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Abstract

Gamma activity has been linked to a variety of different cognitive processes and exists in both
transient and persistent forms. Across studies, different brain regions have been suggested to
contribute to gamma activity. Multiple studies have shown that the function of gamma oscillations
may be related to temporal binding of early sensory information to relevant top-down processes.
Given this hypothesis, we expected gamma oscillations to subserve general brain mechanisms that
contribute to the development of cognitive and linguistic systems. The present study aims to
examine the predictive relations between resting-state cortical gamma power density at a critical
point in language and cognitive acquisition (i.e. 16, 24 and 36 months), and cognitive and
language output at ages 4 and 5 years.

Our findings show that both 24- and 36-month gamma power are significantly correlated with
later language scores, notably Non-Word Repetition. Further, 16-, 24- and 36-month gamma were
all significantly correlated with 4-year PLS-3 and CELF-P sentence structure scores.

Although associations reported here do not reflect a direct cause and effect of early resting gamma
power on later language outcomes, capacity to generate higher power in the gamma range at
crucial developmental periods may index better modulation of attention and allow easier access to
working memory, thus providing an advantage for overall development, particularly in the
linguistic domain. Moreover, measuring abilities at times when these abilities are still emergent
may allow better prediction of later outcomes.
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1. Introduction and literature review

Previous studies have examined activity in the gamma band using many types of techniques
including electrophysiological data recorded from single and multiple neurons in animal
models up through the collection of dense array electroencephalograms (EEG) or
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magnetoencephalography (MEG) recordings in humans. Gamma activity has been reported
to exist in local as well as distributed cortical networks and in both transient and persistent
forms [72, 22, 9]. Different brains regions such as thalamus and Medial Temporal Lobe
(MTL), and in particular, hippocampus have been suggested to contribute prominently to
gamma activity [59, 72]. Activity in the gamma band has been linked to a variety of
different cognitive processes including feature binding [64], attention [26, 69, 7, 42],
working memory [68, 52, 55] and associative learning [23, 62, 76]. Further, it has been
suggested that gamma oscillations provide an effective mechanism for the synchronization
[53] of neuronal activity at both global and local scales [10] and that local and long-range
synchronization changes across development [74]. While gamma oscillations occur within
diverse contexts, with differing temporal dynamics, and with varied relations to sensory and
cognitive events, there is evidence that spontaneous, steady-state, evoked and induced
gamma oscillations might be generated by the same neural circuits and have a similar
physiology [2, 34, 35, 50]. In general, those studies report that higher gamma activity is
associated with better task performance. Nevertheless, Herrmann et al.’s [35] review of
gamma oscillations in neuropsychiatric disorders also reports increased gamma activity
observed in some situations, specifically for patients with attention deficit hyperactivity
disorder (ADHD).

There are strikingly few studies that track maturational patterns of oscillations in normally
developing children and fewer still that include frequencies in the gamma range. However,
the characteristic EEG patterns observed across age and across frequencies suggest a more
general developmental pattern across frequency bands. Specifically, it has been observed
that activity in the lower frequency bands decreases and activity in higher frequencies
increases as children mature (e.g. [16]). For example, John et al. [38] fitted linear age
regression functions on four broad-band EEG indices (delta, theta, alpha and beta) at
different locations on the scalp in normally developing children aged 6 to 16 years. The
resultant 32 parameters of the EEG were then examined in different groups of children. A
high incidence of significant deviation from these parameters was found in children with
learning disabilities and those at risk for various neurological disorders [1]. This seems to
suggest that children whose indices significantly deviate from the normative regression
functions may exhibit different maturational trajectories of early brain development [1, 12].
The studies just cited did not examine EEG patterns within the gamma range, but
examination of oscillations in the 30Hz to 80Hz gamma range in human
electroencephalograms (EEG) suggests that such high frequency activity is also
developmentally regulated and has been shown to increase as a function of age in children
between 3 and 12 years of age, most strikingly over frontal regions [66]. A similar pattern
has been described for evoked gamma in children from 1 month to 5 years, 6 months (e.g.
[43]). On the cellular level, fast oscillations play an essential role in coincidental neural
activity important for perceptual binding, synaptic plasticity and in modulating the precise
temporal coordination that is being fine-tuned across early development [63, 5, 41, 74, 73].
Those few studies that do examine either resting-state or evoked gamma across childhood
suggest that high frequency oscillations may well support general mechanisms that underlie
maturation of cortical regions, facilitate cross-cortical longer range synchrony and promote
development of efficient neural networks [6, 74, 73].

Support for this statement can be inferred from studies that examine the putative role of
neural synchrony in the development of cortical networks. These studies have been reviewed
by Uhlhaas et al. [73] including studies of normal brain development as well as for
neurodevelopmental disorders, such as autism spectrum disorders (ASDs) and
schizophrenia. Across labs and studies, developmental changes in the frequency, amplitude
and synchronization of both resting-state and task-related neural synchrony were closely
related to brain maturation and to maturational patterns of cognitive function [73]. Gamma
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oscillations were shown to emerge during early childhood and precise temporal coordination
through neural synchrony continued to show maturational change through early adulthood.
The slow maturation of neural synchrony is compatible with changes in the myelination of
cortico-cortical connections and with late development of GABAergic neurotransmission
[18, 17, 74]. One quite recent study [74] examined the development of functional networks
in older children through adulthood by recording EEGs to a Gestalt perception task.
Pronounced increases in gamma-band power and in both theta and beta phase synchrony
were seen across age groups (6—21 years) in conjunction with improvements in reaction
times and detection rates, thus providing support for the premise that increases in neural
synchrony and brain maturation trajectories are related.

Recently, alterations in resting brain power in clinical populations has also been
demonstrated, including attenuation in the delta range in small-for-gestational-age infants
[49] and lower power in the very low frequency bands (0.02-0.20 Hz) for children
diagnosed with attention deficit/hyperactivity disorder [33]. There are also a few studies
looking at shifts in the proportion of “evoked” gamma across age that suggest that the
biggest changes in the proportion of the gamma band occurs after 5 years of age (e.g. [43]).
Whether this is the same for resting gamma is not known. The development of neural
synchrony seems to reflect ongoing maturation and restructuring of functional networks [73,
74]. Fries [24] conceptualizes gamma band synchronization as a fundamental mechanistic
process that plays a role for all cortical computation. Taken together, these findings suggest
that gamma synchronization is important for the development of cortical networks (e.g.
motor, cognitive and perceptual processes that include language).

In the only study to date investigating resting gamma-band power in a prospective fashion
across early development, Benasich and colleagues examined gamma activity in a group of
children at 16, 24 and 36 months of age [6]. The authors reported individual differences in
the distribution of frontal gamma power (31-50Hz) that was associated with emerging
linguistic and cognitive skills as well as attentional measures assessed at the same ages. This
was the case for typically developing children as well as children at higher risk for language
disorders as a function of a family history of language-based learning disorders (LLD). The
16 through 36 month age range examined in the Benasich et al. study [6] is a particularly
significant time developmentally. A dramatic burst in linguistic acquisition and cognitive
growth is occurring over this time period with large amounts of individual variation in
language development also seen at these ages [21]. At this point in development, children
are achieving important cognitive concepts like object permanence, are beginning to engage
in symbolic reasoning, and are beginning to think in increasingly complex ways. These
behavioral results suggest that the emergence of high frequency neural synchrony may be
critical for normative cognitive and linguistic development, and that those children at higher
risk for language impairments (e.g. born into a family with a history of LLD) may lag in this
process [6]. Importantly, these findings demonstrate that infant cognitive ability correlates
with power density functions even in an “idling” brain, that is a brain not engaged in an
active perceptual or cognitive task.

Given these findings that resting EEG gamma power is strongly associated with concurrent
language and cognitive skills for normally-developing children as well as children at higher
risk for language disorders, the question remains as to whether resting gamma power density
at a particular age would be an ongoing predictor of later linguistic and cognitive abilities.
Increased power and synchronization in the high-frequency ranges (e.g. gamma and beta) is
known to be mediated mainly by cortico-cortical connections and is thought to serve as a
mechanism for the integration of distributed signals over different temporal and spatial
scales [18, 44, 74]. These networks may then sub-serve the development of cognition and
language. Thus the present study examines the question of whether frontal gamma power
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measured via resting EEG at an early age (16, 24 and 36 months of age) is predictive of later
cognitive and linguistic performance. We also consider the role of emergent abilities and of
developmental time windows in the particular skills that might be associated with earlier
EEG power. In particular, we ask what later abilities might reflect optimal establishment of
high frequency (31-50Hz) cortical oscillatory activity, that in turn supports the
establishment of efficient information (e.g. linguistic) processing networks. Here we
examine the ongoing longitudinal data collected from a subset of the sample described in [6]
and explore the associations between resting EEG gamma power during the language burst
(16, 24 and 36 months of age) and cognitive and linguistic performance at ages 4 and 5
years of ages.

2. Materials and Methods
2.1. EEG Assessment at 16, 24 and 36 months of age

The Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, OR) with 62 scalp sites was
used to collected EEG data. At each visit, following the placement of EEG electrodes on the
scalp, the children participated in a passive auditory oddball procedure containing two
blocked stimulus conditions separated by a three-minute break with no stimuli being
presented during the break. A three-minute block of EEG was collected while the child
quietly played on the parent’s lap. This 3-minute “resting” EEG was analyzed and provided
the gamma power data for the present study. The raw EEG data were sampled at 250 Hz and
filtered offline at 1.5-57 Hz. Artifacts including eye blinks and muscle movements were
identified by visual inspection and Independent Component Analysis (ICA) [39] and
removed from the EEG data. The data were re-referenced by whole-head average algorithm.
The artifact-free epochs were submitted to power spectral analysis using Fast Fourier
Transform (FFT). The log transform for absolute power was: 10 log 10(x). A continuous
power density function (averaged across all the prefrontal and frontal electrodes) was
generated for each child at each age. The 31-50 Hz band was considered representative of
the gamma range. The mean of the gamma range power function was taken as the average
gamma power density for each child. As noted, the gamma data used in the predictive
analyses described here was collected at 16, 24 and 36 months of age with group means of
29.78dB, 28.93dB and 29.26dB, and standard deviations of 1.20dB, 1.67dB and 1.68dB
respectively (see Figure 1). The concurrent results and EEG data processing details for these
ages were reported in Benasich et al., 2008 [6].

2.2. Behavioral Assessment at 4 and 5 years

The Stanford-Binet Intelligence Scale-4t" ed—[SB-4] [70] was administered at 4 and
5 years of age to assess overall cognitive ability. The following cognitive clusters were
administered and are reported on here: Verbal Reasoning, Abstract/Visual Reasoning,
Quantitative Reasoning, and Short-Term Memory as well as individual subset score. Subtest
scores are reported as standard age scores (SAS: mean = 50, SD = 8) and cluster scores were
reported as mean = 100, SD = 16.

The NonWord Repetition Test—[NWR] [27] was also administered at 4 and 5 years of
age. NWR measures phonological working memory skills thought to be related to the
acquisition of vocabulary and reading skills. In this test, the child hears a single unfamiliar
phonological item, such as “barrazon”, and attempts to immediately repeat it. The task
consists of 45 nonsense words divided into 5 subsets each increasing in syllable length (1-
through 5-syllables). The 1-syllable subset is composed of 5 non-words while the rest
contain 10 each. Test items are presented in random order so that syllable length varies
throughout the test. Children receive scores for each of the 5 subtests. Since the 1-syllable
test has low test-retest reliability 28], that subscale has been dropped from the Total test
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score. Total raw scores ranged from 0-40. Age-appropriate norms are not as yet available
for this measure.

The Preschool Language Scale-3" ed—[PLS-3] [80] assesses receptive (Auditory
Comprehension) and expressive (Expressive Communication) language skills in children
from birth to 6 years and 11 months and for this study was administered at 4 years of age.
The test yields standard scores (mean = 100, SD = 15), percentile ranks, and age scores for
the subscales as well as a total language score. For the purpose of this study, standard scores
for the Auditory Comprehension and Expressive Communication subscales were used.

The Clinical Evaluation of Language Fundamentals - Preschool—[CELF-P] [78]
was administered at 4 years of age. Children were evaluated with two subtests of the CELF-
P (mean = 10 SD = 3): Sentence Structure (SS) and Word Structure (WS). The Sentence
Structure subtest evaluates comprehension of sentence formation rules, while the Word
Structure subtest evaluates the child’s use of morphological rules and forms.

Test of Language Development—[TOLD: P3] [47] was administered at 5 years of age.
Five subtests (grammatic completion GC, grammatic understanding GU, sentence imitation
SI; mean 10, SD = 3) were used to assess the child’s understanding and use of grammatical
structures. A composite score for Syntax SYQ (mean = 100, SD = 15) was derived by
combining scores from the grammatic completion, grammatic understanding, and sentence
imitation subtests.

Woodcock Reading Mastery Tests-Revised—[WRMT-R] [79]; Letter- Identification
subtest (mean = 100, SD= 15) was administered at 5 years of age. This subtest measures the
subject’s ability to identify upper and lower case letters.

2.3. Participants

The participants in this study were a subset of those participating in a larger longitudinal
study examining the association between early processing of auditory information and
language development. Families were recruited from urban and suburban communities in
New Jersey and were assigned to family history positive (FH+) or family history negative
(FH-) groups based on parental report of family history of language-based learning disorder
(LLD); for additional information see [14]. The FH+ children are considered to be at
significantly higher risk for language disorders by virtue of their family history of LLD [13].

The sample consisted of 40 children with gamma data and 45 children with complete
behavioral data. Table 1 shows the number of participants that had gamma data at any one
age point and corresponding behavioral data at outcome ages. This table also presents the
sample mean and standard deviation for the behavioral assessments.

As noted, this study is part of a larger ongoing longitudinal study on cognitive and language
development of infants with (FH+) and without a family history (FH-) of language based
learning disorder (LLD). While infants recruited into the family history positive (FH+)
group were at higher risk for developing LLD, none of the children in the present study were
themselves diagnosed with any language or learning disabilities. T-tests confirmed that there
were no group differences in this sample between children from FH+ and FH— families on
40 of the 46 measures and thus for all further analyses FH+ and FH— children were treated
as one continuous group.
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To examine whether EEG gamma power at 16-, 24-, and 36-months was associated with
later cognitive and language abilities, Pearson Product Moment Correlations were computed
between mean gamma power at each age and performance on a series of language and
cognitive tasks at both 4 and 5 years of age.

3.1 Post hoc Analysis of Electrode-by-Electrode Scalp Correlations

As we had focused primarily on Frontal and Prefrontal regions based on a qualitative
measure (i.e. examination of power topograms see [6]), we performed post hoc electrode-by-
electrode analyses including all 62 scalp sites for a subset1 of outcomes to examine which
areas were most highly correlated with the language outcomes of interest. The patterns of
outcomes revealed were similar to the findings described above, when only frontal and pre-
frontal regions were examined. To illustrate the scalp regions where mean gamma power
correlates with language outcome when all electrodes are included, we show results for 36-
month gamma power (see Figure 2A—F). The results indicate that across tests and across
age, the correlations are predominately in frontal, and to a lesser extent, temporal regions
and tended to be left lateralized.

3.2 Gamma and general cognitive ability

The Stanford-Binet Intelligence Scale was used to assess general cognitive ability.
Correlation analyses did not reveal any significant associations between gamma power and
IQ at any age, with only one exception; 36-month gamma was associated with scores on the
5-year Verbal Reasoning cluster, r = 0.67, p<0.01

3.3 Early gamma and 4 and 5-year phonological working memory

The Non-Word Repetition Test (NWR) was used to assess phonological working memory at
4 and 5 years of age. There were no significant correlations observed among 16-month
gamma and any 4- or 5-year NWR syllable subtests. Table 2 shows the correlations between
24- and 36-month gamma and for NWR 2, 3, 4, and 5 syllables and total score. Results
revealed that 24- and 36-month gamma power was significantly associated with both 4- and
5-year NWR test performance.

3.4 Early gamma and 4-year expressive and receptive language abilities

Significant associations were found between resting gamma power at all ages and later
language ability. Table 3 shows the correlation results between 16-, 24- and 36-month mean
gamma density and 4-year PLS-3 and CELF-P scores. Gamma power at 36-months was
associated with the PLS-3 comprehension score (r = 0.59, p = 0.02), performance on the
CELF-P Sentence Structure (r = 0.56, p = 0.03), and with CELF-P Word Structure (r = 0.67,
p = 0.01) standard scores. The 16- and 24-month gamma measures were significantly
correlated only with the CELF-P sentence structure score: r = 0.69, p =0.01; r=0.65and p
= 0.01 respectively. Mean gamma band density at all three ages, from 16- to 36-months,
showed significant correlations with CELF-P syntax comprehension score. The 16- and 24
month power measures have even stronger correlations with the CELF-P sentence structure
subtest that measures the ability to understand sentences that incorporate various syntactic
structures.

1Computing analyses for all regions for all electrodes severely reduces power, thus we only examined those variables significantly
correlated in our first set of analyses.
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3.5 Early gamma and language abilities at 5 years of age

We also examined scores on specific subtests of the TOLD-P3, including grammatic
understanding (GU), grammatic completion (GC), sentence imitation (SI) and syntax
composite score (SYQ). The abilities measured by the composite score (SYQ) are related to
grammar and sentence structure, most notably the ability to sequence words and to organize
phrases to form grammatically appropriate sentences [47]. No associations were seen
between TOLD-P3 scores and 16-month gamma power. However, at both 24- and 36-
months, gamma power was significantly associated with 5-year Sentence Imitation (r = 0.53,
p =0.04; r =0.53, p = 0.05). In addition, at 36-months, gamma power was significantly
associated with the SYQ (r = 0.56, p = 0.04). Table 4 details the associations seen at 24- and
36-months.

4. Discussion

A series of Pearson’s correlations were performed examining children’s 16-, 24- and 36-
month mean resting gamma power (31-50Hz), at frontal and pre-frontal regions, and the
cognitive and linguistic outcomes for the same children at 4- and 5-years of age. The results
described here strongly suggest that resting gamma power, as measured across 16- through
36-months, a time of dramatic increases in linguistic and cognitive abilities, is a good
predictor of specific components of language development at 4- and 5-years of age. We
understand that the associations reported here do not reflect a direct cause and effect of early
resting gamma power densities on later language outcomes, but rather, index the
synchronous activity of large interconnected networks of neurons that underlie cognitive
functions, such as memory formation, language development and sensory processing, but
are not themselves specific cognitive substrates. However, the findings presented here
suggest that variation in the capability of a particular brain to generate activity in the gamma
range or to switch into a gamma state on demand, might well index establishment of critical
neural synchronies that underlie emergence of high frequency oscillatory activity and in turn
the establishment of efficient information (e.g. linguistic) processing.

4.1 Gamma Oscillations

Gamma frequency components have been studied in both visual and language processing. In
this context, it is important to understand that gamma oscillation is not proposed to represent
information itself, but rather to provide a temporal structure for correlations in the neurons
that do encode specific information [19, 30, 65]. Generally, human data are in good
agreement with animal studies suggesting the role of gamma synchronization in the binding
and selection of distributed information [11, 65, 29, 64]. Both evoked and induced gamma
oscillations have been shown to be correlates of numerous cognitive functions. In the visual
domain, gamma bursts have been observed as a function of object perception [3]. Faces
induce more gamma activity than rotated unrecognizable faces [40] and lead to more
synchronization among brain areas within the gamma band [61]. Also gamma activity can
be detected when subjects suddenly recognize a meaningful picture within random-dot
patterns (autostereoscopic pictures) [58]. Visual feature binding also has been associated
with gamma activity [67, 40, 46]. The uniquely human ability of language has also been
associated with gamma activity: words evoke higher levels of gamma in human cortex than
do pseudo-words [57]. The mechanisms that underlie many of the cognitive functions that
induce gamma activity are hypothesized to also support memory and attentional access. This
can be gleaned from the few studies that examine memory and attention. For example, when
subjects are required to actively maintain visual stimuli in working memory, higher levels of
gamma are detected as compared to a condition not requiring memorization [68]. Tones also
evoke gamma bursts [50] and attended tones evoke larger auditory gamma peaks than
unattended ones [71]. Further, a number of other studies have shown positive correlations
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between gamma activity and learning and memory in older populations [45, 25, 32, 20].
Overall studies that specifically focus on measuring both gamma oscillations and behavior
seem to suggest that gamma activity and its synchronization across brain regions might well
serve as a mechanism by which distributed signals can be integrated over different temporal
and spatial scales [55].

4.2 Gamma power, phonological working memory and syntax

Gamma power in this study showed significant correlations with both phonological working
memory and syntactic skills. This is an intriguing result. Why would we see such a pattern?
What do these two linguistic abilities have in common? The connection between
phonological working memory and syntactical skill has been reported and then debated for
many years and conflicting theoretical interpretations of these results have been offered. For
example, van Daal et al. [77] studied 5-year-old Dutch speaking children with severe
language problems. Structural equation modeling (SEM) was used to explore the relations
between the different factors; phonological memory was shown to predict phonological
abilities and phonological abilities also predicted to syntactic abilities. In a similar vein,
Ullman and Pierpont [75] reported a link between impairments of non-word repetition and
syntax, and suggested a general neural model (the Procedural Deficit Hypothesis) that
predicted a deficit in a network of interconnected structures embedded in frontal/basal-
ganglia circuits that impacts procedural memory and learning, and that is in turn implicated
in both syntax acquisition and phonological working memory. These authors emphasize the
importance of taking account of both behavioral and neural correlates.

Similarly, Joanisse and Seidenberg [37], used a connectionist model to study development
of phonology and syntax in specific language impairment (SLI) employing a two-model
simulation experiment. One network was trained to simulate how normally developing
children learn syntax and the second network was trained using subtle distortions in
phonology to simulate imperfect phonological representations as in SLI. The authors
demonstrated that syntactic impairments could be directly tied to limitations in working
memory capacity and phonological knowledge [37]. They further concluded that the pattern
of results fit a model that entails a single mechanism, rather than a dual-mechanism model
as suggested by Ullman and colleagues [54, 75]. It is not clear which of these models
accurately capture the relations among these abilities; however, to date it has not been
shown that such precise phonological and syntactic deficits share common underlying
neurological substrate. However, Fries [24] observes that gamma synchronization occurs in
multiple brain areas, including sensory cortex, hippocampus, motor cortex, spinal cord and
subcortical nuclei -- as long as the regions are functionally activated, and hypothesizes that
such high frequency oscillations may indeed serve a critical role in cortical computation.
Thus, the relations seen here between resting gamma power, phonological working memory
and syntactic skills could plausibly be supported by the essential role that coincidental
neural activity plays in the general mechanisms that underlie maturation of cortical regions,
facilitate cross-cortical longer range synchrony and promote development of efficient neural
networks [6, 74, 73].

On the other hand, the link in this study could, more simply, be one of “emergent function”,
in essence what skills are children acquiring at these particular ages. As children add new
language skills to their repertoire across development, they are frequently on a steep
learning curve. Moreover, as children vary in their rate of acquisition, some children are
further advanced than others, thus the outcome measure contains a greater degree of
variability. These characteristics become more important as the sample size decreases. It is
also clear from previous work [6, 38] that lower levels of gamma in resting EEG, may well
be a marker for slower brain maturation.
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4.3 Importance of the Developmental Time Window

In the initial paper exploring resting gamma [6], we chose to look at a developmental period
(16 through 36 months of age) characterized by a dramatic burst in cognitive and linguistic
abilities [4, 21], that is hypothesized to correlate with a steep increase in synaptic density in
relevant cortical regions [15, 36, 56]. Major changes in forebrain organization including
continuing maturation and myelination of temporal and frontal areas, and elaboration of the
extensive cortical and subcortical circuits that are thought to subserve coordinated high-
frequency activity are also highlights of this developmental period [51, 56]. What is the
importance of this dynamic period of growth and reorganization? It illustrates our contention
that across age, the periods when new abilities are being acquired and consolidated provide a
unique window of opportunity in which to observe the underlying neural dynamics that
accompany behavioral change. For example, the data presented here show that 4-year-old
syntax comprehension strongly correlates with mean gamma power at the ages of 16-, 24-
and 36-months. This may be attributed to the fact that at 4 years of age, rapid progress is
being made in the acquisition of grammar, for example, in the use of verb inflections [60],
irregular words and in sentence embedding and conjoining [48]. 24-month gamma power
also showed strong associations with both phonological working memory and with syntax at
4 years. Areas of language that are still being mastered (are “emergent”) require more
focused attention and broader cortical input. Thus significant individual variability is seen in
acquisition of grammatical and syntactical skills at these ages [8] as well as during the 16 to
36 month language burst (although different skills are being acquired). And, as noted there
is significant variability in resting gamma during the 16-36 month age range. Gamma power
has been shown to increase in tandem with maturation of information processing and
cognitive functions in both younger [38] as well as in older children (3-12 years) with a
peak at about 4-5 years of age [66]. These findings suggest that the developmental time
window when EEG power and language is being measured is very important. Thus choosing
time periods for measurement when there is maximal variability, basically when abilities are
emerging, enhances the ability to track developmental outcomes.

4.4 Conclusions

Our results clearly show robust associations between gamma power in resting EEG at 16, 24
and 36 months of age and later language, specifically phonological memory (NWR) and
syntactical skill. We suggest that the ability of the child’s brain to activate in the gamma
range during information processing or perhaps differences in the underlying neural
capabilities to generate these high frequency oscillations, may index better modulation of
attention and allow easier access to working memory thus providing an advantage for
overall development, particularly in the linguistic domain. Thus, the capability to generate
higher power in certain frequency ranges (30~50Hz gamma) at certain crucial
developmental periods, for instance during the 16—36 month language and cognitive burst
may well confer an advantage in setting up efficient and automatized language systems. In
addition, measuring abilities at times when they are still emergent appears to allow better
prediction of later outcomes.

Research Highlights

e 16-, 24-, & 36-month resting gamma predicted to later phonological working
memory.

e Early gamma power predicted to 4-5 year language including syntactical skills.

¢ Resting gamma may tap neural synchronies critical to efficient language
processing.
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e Measuring emergent abilities may allow better prediction of later outcomes.
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Figure 1.
Mean gamma power data plotted by age at 16-, 24- and 36-months-of-age
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Figure 2.

Correlation topograms showing maps of the electrode-by-electrode regression slopes for 36-
month gamma power with NonWord Repetition (NWR) Total Raw Score, CELF-P Word
and Sentence Structure Score, and TOLD-P:3 Sentence Imitation and Syntax Quotient score
at 4 and 5 years of age
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Table 2

Correlations of 24- and 36-month gamma power with 4- and 5-year NonWord Repetition test performance

24-month mean gamma  36-month mean gamma

4-Year NWR syllable length  (N=17) (N=16)
2 syllables 0.18 0.01
3 syllables 053 0.48
4 syllables 0.65™* 0.53*
5 syllables 0.58* 0_55*
Total Score 061 051"
5-Year NWR syllable length  (N=15) (N=14)
2 syllables 0.42 0.32
3 syllables 0.52% 0.32
4 syllables 0.65™* 057"
5 syllables 0.69** 0_54*
Total Score 072" 052*

Pearson correlation coefficient:

*
p<=0.05 and

Fk

p<=0.01.
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Table 3

Correlations of 16-, 24-and 36-month gamma power with 4-year PLS-3 and CELF-P scores

16-month 24-month 36-month
mean gamma mean gamma mean gamma
4-Year PLS-3 (N=14) (N=17) (N=16)
Expressive 0.15 0.15 0.40
Receptive 041 0.38 0.59*
4-Year CELF-P  (N=13) (N=17) (N=15)
Word 0.40 0.34 0.67°*
Sentence 0.69™* 0.65™" 056"

Pearson correlation coefficient:

*
p<=0.05 and

Fk

p<=0.01.
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Table 4

Correlations of 24- and 36-month gamma power and 5-Year TOLD-P3 Scores

24-month mean gamma

36-month mean gamma

5-Year TOLD-P3 (N=17)
Grammatic Understanding 0.10
Sentence imitation 053
Grammatic completion 0.25

Syntax Composite quotients  0.33

(N=16)

0.39

0.53"
0.48

*

0.56

Pearson correlation coefficient:

*
p<=0.05 and

*

*
p<=0.01.
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