained by a less number of
trials for babbling. During both cooing and babbling, significant gamma-augmentation at
30–100 Hz was noted in a single, identical site of the right superior temporal gyrus
(electrode #4).

DISCUSSION
The present study, for the first time, demonstrated that gamma-oscillations were augmented
in the right Rolandic and superior temporal regions during cooing and babbling in an infant.
The spatial, temporal and spectral characteristics of such gamma-augmentations were
similar to those elicited by phoneme vocalization in older children and adults. Previous
studies of older children and adults using ECoG showed that gamma-oscillations at 30–150
Hz in the Rolandic regions (including bilateral pre- and post-central gyri) were augmented
during overt vocalization of phonemes or words [8–10, 12]. Studies of children and adults
using fMRI showed that overt and covert speech increased BOLD responses in the Rolandic
regions, bilaterally [6, 7, 11]. Studies of humans and monkeys demonstrated that not
unilateral but bilateral lesions involving the lower Rolandic regions resulted in complete loss
of control of voluntary articulation [3, 4]. Taken together, the right inferior-Rolandic
gamma-augmentations observed in the present study may reflect the dynamic involvement
of sensorimotor cortex in the execution of cooing and babbling as pre-linguistic language
behaviors.

In the present study, cooing and babbling elicited significant gamma-augmentation at
different sites of the right inferior Rolandic region. Differential activation within the inferior
Rolandic region during cooing and babbling might be explained by the mechanical
difference between these two forms of vocalizations. Cooing is produced by vibration of the
vocal cord in the throat while the oral cavity remained open with only minimal
neuromuscular controls, whereas babbling requires a more complex modulation of the oral
cavity either by lips or involvement of the tongue and palate that may be accompanied by
dynamic movements of the jaw [22, 23]. Previous studies using electrical stimulation as well
as fMRI showed that motor functions of different portions of the mouth are represented by
different Rolandic sites [6, 24, 25]. Our previous ECoG study showed that articulation of the
fricative phoneme [f] more than [h] elicited differential gamma-augmentation in subsets of
the inferior Rolandic area in each individual [10]. Phoneme [f] is produced with the upper
teeth placed on the lower lip, whereas phoneme [h] is produced with the upper and lower
lips apart. Another potential explanation of differential gamma-augmentation in the right
inferior Rolandic region between cooing and babbling is that different stages of linguistic
development involve different portions of the cortex according to its maturation.

What is the developmental significance of gamma-augmentation in the right superior
temporal gyrus during cooing and babbling? It is possible, even in infants, that the superior
temporal gyrus participates in an auditory feedback system during vocalization [26]. A
behavioral study of deaf and normal hearing infants showed that well-formed syllable
production is established in the first 10 months of life by normal hearing infants but not by
deaf infants, indicating the important role of acoustic analysis in vocal development [27]. A
study of infants using single photon emission computed tomography failed to show a left-
right difference in cerebral blood flow during the resting period [28]. An fMRI study of
healthy 3-month-old infants reported that BOLD responses to passive listening of phonemes
were larger on the left superior temporal gyrus compared to the right [29]. Studies of older
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children and adults showed that the superior temporal gyri in both hemispheres were
activated by all of the following tasks: (i) discrimination of pitch and duration, (ii)
categorical perception of syllables, and (iii) lexical decision [30–32]. Thereby, greater
activation in the right more than left superior temporal gyrus was noted during
discrimination of pitch and duration, while greater activation in the left more than right
superior temporal gyrus was noted during categorical perception of syllables, and lexical
decision. Another study of adults using fMRI showed that the right superior temporal gyrus
was highly activated during a word recognition task in loud noise, a condition demanding
greater acoustic analyses compared to during the same task in silence [33]. Previous ECoG
studies demonstrated that externally-delivered vocal sounds and self-vocalized sounds
differentially elicited gamma-augmentation within the superior temporal gyrus on either
side, suggesting bilateral involvement [9, 12].

The major limitations of this case study include limited numbers of vocalization events and
sampling limitations. It was not feasible to obtain a larger number of cooing or babbling
events in silence, since the recording period was determined clinically. Failure to find
significant gamma-augmentation at sites other than those reported could be attributed to
insufficient numbers of vocalization events; thus, absence of gamma-augmentation does not
necessarily indicate the lack of function at a given site. The left hemisphere was not sampled
with subdural electrodes in the present study, since phase-I presurgical evaluation did not
suggest the presence of a seizure focus there. Further ECoG studies of both left and right
hemispheres are warranted to better understand the dynamics of neural activations during
pre-linguistic behaviors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Locations of subdural electrodes and the results of time–frequency analysis
(A) White circles indicate sites over seizure-onset tissue. The patient has been seizure-free
following surgical resection involving the seizure onset tissue and structural lesion (follow-
up period: 23 months). (B) Electrode #1 (inferior pre-central gyrus) showed significant
gamma-augmentation during cooing only (red circle); babbling-related gamma-
augmentation in Electrode #1 failed to reach statistical significance. Electrode #2 (inferior
pre-central gyrus) and Electrode #3 (inferior post-central gyrus) showed significant gamma-
augmentation during babbling but not during cooing (blue circle). Electrode #4 (superior
temporal gyrus) showed significant gamma-augmentation during both cooing and babbling
(purple circle).
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