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Brief Communications

Development of Global Cortical Networks in Early Infancy

Fumitaka Homae,' Hama Watanabe,? Takayuki Otobe,> Tamami Nakano,** Tohshin Go,%” Yukuo Konishi,*’

and Gentaro Taga>®

Department of Language Sciences, Tokyo Metropolitan University, Hachioji-shi, Tokyo 192-0397, Japan, 2Graduate School of Education, University of
Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan, *Department of Early Childhood Education, Jin-ai Women’s College, Fukui-shi, Fukui 910-0124, Japan,
4Department of Neurophysiology, Juntendo University, Bunkyo-ku, Tokyo 113-8421, Japan, *Japan Society for the Promotion of Science, ¢ Center for Baby
Science, Doshisha University, Kizugawa-shi, Kyoto 619-0225, Japan, “Tokyo Women’s Medical University, Shinjuku-ku, Tokyo 162-8666, Japan, and 8Core
Research for Evolutional Science and Technology, Japan Science and Technology Agency, Kawaguchi-shi, Saitama 332-0012, Japan

Human cognition and behaviors are subserved by global networks of neural mechanisms. Although the organization of the brain is a
subject of interest, the process of development of global cortical networks in early infancy has not yet been clarified. In the present study,
we explored developmental changes in these networks from several days to 6 months after birth by examining spontaneous fluctuations
inbrain activity, using multichannel near-infrared spectroscopy. We set up 94 measurement channels over the frontal, temporal, parietal,
and occipital regions of the infant brain. The obtained signals showed complex time-series properties, which were characterized as 1/f
fluctuations. To reveal the functional connectivity of the cortical networks, we calculated the temporal correlations of continuous signals
between all the pairs of measurement channels. We found that the cortical network organization showed regional dependency and
dynamic changes in the course of development. In the temporal, parietal, and occipital regions, connectivity increased between homol-
ogous regions in the two hemispheres and within hemispheres; in the frontal regions, it decreased progressively. Frontoposterior
connectivity changed to a “U-shaped” pattern within 6 months: it decreases from the neonatal period to the age of 3 months and increases
from the age of 3 months to the age of 6 months. We applied cluster analyses to the correlation coefficients and showed that the bilateral
organization of the networks begins to emerge during the first 3 months of life. Our findings suggest that these developing networks,

which form multiple clusters, are precursors of the functional cerebral architecture.

Introduction

The structural and functional development of the brain during
infancy has been a subject of interest since early times (Johnson,
2005). The infant brain is not a miniature version of the adult
brain but a continuously self-organizing system that forms
functional regions and networks among multiple regions via
short-range and long-range connectivity. Sensory, motor, and
cognitive functions in infancy show changes associated with the
development of this system. Although recent neuroimaging stud-
ies successfully revealed functional localization in the infant brain
(Dehaene-Lambertz et al., 2002; Pefia et al., 2003; Taga et al.,
2003; Homae et al., 2006), it has not been clarified how multiple
functional regions and their global networks emerge during the
course of early development.

The organization of brain networks in early infancy on the
basis of structural development is an extensively debated issue.
One viewpoint is that the connectivity between cortical regions
gradually increases. During the first 6 months, increases in the
synaptic density occur in the sensory and association regions
(Huttenlocher, 2002). The progression of myelination in the
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postnatal period has been documented in magnetic resonance
imaging (MRI) (Paus etal., 2001) and diffusion tensor MRI stud-
ies (Hermoye et al., 2006; Dubois et al., 2008). Another viewpoint
is that excessive connections are present among cortical regions,
and the number of connections decreases after birth so that the
remaining networks function effectively. Postnatal decrease in
the number of callosal axons has been observed in the developing
rhesus monkey (LaMantia and Rakic, 1990). Studies on the struc-
tural development of the brain have raised the critical question of
how functional networks develop in infancy. In the present study,
we report our novel findings of dynamic changes in the func-
tional connectivity of the human brain; these changes reflect both
increases and decreases in structural connectivity.

Functional networks in adults have been studied by examin-
ing the patterns of spontaneous fluctuations in brain activity
(Biswal et al., 1995; Salvador et al., 2005; Buckner and Vincent,
2007; Fox and Raichle, 2007; Seeley et al., 2009; White et al.,
2009). Spontaneous fluctuations have been reported in the
cerebral blood oxygenation in sleeping infants (Taga et al,,
2000). Spontaneous fluctuations were measured during the
task-free (resting) state; this method is especially useful for
investigating neural systems at multiple stages of develop-
ment. In the present study, we examined the development of
cortical networks in the infant brain by using multichannel
near-infrared spectroscopy (NIRS) (Jobsis, 1977; Villringer
and Chance, 1997). Developmental changes in the patterns of
the spontaneous fluctuations would affect brain organization,
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Functional networks characterized by spontaneous fluctuations in brain activity in the infants. 4, Probe settings of the 94-channel NIRS (sampling rate, 10 Hz). Several landmarks from

theinternational 10 —20 system are shown (red dots). Filled circles indicate the channels shown in D. B, Representative examples of continuous data of a 6-month-old infant. The black and red lines
in the top show the data of the measurement channel near P3 and P4, respectively. This pair has a high temporal correlation. In the bottom, the black and red lines show the data of P3 and Fp2,
respectively. The correlation between the two channels was lower than that between P3 and P4. C, The distribution of correlation coefficients (r values) calculated using 3 min continuous data. The
ordinates denote the total number of channel pairs across the infants. D, Representative correlations. The red lines show correlations that were higher than 0.5 (averaged across all infants in each
group). See also supplemental Figures 2—4 (available at www.jneurosci.org as supplemental material).

brain function, and behaviors, including the sleep—wake cycle
and vice versa.

Materials and Methods

Infants. Fifty-two full-term healthy Japanese infants participated in the
present study. Fifteen infants were neonates (6 girls and 9 boys; mean age,
4.3 d; range, 2-11 d), 21 were 3 months old (11 girls and 10 boys; mean
age, 111.6 d; range, 102-123 d), and 16 were 6 months old (6 girls and 10
boys; mean age, 197.0 d; range, 180-206 d). All infants were sleeping
naturally while they were studied. The infants were almost motionless

and slept soundly throughout the measurements. Slow movements,
burst of activity, and non-nutritive sucking were observed less than three
times in total in the measurement of each infant. Informed consent was
obtained from the parents of the infants before the initiation of the
experiments. The study was approved by the ethics committees of Tokyo
Women’s Medical University for studying the neonates and Graduate
School of Education, University of Tokyo for studying the 3- and
6-month-old infants.

NIRS recordings. We used multichannel NIRS instruments (ETG-
7000; Hitachi Medical Corporation) in this study. NIRS exploits the
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The small dots are the landmarks shown in Figure 14 (red dots).

optical properties of hemoglobin, which has oxygenated (oxy-Hb) and
deoxygenated (deoxy-Hb) forms with different absorption spectra in the
near-infrared (NIR) wavelength region. By using two NIR wavelengths
(785 and 830 nm) and analyzing data on the basis of modified Lambert—
Beer law, these instruments measure the relative changes in the concen-
trations of oxy-Hb and deoxy-Hb in the cerebral cortex at preset
measurement regions, with a 0.1 s time resolution. Because of this sam-
pling rate of NIRS measurements, effects of systemic physiology, such as
respiration and cardiovascular oscillations, are unlikely to be aliased into
lower-frequency bands. Detailed descriptions of the principles underly-
ing NIRS have been described previously (Jobsis, 1977; Reynolds et al.,
1988; Maki et al., 1995; Villringer and Chance, 1997; Obrig and
Villringer, 2003).

We previously revealed the patterns of spontaneous oscillation in the
infant brain by using multichannel NIRS (Taga et al., 2000). NIRS has
also been successfully used to investigate cortical activation in infants
(Pena et al., 2003; Taga et al., 2003; Kotilahti et al., 2005; Homae et al.,
2006, 2007; Minagawa-Kawai et al., 2007; Taga and Asakawa, 2007; Taga
etal., 2007; Nakano et al., 2008, 2009; Watanabe et al., 2008). NIR light

Clusters divided according to the temporal correlations. A—C, We defined the distance between two channels by
calculating 1 — rand conducted cluster analyses. Each leaf in the dendrogram corresponds to a measurement channel. The six
clusters in each infant group can be identified by coloring. D—F, Spatial configuration of six clusters obtained by cluster analyses.
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was emitted from laser diodes through incident
optical fibers (maximum intensity: 0.4 mW for
neonates, 0.6 mW for 3-month-old infants,
and 1.2 mW for 6-month-old infants). The re-
ceived light was detected by avalanche photo-
diodes via optical fibers and separated into
individual light sources, depending on each
wavelength.

We used two sets of 3 X 10 arrays composed
of 15 incident and 15 detection fibers mounted
on a flexible cap over the frontal, temporal, pa-
rietal, and occipital areas of each hemisphere
(Fig. 1 A). A pair of adjacent incident and de-
tection fibers formed a single measurement
channel (a total of 47 channels for each 3 X 10
array); this enabled us to simultaneously mea-
sure the time course of oxy-Hb and deoxy-Hb
signals. The distance between the incident and
detection fibers was set at ~2 cm (Taga et al,,
2007). The measurement channels were cor-
rectly positioned by referring to the interna-
tional 10-20 system of electrode placement
and using the external auditory pores, vertex,
and inion as landmarks in each infant. Because
only a few atlases of the infant brain are avail-
able, we used previous studies on adults (Homan
etal., 1987; Steinmetz et al., 1989; Herwig et al.,
2003; Okamoto et al., 2004) to estimate the
craniocerebral correlation for each measure-
ment channel. We have reported previously a
functional map of audiovisual stimuli in in-
fants, which is consistent with an estimated
map from the craniocerebral correlation
(Watanabe et al., 2008).

Data analysis. In a previous study on infants,
we found that oxy-Hb signals had a better
signal-to-noise ratio than deoxy-Hb signals
(Homae et al., 2007), and therefore, we exam-
ined the variation in the oxy-Hb signals to es-
timate the changes in regional cerebral blood
oxygenation during brain activation. We eval-
uated the relative changes in oxy-Hb signals
contingent on an arbitrarily assigned zero
baseline from the start of the measurement pe-
riod, which was based on the modified Lambert—
Beer law. Because the precise optical path
length of the light traveling through brain tis-
sue cannot be determined, the unit for the
oxy-Hb signals was calculated by multiplying
the molar concentration by length (millimo-
lar X millimeter).

For each individual dataset, we used a bandpass filter from 0.005 to 1
Hz and extracted 3 min data (i.e., 1800 time points) from the continuous
time courses. The bandpass filter eliminated cardiac pulsation (~2 Hz in
infants) and smoothed signal drifts over long timescales and motion
artifacts. To confirm our results using this bandpass filter (from 0.005 to
1 Hz), we also used a narrower bandpass filter from 0.009 to 0.08 Hz,
which has been used in previous studies to eliminate cardiac and respi-
ratory rhythms (Fox et al., 2005; White et al., 2009). These filters were in
line with the purpose of our present study if we could obtain consistent
analysis results using two types of bandpass filters.

We analyzed the power spectrum of the continuous data obtained
from each infant group to examine time-series properties. For each in-
fant data, we calculated the correlation coefficients (r) between the time
course of a single channel and the time course from all other measure-
ment channels [number of pairs: (94 X 93)/2 = 4371]. The 3 min data of
two channels determined a single r value. We used all the filtered data to
estimate the cross-correlations. Because we used correlation coefficients
in our analyses, the different optical path lengths of the measurement
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Figure 3.  The developmental changes in correlations between the homologous channels.
A, The red lines connect channels (17 of 47 channel pairs) that showed significant changes, as
revealed by ANOVA ( p << 0.05, corrected). B, Individual data of temporal correlations normal-
ized to z scores. The scatter plots show z scores in frontal (Fp1-Fp2) and parietal (P3—P4) pairs.
The red circles indicate mean values in each infant group. The differences between the infant
groups are shown (*p << 0.05, post hoc test, Tukey's HSD).

channels did not affect our results. We considered both positive and
negative r values (range, —1 = r = 1) and evaluated all the r values.

In the cluster analyses, we defined the distance between the two chan-
nels by calculating 1 — r. We applied the Ward method for determining
the distance and constructed a dendrogram. We showed six clusters for
each infant group.

To reveal the developmental changes in connectivity, we analyzed the
differences among the infant groups on a channel pair basis. We first
converted the r values to z scores by Fischer’s z transformation. We
evaluated the individual z scores as random effects and performed
ANOVA with subject groups as a factor (three groups of 52 infants in
total). Because we assumed that the cross-correlation between every pair
of channels was independent of that calculated in the other pairs, multi-
ple comparisons among the pairs of channels were considered by adopt-
ing a measurement-channels false discovery rate correction at ¢ < 0.05
(Benjamini and Hochberg, 1995; Genovese et al., 2002; Singh and Dan,
2006). Tukey’s honestly significant difference (HSD) tests were applied
as post hoc tests.

Results

We set up 94 measurement channels over the frontal, temporal,
parietal, and occipital regions of neonates, 3-month-old infants,
and 6-month-old infants (Fig. 1A). All measurements of sponta-
neous fluctuations were taken when the infants were in sleep. The
obtained signals showed complex time-series properties, which
were characterized as 1/f fluctuations (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). To reveal
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Figure 4. Increase, decrease, and U-shaped changes in connectivity during the course of
development. A, The red, green, and blue lines connect channels that showed significant
changesin temporal correlations, as revealed by ANOVAs and post hoc tests (red: neonates << 3-
and 6-month-old infants; green: neonates > 3- and 6-month-old infants; blue: neonates and
6-month-old infants > 3-month-old infants). B, Individual data of correlations normalized to z
scores. The data for connections shown by bold lines in A are presented. The differences be-
tween the infant groups are shown (*p << 0.05, post hoc tests, Tukey's HSD).

the functional connectivity of the cortical networks, we calcu-
lated the temporal correlations of continuous signals between all
pairs of measurement channels for each infant (Fig. 1B). Al-
though the distribution of correlations in neonates was left
skewed, that in the 3- and 6-month-old infants was almost sym-
metrical around the median values (Fig. 1C) (Kolmogorov—
Smirnov tests, p < 0.001 for all pairs of groups). We found that
the frontal region of neonates showed high correlations across
multiple channels within and between hemispheres (Fig. 1D)
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Notable interhemispheric correlations were
observed in the 3- and 6-month-old infants (Fig. 1D) (supple-
mental Figs. 3, 4, available at www.jneurosci.org as supplemental
material).

To reveal the spatial formation of regions that had similar
temporal correlations, we applied cluster analyses to the correla-
tion coefficients (Fig. 2A—C). In the neonates, we found that the
frontal region formed a tight cluster over the midline (Fig. 2D).
The adjacent or closely located channels in the temporal, parietal,
and occipital regions formed clusters within a hemisphere. In
the 3- and 6-month-old infants, in contrast, clusters were
formed across the midline, which included homologous chan-
nels (Fig. 2E,F). In the 3-month-old infants, the clusters
above T3 and T4 (Fig. 2 E, red cluster) showed notable consis-
tency in terms of spatial configuration in both the hemi-
spheres. This pattern was replicated in the 6-month-old
infants (Fig. 2 F), thus establishing the validity of the analysis.
These clusters were observed even if we used the narrower bandpass
filter (supplemental Fig. 5, available at www.jneurosci.org as sup-
plemental material). Our findings suggest that the bilateral orga-
nization of spontaneous networks begins to emerge during the
first 3 months of life.
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The connectivity between homologous regions in the left and
right hemispheres characterizes bilateral cerebral organization.
Developmental changes in the correlations over the midline of
the brain were assessed using statistical analyses (one-way
ANOVA, p < 0.05, corrected using the false-discovery rate
among 47 pairs); significant increases were observed in the pos-
terior regions but not in the frontal region (Fig. 3). We further
calculated the magnitudes of squared coherence between the ho-
mologous regions. A coherence value below 0.1 Hz was high and
reached a plateau in all three infant groups, indicating that the
lower frequencies are dominant across the 1/fband (supplemen-
tal Fig. 6, available at www.jneurosci.org as supplemental mate-
rial). As in the correlations, squared coherences below 0.1 Hz
increased during the course of development. The increases in the
interhemispheric correlations, which are in line with the high
correlations between homologous regions observed in adult
studies (Biswal et al., 1995; Salvador et al., 2005; Buckner and
Vincent, 2007; Fox and Raichle, 2007; Seeley et al., 2009; White et
al., 2009), are expected to be related to the functional maturation
of the corpus callosum.

The parietal regions of the 6-month-old infants had correla-
tions with channels not only in the contralateral hemisphere (Fig.
3) but also in the ipsilateral hemisphere (Fig. 1C). We found that
the channels in the left parietal (near P3) and temporal (T5)
regions showed developmental increases in correlation (Fig. 4A,
red bold line, B, left) (F(, 40, = 13.1, p < 0.00005; post hoc tests,
p <0.05). In contrast, the homologous right pair (P4 and T6) did
not show any significant changes (F, 4y = 1.7, p > 0.1). The
left-lateralized development of functional connectivity is consis-
tent with the leftward asymmetry of the arcuate fasciculus in
adult humans (Rilling et al., 2008), suggesting that long-range
connectivity, as a basis for language acquisition, occurs in early
infancy.

Although developmental increases in correlations were
mainly observed in the temporal and posterior regions (Fig. 4A,
red lines), we found that pairs of frontal channels showed devel-
opmental decreases in correlations (Fig. 4 A, green lines, B, mid-
dle) (Fp,49) = 9.3, p < 0.0005). The channel pairs showing
increases and those showing decreases in correlations were not
randomly intermixed in the whole brain but were isolated de-
pending on their location in the cortical regions. Interestingly, we
found channel pairs that exhibited nonmonotonic changes in
correlations. The correlations between several channels in the
frontal and occipital regions showed significant decreases from
the neonatal period to the age of 3 months and significant in-
creases from the age of 3 months to the age of 6 months (Fig. 4 A,
blue lines, B, right) (F, 4,9, = 14.7, p < 0.00005). The channels
that showed this U-shaped pattern were mostly lateralized to the
left hemisphere. Future studies should examine how the three
types of cortical networks are modulated when sensory stimuli
are presented to infants.

Discussion

In the present study, we revealed that, in infants, the organization
of cortical networks with regard to increase and/or decrease in
functional connectivity depends on the cortical region. The
developmental changes involved in the organization of cortical
networks are classified into the three following patterns: connec-
tivity increases in the temporal and posterior regions, decreases in
the frontal region, and U-shaped changes occur in the frontopos-
terior region. The increases in the correlations reflect the
strengthening of the relationship between cortical regions, which
might be the basis of constructive organization in the developing
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brain (Quartz and Sejnowski, 1997; Sirois et al., 2008). In con-
trast, the decreases in correlations reflect pruning of connections
between cortical regions. The decreases in the regional relation-
ships may be related to selective organization of the postnatal
brain (Changeux and Dehaene, 1989) after the elimination of
superfluous connections. The interpretation of the U-shaped
changes is not straightforward, but we think that the U-shaped
pattern may represent the reorganization of connectivity between
the frontal and posterior regions. For example, strong correla-
tions between the two regions in neonates reflect synchronized
activation of thalamocortical networks, and their resonance
becomes weaker at the age of 3 months because of pruning or
elimination of thalamocortical connections. Furthermore, corti-
cocortical connections increase at the age of 6 months, resulting
in strong correlations among the long-range networks. This re-
organization may be caused by developmental changes within
corticocortical networks or within thalamocortical networks. Be-
havioral studies have reported U-shaped development in infancy
(Muir et al., 1989; Morton and Johnson, 1991); exploration of
U-shaped changes in the infant brain would bridge the gap be-
tween behavioral and neuroscience studies on early human
development.

We elucidated the dynamics of the organization of cortical
networks by analyzing the spontaneous fluctuations in the brain
activity of infants. The spontaneous fluctuations extend over
wide frequency bands, whereas both the mechanisms and contri-
butions of the lowest frequencies to spatially specific correlations
have not been systematically investigated (Fox and Raichle,
2007). Our results of the coherence analysis and correlation anal-
yses by using two types of bandpass filter (lowest cutoff, 0.005 and
0.009 Hz) demonstrated that the correlations between two re-
gions were not solely determined by the lowest frequencies. The
roles played by the spontaneous fluctuations in the construction
of multiple functional networks in the brain, including the
default-mode network (Fransson et al., 2007; Gao et al., 2009)
and networks for perception and cognition (Imada et al., 2006;
Homae et al., 2007; Watanabe et al., 2008; Nakano et al., 2009),
are very interesting. Our results suggest that emerging global net-
works, manifested as long-range connectivity within and be-
tween hemispheres, constrain functional brain development.
Our methods can be used to detect disorganized formation of
global networks in developmental disorders such as autism
(Courchesne et al., 2007), although physiological confounds, in-
cluding respiratory and cardiovascular oscillations, should be
carefully considered. Network analysis of the infant brain would
help provide a deep understanding of brain organization, cogni-
tive development in infancy, and the origin of human nature.
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