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Abstract  
Previous studies on brain functional connectivity networks in children have mainly focused on changes in function in specific brain re-
gions, as opposed to whole brain connectivity in healthy children. By analyzing the independent components of activation and network 
connectivity between brain regions, we examined brain activity status and development trends in children aged 3 and 5 years. These data 
could provide a reference for brain function rehabilitation in children with illness or abnormal function. We acquired functional magnetic 
resonance images from 15 3-year-old children and 15 5-year-old children under natural sleep conditions. The participants were recruited 
from five kindergartens in the Nanshan District of Shenzhen City, China. The parents of the participants signed an informed consent form 
with the premise that they had been fully informed regarding the experimental protocol. We used masked independent component analy-
sis and BrainNet Viewer software to explore the independent components of the brain and correlation connections between brain regions. 
We identified seven independent components in the two groups of children, including the executive control network, the dorsal attention 
network, the default mode network, the left frontoparietal network, the right frontoparietal network, the salience network, and the motor 
network. In the default mode network, the posterior cingulate cortex, medial frontal gyrus, and inferior parietal lobule were activated in 
both 3- and 5-year-old children, supporting the “three-brain region theory” of the default mode network. In the frontoparietal network, 
the frontal and parietal gyri were activated in the two groups of children, and functional connectivity was strengthened in 5-year-olds 
compared with 3-year-olds, although the nodes and network connections were not yet mature. The high-correlation network connections 
in the default mode networks and dorsal attention networks had been significantly strengthened in 5-year-olds vs. 3-year-olds. Further, the 
salience network in the 3-year-old children included an activated insula/inferior frontal gyrus-anterior cingulate cortex network circuit 
and an activated thalamus-parahippocampal-posterior cingulate cortex-subcortical regions network circuit. By the age of 5 years, nodes 
and high-correlation network connections (edges) were reduced in the salience network. Overall, activation of the dorsal attention net-
work, default mode network, left frontoparietal network, and right frontoparietal network increased (the volume of activation increased, 
the signals strengthened, and the high-correlation connections increased and strengthened) in 5-year-olds compared with 3-year-olds, but 
activation in some brain nodes weakened or disappeared in the salience network, and the network connections (edges) were reduced. Be-
tween the ages of 3 and 5 years, we observed a tendency for function in some brain regions to be strengthened and for the generalization of 
activation to be reduced, indicating that specialization begins to develop at this time. The study protocol was approved by the local ethics 
committee of the Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences in China with approval No. SIAT-IRB-
131115-H0075 on November 15, 2013. 
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Introduction 
Previous studies of brain network abnormalities in children 
have mainly focused on one network, such that few stud-
ies examined the whole brain network. For example, one 
study examined the default mode network, central executive 
network, core network, visual network, and self-referen-
tial network in individuals with autism spectrum disorder 
(Bi et al., 2018), while another discussed executive control, 
cerebellar and frontoparietal networks, and default-mode 
networks in those with attention-deficit/hyperactivity dis-
order (Mostert et al., 2016). Comprehensive surveys are 
necessary to fully characterize changes in brain networks, 
including those associated with development and illness/in-
jury. In terms of comparative studies in which patients and 
normal children were assessed, more studies have exam-
ined individual brain networks compared with whole brain 
networks. With respect to comparative statistical analyses 
of patients and healthy controls, some studies used inde-
pendent component analysis (ICA) to compare two groups 
(Gao et al., 2009) while others examined group differences. 
Relevance or regression analyses have been used to identify 
intergroup differences among six brain networks in patients 
with attention-deficit/hyperactivity disorder (Gao et al., 
2009; Nomi and Uddin, 2015). Statistical analyses in brain 
network research can be complex compared with analyses 
generally used in behavioral experimental research, as brain 
networks contain many factors, such as edges, nodes, cores, 
and correlation coefficients between brain regions. Although 
many methods are available for conducting statistical com-
parisons of the intensity of brain networks, few studies have 
produced detailed descriptions of the specific brain regions 
within a network.

Measurement of blood oxygen level-dependent signals 
using functional magnetic resonance imaging (fMRI) has 
become a strong tool for probing neural development in 
the human brain. Since Biswal et al. (1995) reported that 
different brain regions show synchronous fluctuations of in-
trinsic activity, researchers have attempted to examine these 
spontaneous low-frequency (< 0.1 Hz) patterns. Recently, 
ICA has been successfully applied to the estimation of some 
low-frequency modes (Deng et al., 2016; Lin et al., 2017). 
Compared with hypothesis-based techniques, this explorato-
ry technique is advantageous in that it can use spatial and/
or temporal characteristics to identify various types of signal 
fluctuations without specifying an explicit temporal model.

Doria et al. (2010) found that between 29 and 43 weeks of 
age, executive control, frontoparietal networks, and default 
mode networks develop at different rates. In 5- to 8-year-old 
children, most resting-state networks have developed, but 
the default mode network is immature, with incomplete and 
fragmented patterns of functional connectivity (de Bie et al., 
2012). As an individual develops, the default network grows 
until it resembles that of adults, and includes the posterior 
cingulate cortex/retrosplenial (PCC/Rsp), lateral temporal 
cortex, inferior parietal lobule, regions of the hippocampus, 
and the medial prefrontal cortex (Gao et al., 2009). In chil-
dren, the major nodes of the default network appear at 3–5 

years (Xiao et al., 2016) and 7–9 years (Fair et al., 2008) of 
age, although the network connections are not mature at 
these time points.

Although previous studies have examined brain function 
development in preschool children in the resting state, few 
studies have conducted systematic examinations of the de-
velopment of independent components of brain function.

The experimental subjects in the above studies were 
primarily children under 2 years of age. Indeed, few rest-
ing-state fMRI experiments have examined children ages 
3 and 6. ICA is frequently used to examine independence 
from prior hypotheses (Lee et al., 2013). Studies often ex-
amine a single group of children or adults, and studies with 
intergroup designs focused on preschool children are limit-
ed. Few systematic investigations have examined preschool 
children of different ages. The mechanisms of brain function 
in preschool-age children may reveal trends in brain devel-
opment. As the number of nodes in activated brain areas is 
affected by statistical parameters (P value, threshold, mul-
tiple comparison threshold value), it is difficult to obtain 
consistent results regarding the number of nodes of brain 
activation. Relatively stable characteristics of the individual 
components of brain activation areas can be revealed using 
brain network analysis. In this study, we used a combination 
of brain network analysis methods to examine the mecha-
nisms governing the development of individual brain net-
work components in children of different ages.

Participants and Methods  
Participants
fMRI studies with newborns and children aged 1–2 years are 
facilitated by the large amount of time that these children 
spend sleeping (Konishi et al., 2002; Grossmann et al., 2007),  
and thus, resting-state research has been conducted in these 
age groups. Similarly, by the age of 6 or 7 years, children 
can cooperate to complete experimental tasks (Gomot et 
al., 2006). However, children aged 3–5 years may not have 
sufficient concentration or comprehension to undergo MRI 
examination in an awake state, and thus experiments with 
this age group are rarely reported. However, the age of 3–5 
years represents the period in which language develops most 
quickly. Penfield, Roberts, and later Lenneberg suggested 
that this was the “critical period” for child development 
(Penfield and Roberts, 1959; Lenneberg, 1967). Thus, we 
chose 3- and 5-year-olds as research subjects.

Recruitments
We recruited participants from five kindergartens in the 
Nanshan District of Shenzhen City, China. The teachers and 
parents were informed that participation was voluntary. We 
introduced the MRI process to the parents and kindergarten 
teachers of the children, and discussed important points to 
consider regarding the experience of being inside the ma-
chine and possible situations that may arise. Parents were 
advised to take their children to the hospital for examination 
if the MRI revealed that the children had suffered a head 
impact, illness, or had visible brain abnormalities. There 
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were 36 preschool children in total, including 17 3-year-olds 
(9 boys, 36 ± 2 months) and 19 5-year-olds (10 boys, 60 ± 2 
months).

Inclusion criteria
We enrolled children who were healthy, right-handed, and 
had normal language development. Before MRI scanning, all 
subjects were examined using the China-Binet intelligence 
test, and all scored between 90 and 110 (3-year-olds: 94.00 ± 
2.62; 5-year-olds: 97.40 ± 6.48). Children with scores above 
90 were included in the trial.

Exclusion criteria
Children with autism, hyperactivity disorder, depression, 
abnormal language expression, and those who did not have a 
full-term birth were excluded from participation in the trial.

Withdrawal criteria
Children with scores below 90 in the China-Binet intelli-
gence test were withdrawn from participation in the trial.

Ethics
The study protocol was approved by the local ethical 
committee at the Shenzhen Institute of Advanced Tech-
nology, Chinese Academy of Sciences (No. SIAT-IRB-
131115-H0075) on November 15, 2013 (Additional file 1). 
All parents of the children enrolled provided written in-
formed consent (Additional file 2).

Methods 
fMRI
fMRI scans were performed while the children were asleep. 
The sessions were 8 minutes long, ensuring that 200 se-
quences were collected (Gao et al., 2009; Raichle et al., 2001). 
The TR time was 2.5 seconds. In resting-state studies, data 
are not expected to vary according to the time of day of data 
collection. To facilitate sleep in the children in the present 
study, we conducted scanning from 14:00 to 18:00.

The times required to complete all sequences in the resting 
state were as follows: 1 minute for positioning the image, 8 
minutes for collecting the functional images, and 2 minutes 
for flash 3D scanning, for a total of 11 minutes. Children 
were positioned in the MRI scanner and while they were 
asleep. Each child remained in the scanner for about 20 
minutes, such that the total length of the session was 30–40 
minutes.

Kindergarten children generally take afternoon naps. Af-
ter lunch at the kindergarten, the children were sent to the 
yard near the MRI room instead of taking a nap with the 
other children in the kindergarten. Teachers and the par-
ents watched and played with the children. This made the 
children tired, and they slept very easily in the MRI scanner. 
One hour before the MRI session, a child who was fatigued 
and thus likely to sleep during scanning was brought to 
the experimental preparation room and encouraged to fall 
asleep. After the child had fallen asleep, the parent or kin-
dergarten teacher moved the child to the bed of the MRI 

scanner while patting them gently and coaxing them to con-
tinue to sleep. After the child was asleep, the teacher raised 
his/her hand to signal the engineer to start scanning. If the 
child awoke, the parent or teacher continued to coax the 
child to sleep. If the child did not continue to sleep or woke 
up during the scanning process, MRI scanning was termi-
nated. Children aged 3 and 5 years cannot maintain a suf-
ficiently motionless position to complete MRI scanning in 
an awake state. Only sleeping children in this age group can 
complete the whole scan sequence. We observed involuntary 
trembling lips or head twisting in two 3-year-olds and one 
5-year-old. One 5-year-old coughed during the scanning, 
and two 5-year-olds exhibited obvious head movements. 
These children were rescanned after the teacher or parent 
had coaxed them into a calm sleeping state. At the end of the 
study, MRI data from 30 children were available, with 15 in 
each age group. The 3-year-old group (36 ± 2 months) con-
tained seven boys and eight girls, and the 5-year-old group 
(60 ± 2 months) contained seven boys and eight girls. After 
preprocessing and assessment of temporal data associated 
with head movement, the maximum head movement was 
confirmed to be less than 0.3 mm. Statistical analyses were 
conducted in these 30 children.
  
Data acquisition
The MRI scans were conducted in the MRI chamber at the 
Shenzhen Institute of Advanced Technology, Chinese Acad-
emy of Sciences, in March 2015. MRI scans were acquired 
using a 3.0T MRI scanner (Siemens Magnetom Trio A Tim 
System) with a 12-channel head coil. The T1 scanning pa-
rameters were: echo time (TE) = 9.1, repetition time (TR) = 
564 ms, slice thickness = 2.5, gap = 0.5, flip angle = 70°, slice 
number = 36, field of view (FOV) = 200 × 200, and matrix 
= 250 × 250. For functional images, we used a T2*-weighted 
gradient echo sequence with TR = 2500 ms, TE = 30 ms, flip 
angle = 90°, gap = 0.5, slice thickness = 2.5, FOV = 200 × 
200, and matrix = 64 × 64. The whole brain was scanned in 
36 slices with 192 volumes, and the collection time adopted 
the time series commonly used in the resting state. High-res-
olution three-dimensional structural images were acquired 
using a T1-weighted, magnetization-prepared rapid gradient 
echo sequence (TR/TE = 1900.00 ms/2.53 ms, flip angle = 9°, 
slice thickness = 1.0, gap = 0, FOV = 250 × 250, and matrix 
= 250 × 250).
 
Data processing
We used statistical parameter mapping for functional image 
preprocessing (SPM8, http://www.fil.ion.ucl.ac.uk/spm). To 
generate magnetization equilibrium, the first 10 volumes of 
each function time series were discarded. The remaining 180 
images were corrected for differences associated with image 
acquisition time between slices. Head motion was corrected 
as follows: (1) each time series was despiked to remove ex-
treme outliers; (2) motion of translation larger than 0.2 mm 
in any direction (X, Y, Z) was censored; (3) a least-squares 
approach and a 6-parameter (rigid body) spatial transform 
were used to correct errors associated with head motion 
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and drifting. Adult templates cannot be used for children. 
Thus, we used averaged child templates obtained from stan-
dardized experimental data as the standardized template for 
children in this trial. All child data were spatially normalized 
to the infant template (TLRC space, Cincinnati Children’s 
Hospital Medical Center: https://irc.cchmc.org/software/
tom.php), and each voxel was resampled to 3 mm × 3 mm × 
3 mm cubic voxels. Average values were calculated respec-
tively for 3-year-olds and 5-year-olds, and two mean child 
templates were made using the normalized 3D images from 
the 30 children. Then, the average template was used to 
standardize the data for each child, and these data were re-
processed based on the mean templates. We used a Gaussian 
kernel that was 8 mm full width at half-maximum to smooth 
the data. We used the Resting State fMRI Data Analysis 
Toolkit (http://www.restfmri.net) for further processing, 
including temporal bandpass filtering (0.01–0.08 Hz) to de-
crease the low-frequency drift.

Seven motion correction measurements (three axial 
measurements, A-P, R-L, and I-S; and three angle mea-
surements, yaw, pitch, and roll) were used to compare head 
movements between the groups (3-year-old and 5-year-
old children). We used an independent samples t-test to 
examine significant differences in the seven movement pa-
rameters between the two groups (A–P: t(28) = 0.019, P > 
0.05; R–L: t(28) = 0.000, P > 0.05; I–S: t(28) = 0.000, P > 0.05; 
Yaw: t(28) = 0.000, P > 0.05; Pitch: t(28) = 0.000, P > 0.05; 
Roll: t(28) = 0.000, P > 0.05). Both groups had a maximum 
displacement of less than 1 mm in the X, Y, or Z, directions, 
and we found no significant difference in maximum dis-
placement.

Post-processing and data analysis
We used principal component analysis to reduce the dimen-
sionality of the data, and then performed ICA to obtain a series 
of aggregate independent components for all age groups. ICA 
was carried out in each group using the masked ICA (MICA) 
software (Zhang et al., 2010; Moher Alsady et al., 2016; http://
www.nitrc.org/projects/cogicat). In the setup for the ICA, we 
used the child mean template to represent the child data and 
a default template to reduce any further scatter. The compo-
nents generated by the ICA were then clustered to remove 
outliers. The distance threshold for outlier removal was set at 
0.7. Data reduction (principal component analysis) was divid-
ed into three steps. We used the default ICA parameters. The 
ICA was developed so that subjects were grouped in a random 
order rather than according to the order of the files. Initializa-
tion was also randomized, and the number of runs was set to 
100. The number of components was set to 30, and the scale 
of the result was set to “Z-score”. We employed three methods 
to ensure that the components were correct. First, we used 
activated ICA components from previous studies as referenc-
es (Jafri et al., 2008; Zhang et al., 2010; Muetzel et al., 2016). 
Second, we used the ICA template mask (Thomason et al., 
2011; http://www.brainnexus.com/resources/resting-state-fm-
ri-templates) as a reference. Third, we used the cluster result 
generated by AFNI (Cox, 2012). We expected activation to be 

greater in ICA-named brain areas or ICA-representative brain 
areas and to be listed at the beginning of the cluster table. For 
instance, the default mode network was indicated by the PCC, 
the frontoparietal network by the frontal and parietal gyri, the 
motor network by the medial frontal gyrus (MeFG), the dorsal 
attention network by the inferior frontal gyrus (IFG) and in-
ferior parietal lobule, and the salience network by the anterior 
cingulate cortex and anterior insula/IFG.

We extracted seven components from each group, and 
performed a one-sample t-test on the Fisher’s Z-transformed 
group average to determine whether the strength of the 
connections differed from zero, for all connections. Multiple 
comparisons were corrected by clustering (P = 0.001 and 
threshold = 4.118, voxels in cluster = 22). We used the aver-
age child template for analysis. 

Although principal component analysis/ICA were per-
formed for all subjects in all age groups, the two-sample 
t-test result for each component was not sufficient to reflect 
the network connection level. Thus, we separately extracted 
the average time course for each region of interest for each 
subject and constructed a correlation matrix. Before the cor-
relations were computed, the average time course was low-
pass filtered at 0.08 Hz and detrended for the time course for 
each subject. To combine the correlation coefficients among 
subjects in different age groups, we applied Fisher’s Z-trans-
form to each subject and calculated the average among all of 
the subjects. The average correlation matrix for each group 
was then determined (converted back to the correlation co-
efficient for analysis).

Results
Quantitative analysis of participants
There were 36 children enrolled in the trial, including 17 
3-year-olds and 19 5-year-olds. Since the scanner was not 
correctly set up at the beginning, the first 3-year-old child 
did not have enough time to undertake an MRI scan. As a 
result, 192 sequences were not collected. Another 3-year-
old child woke up during scanning. Although he persisted 
until the entire scan was complete, as the scan was complet-
ed in the awake state, the data were not included. Three of 
the 5-year-olds woke up during scanning, and the parents/
teachers were not able to coax them back to sleep. Another 
5-year-old had been playing and did not appear to be tired, 
and thus did not participate in the scanning. The final analy-
sis included 15 3-year-olds and 15 5-year-olds (Figure 1).

Analysis of seven independent brain networks in children
We performed ICA using resting-state fMRI data from 30 

Figure 1 Quantitative analysis of participants.

One child did not have enough time to scan

One child woke up during the scan

Fifteen children completed the scan normally

Three children woke up in the scan

One child was playing and was not asleep

Fifteen children completed the scan normally

Thirty-six 
children 

participated 
in the 

experiment

17 3-year-olds

19 5-year-olds

Included 
in the final 
analysis
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children (15 at the age of 3 years and 15 at the age of 5 years). 
We selected and identified several components, including 
the dorsal attention network, the salience network, the 
default mode network, the left frontoparietal network, the 
right frontoparietal network, the executive control network, 
and the motor network. Spatial maps of the seven selected 
resting-state networks are shown in Table 1 and Figure 2. 
The scans were normalized using skull-stripped structural 
images from Cincinnati Children’s Hospital Medical Center, 
and then average templates for the 3- and 5-year-old groups 
were computed and used within the ICA. Seven components 
were identified based on the cluster result. A two-sample 
t-test was performed on each of the seven components. The 
coordinates for the peak activations in each group are shown 
in Table 2. Resting-state networks were grouped by age.

The number of brain activation areas was affected by the 
clustering parameters. It was difficult to establish clustering 
parameters that produced a consistent result. In active brain 
areas, locations and network connections that were closely 
correlated were considered to be representative. We con-
ducted statistical analyses to assess the activated brain areas 
for each component (Figure 3).

Default mode network: As the chart shows, in the default mode 
network for children aged 3, the MeFG.L (left MeFG), PCC, and 
inferior parietal lobule (IPL) were the most strongly activated 
regions. These areas represent the most basic brain regions in 
the early default network. The MeFG-PCC connection had a 
correlation greater than 0.7. By the age of 5 years, the MeFG-
IPL connection also had a correlation greater than 0.7.

Dorsal attention network: Although activation in the IFG 
and middle frontal gyrus (MFG) was strong in 3-year-old 
children, it was mainly confined to the frontal region. By the 
age of 5 years, in addition to the frontal lobe, the IPL and 
inferior temporal gyrus (ITG) were also strongly activated, 
and showed an increase in high-correlation connections in 
the brain. In terms of brain regions with correlations greater 
than 0.7, 3-year-old children had IFG.L-IFG.R (left-right 
brain connection) and IFG-MFG (frontal area connection) 
connections. In 5-year-old children, we found IFG.R-IPL.
R and IPL.L-ITG.L (connections among brain regions) 
connections. We also found a developmental phenomenon 
where, rather than an increase in the number of activation 
areas alone, the activation of brain areas and high-correla-
tion connections were altered. For example, while the cor-
relation of the IFG.L-IFG.R connection was more than 0.7 
at the age of 3 years, this connection was not very strong at 
the age of 5 years. We found strong connections in 3-year-
old children, such as the IFG.L-MFG.L. While 5-year-old 
children still had strong connections, activation appeared to 
both increase and change during development.

Executive control network: The SPL.L was the mostly 
strongly activated brain area in 3-year-old children, and 
only SPL.L-Prcu.L and SPL.L-IFG.L were highly correlated, 
indicating that the frontal area did not play a significant role 

in controlling the network. 
By the age of 5 years, we observed high-correlation con-

nections including IFG.L-IFG.R and IFG.R-MTG.L, which 
demonstrate that the left-right brain connection and con-
nections among different brain regions were developing and 
strengthening. However, from a brain network perspective, 
the weak self-control ability of 3-year-old children is related 
to brain development.

Frontoparietal network: The frontoparietal network was 
the best-developed network associated with brain connec-
tivity in 3-year-olds. The connections with correlations 
higher than 0.7 were SFG.L-IPL.L and SFP.L-Caud.R (MTG.
R). The highly correlated network in the left cerebral area 
in 5-year-olds was greatly enhanced, particularly the MFG.
L-SFG.L (IPL.L) and MTG.L-IPL.L connections. Three year 
olds exhibited imbalanced development on both sides of 
the brain, indicating that left dominance had not yet been 
formed. With the development of the network in the right 
hemisphere, there were more high correlation connections 
in 5-year-old children.

Salience network: This area of the brain network is mainly 
located in the IFG. At the age of 3 years, we found more 
activated areas and high correlation connections. At the 
age of 5 years, the correlation had decreased. This type of 
change may be related to specialization of the network and 
improved efficiency.

Effects of ICA-derived outcome variables 
To ensure the representativeness of the extracted compo-
nents, we examined the effects of ICA-derived outcome 
variables including the two-dimensional distribution of 
components (scaled points using multidimensional scaling 
and raw data scatter) and the stable curves of each compo-
nent (components were ranked by mean ± SD).

The coordinates of the activated brain areas were clustered 
into one table. The preprocessed image data showed that the 
data for the 15 3-year-olds and 15 5-year-olds were jointly 
accepted in the ICA statistical processing. Seven indepen-
dent components were extracted. Then, the components 
were divided into a 3 year old group and a 5 year old group, 
and a t-test was performed for each group individually. The 
cluster table was used to ensure that the components were 
consistent across the two groups (Table 2). We obtained 
an ICA activation map for the preprocessed 3-year-old and 
5-year-old groups (Figure 2). ICA networks that have been 
seldom examined, such as the executive control network, 
salience network, and dorsal attention network, may be used 
as references for the ICA results. 

Default mode network: A number of brain areas, including 
the precuneus, left/right inferior parietal lobules, posterior 
cingulate, medial frontal gyrus, and MTG are known to be 
activated via resting-state network connections in adults. 
In the two groups of children in the present study, only 
the posterior cingulate, inferior parietal lobule, and medial 
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Table 1 Clustered areas of significant activation according to independent component analysis

3-year-olds 5-year-olds

Brain region Abbr Vol (mm3) MNI (X, Y, Z, mm) Brain region  Abbr Vol (mm3) MNI (X, Y, Z, mm)

D R Posterior Cingulate (BA30) PCC 2877 6, –54, 18 R Posterior Cingulate (BA23) PCC 2728 6, –48, 24
M L Inferior Parietal Lobule (BA39) IPL 190 –44, –70, 38 L Medial Frontal Gyrus (BA32) MeFG 169 –2, 50, –2
N R Middle Occipital Gyrus MOG 184 34, –90, –4 L Inferior Parietal Lobule (BA39) IPL 90 –42, –66, 40

L Medial Frontal Gyrus (BA10) MeFG 128 –4, 50, –4 R Middle Frontal Gyrus MFG 36 34, 14, 42
D L Postcentral Gyrus (BA3) PoCe 1703 –60, –24, 44 R Inferior Parietal Lobule (BA40) IPL 1520 52, –30, 48
A R Postcentral Gyrus (BA2) PoCe 1691 60, –22, 30 L Inferior Parietal Lobule (BA40) IPL 1362 –50, –34, 48
N R Inferior Frontal Gyrus (BA44) IFG 189 52, 8, 24 R Inferior Frontal Gyrus (BA9) IFG 123 58, 8, 26

R Middle Frontal Gyrus (BA6) MFG 58 24, –4, 62 L Inferior Frontal Gyrus (BA9) IFG 90 –54, 6, 36
L Middle Frontal Gyrus (BA6) MFG 48 –30, –10, 62 L Inferior Temporal Gyrus ITG 58 –50, –64, –6
L Inferior Frontal Gyrus (BA9) IFG 31 –50, 6, 32 R Middle Frontal Gyrus (BA6) MFG 54 28, –10, 66

L Middle Frontal Gyrus (BA6) MFG 41 –30, –6, 62
L Cingulate Gyrus CG 38 –0, 2, 36
R Inferior Temporal Gyrus ITG 30 58, –60, –12

E L Inferior Frontal Gyrus (BA46) IFG 2506 –42, 42, 12 L Inferior Frontal Gyrus (BA45) IFG 2798 –50, 26, 8
C R Inferior Frontal Gyrus IFG 1024 48, 44, 0 R Inferior Frontal Gyrus IFG 776 48, 32, 6
N L Superior Parietal Lobule (BA7) SPL 329 –32, –60, 50 L Precuneus (BA39) Prcu 390 –30, –66, 36

R Middle Occipital Gyrus (BA18) MOG 142 30, –96, –6 R Cuneus (BA18) Cun 112 28, –100, –6
L Precuneus (BA31) Prcu 38 –8, –72, 18 L Middle Temporal Gyrus (BA21) MTG 80 –62, –40, –10

R Inferior Temporal Gyrus (BA37) ITG 56 60, –58, –10
L L Inferior Parietal Lobule (BA39) IPL 2437 –42, –72, 38 L Inferior Parietal Lobule IPL1 2266 –48, –48, 28
F L Superior Frontal Gyrus (BA9) SFG 263 –24, 42, 38 L Superior Frontal Gyrus (BA6) SFG 420 –18, 26, 60
P L Middle Temporal Gyrus (BA21) MTG 252 –56, –16, –18 L Middle Temporal Gyrus MTG 96 –50, –28, –10

L Culmen Culm 116 –6, –70, –16 L Middle Frontal Gyrus MFG 56 –36, 26, 48
R Middle Temporal Gyrus MTG 52 34, –58, 20 L Inferior Parietal Lobule IPL2 30 –32, –28, 30
R Caudate Caud 38 22, –30, 24
L Precuneus Prcu 38 –12, –70, 62

R R Inferior Parietal Lobule (BA40) IPL 1328 46, –66, 44 R Inferior Parietal Lobule (BA40) IPL 1342 48, –54, 44
F L Inferior Parietal Lobule (BA40) IPL 856 –50, –64, 48 L Inferior Parietal Lobule (BA40) IPL 872 44, –64, 48
P R Middle Frontal Gyrus (BA9) MFG 520 40, 30, 38 R Middle Temporal Gyrus (BA21) MTG 361 60, –24, –6

R Middle Temporal Gyrus (BA21) MTG 427 64, –28, –6 R Middle Frontal Gyrus (BA9) MFG1 267 42, 26, 42
L Middle Temporal Gyrus (BA21) MTG 143 –62, –28, –12 R Middle Frontal Gyrus (BA10) MFG2 257 36, 42, 0
R Cingulate Gyrus (BA31) CG 96 4, –30, 38 L Middle Temporal Gyrus (BA21) MTG 135 –62, –40, –6
L Middle Frontal Gyrus (BA10) MFG 93 –38, 54, 0 R Cingulate Gyrus CG 102  6, –36, 44

L Inferior Frontal Gyrus (BA10) IFG 72 –44, 48, 2
R Precuneus (BA7) Prcu 61 6, –76, 48
L Middle Frontal Gyrus (BA8) MFG 46 –36, 20, 50
R Inferior Frontal Gyrus (BA45) IFG 33 54, 18, 6

S R Middle Frontal Gyrus (BA10) MFG 1605 30, 42, 24 R Anterior Cingulate ACC 2882 4, 26, 28
N L Anterior Cingulate ACC 780 –0, 26, 28 L Middle Frontal Gyrus (BA10) MFG 526 –32, 42, 18

R Insula (BA13) Insu 426 34, –24, 12 Right Insula (BA13) Insu 320 40, 10, 18
L Middle Frontal Gyrus (BA9) MFG 364 –38, 30, 36 R Posterior Cingulate (BA29) PCC 189 4, –42, 14
L Insula (BA13) Insu 316 –36, –30, 20 Left Insula (BA13) Insu 112 –38, –18, 18
L Inferior Frontal Gyrus (BA9) IFG 98 44, –4, 24 L Inferior Parietal lobule (BA40) IPL 103 –62, –30, 26
R Caudate Cau 90 12, –0, 12 R Precuneus (BA7) Precu 65 10, –78, 48
R Precuneus Precu 85 18, –66, 24 R Middle Frontal Gyrus (BA6) MFG 58 28, 14, 62
R Middle Frontal Gyrus (BA6) MFG 55 34, 12, 62 R Middle Temporal Gyrus (BA39) MTG 37 42, –64, 18
L Insula (BA13) Insu 41 –32, 20, 12 L Parahippocampal Gyrus Para 35 –8, –10, –18
L Parahippocampal Gyrus Para 40 –6, –10, –22 L Middle Occipital Gyrus (BA18) MOG 26 –32, –96, 6
R Middle Occipital Gyrus MOG 36 42, –76, 14
L Middle Temporal Gyrus MTG 36 –30, –78, 20

M R Precentral Gyrus (BA6) PreCe 1291 58, –5, 36 R Precentral Gyrus (BA6) PreCe 1140 58, –8, 39
O Ins 1105 –39, –13, 16 L Precentral Gyrus (BA4) PreCe 956 –58, –17, 38
T L Insula (BA13) L Angular Gyrus (BA39) Ang 36 –42, –70, 35
O

L: Left; R: right; abbr: abbreviations; Brodmann’s areas in “( )”, X, Y, and Z: coordinates shown in Montreal Neurological Institute (MNI) space for 
the peak voxel in each activated region. Vol: voxel size is 3 mm × 3 mm × 3 mm. Anterior cingulate activation overlaps with that in the inferior 
frontal gyrus (IFG) in the salience network (SN). Activation maps were generated for seven independent brain networks in 3-year-old and 5-year-old 
children in the resting state. These included the dorsal attention network (DAN), the SN, the default mode network (DMN), the left frontoparietal 
network (LFP), the right frontoparietal network (RFP), the executive control network (ECN), and the motor network (MOTO). 
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frontal gyrus were activated; we did not find activation in 
the frontal gyrus or temporal gyrus. This indicates that the 
brain nodes in the children were immature. We found that a 
PCC-MeFG network connection had formed in the 3-year-
old children, while an IPL-MeFG network connection had 
formed in the 5-year-old children.  Additionally, high-cor-
relation connections were strengthened in the 5-year-old 
children. Specifically, the regional network connections 
between the left and right hemispheres were significantly 
enhanced compared with the 3-year-old children, and we 
found particularly high-correlation network connections 
in the frontal gyrus. The IPL was the central region in the 
DMN. However, this network connection was immature in 
both the 3- and 5-year-old children.

Dorsal attention network: The parietal and frontal networks 
had formed but were incomplete in the 3-year-old group. We 
found that more activation nodes had formed in the 5-year-
old group compared with the 3-year-old group, suggesting 
that this network develops rapidly during this period. The 
high-correlation network connections in 3 and 5-year-olds 
are a feature of “connection generalization”. Generalized 
network connections decrease and become more specialized 
with age, and high-efficiency network connections increase, 
as indicated by the “efficiency and savings” principle.

Executive control network: In the two groups of children, 
this network activated the left and right IFG. The parietal 
lobule and temporal gyrus appeared to be undergoing un-
stable development in both the 3- and 5-year-old children, 
and nodes were sparse, which may be related to deficiencies 

in self-control observed in early childhood. High-correla-
tion network connections included the frontal network, the 
temporal-parietal network, the PCC network, the IPL, and 
the MeFG, all of which are central nodes. In the 3-year-old 
children, only the parietal lobule high-correlation network 
had formed, while higher-correlation network connections 
such as the frontal network and temporal-parietal network 
had emerged in the 5-year-old children, indicating rapid 
development at this age. The executive control network was 
not mature in the 3- or 5-year-old children.

Executive function may work to activate more frequent-
ly-occurring brain configurations while simultaneously 
avoiding less frequent brain configurations associated with 
low-vigilance states. 

Left frontoparietal network: The network nodes include the 
frontal gyrus, temporal gyrus, parietal lobule, and cingulate 
gyrus. The parietal lobule, frontal gyrus, and temporal gyrus 
nodes had formed in both the 3 and 5-year-olds.

The high-correlation network connections included the 
frontoparietal network, left-right frontal network, left-right 
parietal network, and left-right temporal network. High-cor-
relation connections in the frontoparietal network had 
formed in the 3- and 5-year-old groups, but the high-cor-
relation connections in the left-right network had not 
formed. Thus, frontoparietal network development does not 
simply increase with age but appears to change dynamically. 
High-correlation connections that appeared in the 3-year-
old group might have been replaced with new high-correla-
tion connections in the 5-year-old group, via a “trade-off”. 
The IPL was the central node in all two groups.

Right frontal parietal network: In this network, the main 
nodes were the frontal gyrus, parietal lobule, and temporal 
gyrus, which were activated in the two groups. The central 
node was not clear in the groups of children.

The high-correlation network was mainly limited to the 
left-right parietal lobule and the left-right temporal gyrus, 
and frontoparietal high-correlation network connections 
had not yet formed in the 3-year-old group. The frontal 
and left-right MTG connections were strengthened in the 
5-year-old group compared with the 3-year-old group, but 
the IPL central node had not yet formed. The number of 
high-correlation edges in the 5-year-old group exceeded that 
of the 3-year-old group.

Salience network: The representative brain areas of the sa-
lience network included the inferior frontal gyrus, anterior 
insula, anterior cingulate, and cingulate gyrus. These brain 
areas were activated in both the 3- and 5-year-olds. The 
nodes and network connections with high correlations were 
generalized in the 3-year-old group, indicating that special-
ization had yet to occur.

Discussion
Default mode network
Our study design differed from those of previous studies. 

Table 2 Areas with significant activation by cluster: pairwise 
two-sample t-test analysis (P = 0.01)

Brain region Vol (mm3) MNI (X, Y, Z, mm)

5-year-olds vs. 3-year-olds
DMN Left Middle Temporal Gyrus 29 –42, 46, –4
DAN Right Middle Frontal Gyrus (BA6) 51 36, –12, 48

Left Precentral Gyrus 39 –24, -22, 66
Left Middle Frontal Gyrus 30 –42, 6, 50

ECN Right Superior Temporal Gyrus (BA41) 21 42, –36, 14
Right Caudate 20 4, 18, 14

LFP Right Superior Frontal Gyrus 108 10, 26, 48
Left Precentral Gyrus (BA4) 44 –50, –10, 56
Left Inferior Parietal Lobule 30 –32, –48, 56

RFP Left Middle Temporal Gyrus (BA22) 124 –60, –48, 0
SN Left Middle Temporal Gyrus 44 –44, –60, –4

Left Lingual Gyrus 40 –14, –76, –16
Right Cingulate Gyrus 39 12, 24, 36

MOTO Left Inferior Parietal Lobule 41 –44, –42, 42
Right Insula 26 42, 6, 20

We constructed activation maps for seven independent brain networks 
in 3 year olds and 5 year olds in the resting state. These included the 
dorsal attention network (DAN), the salience network (SN), the default 
mode network (DMN), the left frontoparietal network (LFP), the right 
frontoparietal network (RFP), the executive control network (ECN), 
and the motor network (MOTO). X, Y, Z: Coordinates are shown in 
Montreal Neurological Institute (MNI) space for the peak voxel in each 
activated region. Vol: The voxel size is 3 mm × 3 mm × 3 mm. P = 0.01, 
t(14) = 2.977.
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Previous statistical analyses have mainly focused on the dif-
ferences between two groups, using statistical methods such 
as regression analysis, difference examination (Wang et al., 
2017), related statistics, and activation intensity (Jiang et al., 
2018; Margolis et al., 2018). To our knowledge, this study was 
the first to use network core components (node, edge, core) to 

analyze brain development in pre-school aged children. We 
mainly focused on the core brain regions in the network, and 
the determination of brain regions that were highly correlated 
with the core brain areas. Previous studies have mainly fo-
cused on changes in activation intensity that accompany ag-
ing. First, we found that as age increased, brain activation in 

Figure 2 Activation maps of seven independent components in 
resting-state networks.
Activation maps of seven independent brain networks in 3-year-
old and 5-year-old children in the resting state. Networks include 
the dorsal attention network (DAN), the salience network (SN), the 
default mode network (DMN), the left frontoparietal network (LFP), 
the right frontoparietal network (RFP), the executive control network 
(ECN), and the motor network (MOTO). According to the percentage 
of blood oxygen level-dependent signal change, images were overlaid 
onto MNI152 standard space, which was transformed from an average 
high-resolution scan. A gradient from grey to yellow was used to show 
the percentage of signal change.
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Figure 3 Functional network connectivity in healthy children in the resting state via independent component analysis and the BrainNet Viewer.
The correlation network matrix including the dorsal attention network (DAN), the salience network (SN), the default mode network (DMN), the 
left frontoparietal network (LFP), the right frontoparietal network (RFP), the executive control network (ECN), and the motor network (MOTO) 
was visualized using the BrainNet Viewer (Xia et al., 2013; http://www.nitrc.org/projects/bnv). The parameters were set as follows: surface opacity 
= 0, node size value = auto, scale = 0.7, edge threshold = 0.60 (edges larger than 0.60 are displayed as a bold line). The colored lines represent the 
connectivity strength of different functional networks, as in Figure 3. Abbreviations as shown in Table 1. 

connected brain regions increased, but the intensity of the ac-
tivation weakened and the strength of connections decreased. 
This decrease may mark the beginning of brain specialization. 
Our analysis of each component is as follows.

Our principal findings were related to the default-network 
structure and its functional connections. First, in terms of 
network node development, the posterior cingulate, inferior 
parietal lobule, and medial frontal gyrus were activated in 
both 3- and 5-year-olds. As previously reported, the core 
brain areas utilized in the adult default mode are the PCC/
Rsp, bilateral IPLs, and medial prefrontal cortex (Raichle et 
al., 2001; Fox et al., 2005; Buckner et al., 2008), and the me-
dial temporal lobe is sometimes active (Buckner et al., 2008). 
In addition, the default network has specialized subsystems 
that converge on two main “hubs,” specifically, the PCC/Rsp 
and medial prefrontal cortex. This signifies functional differ-
entiation in the default network (Gao et al., 2009).

In one study, the default mode network was roughly di-
vided into three major sections: the dorsal medial prefrontal 
cortex; the ventral medial prefrontal cortex; and the region 
containing the PCC, adjacent precuneus, and lateral parietal 
cortex (Raichle, 2015).

First, we identified the PCC, IPL, and MeFG as the three 
basic nodes of the default network in young children. How-
ever, our findings are inconsistent with a previous default 
network study that showed that default networks in children 

were similar to those in adults, including activation of the 
lateral temporal cortex (Gao et al., 2009).

Second, in terms of functional connectivity networks, the 
PCC, IPL, and MePG nodes were highly correlated. We veri-
fied that the PCC/Rsp and medial prefrontal cortex were the 
two main “hubs” of the default network in the resting state 
networks of children.

Third, in terms of functional connectivity network develop-
ment in 3- and 5-year-old children, we found a high correla-
tion between MeFG.L and PCC.R in the 3-year-old group and 
between MeFG and IPL.L in the 5-year-old group. 

Consistent with our findings, previous studies have indicat-
ed that the functional connections between the medial pre-
frontal cortex (ventral) and lateral parietal regions/posterior 
cingulate are stronger in adults than in children aged 7 to 9 
(Fair et al., 2008). In general, however, the network in 7 to 9 
years old was only sparsely connected. As shown in Figure 
3, we did not find any single orphan junctions between two 
nodes, but rather multilateral connections such that one node 
was connected to multiple nodes. This indicates that the net-
work has already formed in 3- and 5-year-old children. 

In 7 to 9 years old, no network is present but sparse con-
nections exist, suggesting that the seed regions for the adult 
default/task-negative network were employed (Fair et al., 
2008). An ICA comparison indicated that the seed correla-
tion is susceptible to human factors. There is no evidence 

3-year-old 5-year-old
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that the seed coordinates of default networks are the same in 
adults and children. In our masked ICA data, we specified a 
distance threshold of 0.7, and found that highly correlated 
activated areas were clustered in one component. Correla-
tion tests performed in these regions clearly revealed the 
representative nodes and network connections.

The PCC.R, MeFG, and IPL.L were central nodes in the 
two groups, which was consistent with a study of 1- and 
2-year-old children (Gao et al. 2009). 

As shown in Table 1, the temporal gyrus was not acti-
vated in the 3- or 5-year-old group. Both one-sample and 
two-sample t-tests indicated that the temporal gyrus devel-
ops with age. This may explain why the medial temporal lobe 
is sometimes involved in part of the default mode network 
(Buckner et al., 2008). The developing regions were mainly 
located in the IPL and posterior cingulate, which indicates 
that the main brain areas of the default mode network had 
not matured in 3- or 5-year old children.

In individuals with autism, resting state networks are char-
acterized by decreased functional connectivity in the default 
mode network and executive network (Bi et al., 2018). This 
is in strong contrast with the size of the brain activation area 
and high-correlation connections in neurotypical children.

Dorsal attention network development 
Table 1 shows our ICA and one-sample t-test results for 
anatomical node development. We found that only the 
frontal nodes were activated in 3-year-old children; with no 
activation of the parietal lobule or temporal nodes. The pari-
etal lobule and temporal nodes were clearly activated in the 
5-year-old group, as were the parietal lobule and temporal 
gyrus. These findings are somewhat consistent with those 
of a study of 4- to 9-month-old children (Damaraju et al., 
2014). However, in that study, the researchers observed ac-
tivation in the right IFG (BA 44) and left IFG (BA 45) only; 
while the IPL was not activated. However, they did find that 
activation of the frontal lobule first appeared in early child-
hood, which is consistent with our findings.

In terms of functional connection network development, 
we observed certain significant correlations with respect to 
the dorsal attention network: (1) A number of high correla-
tion edges were present in the 3- and 5-year-old groups. In 
the 3-year-old group, connections between the frontal lobule, 
parietal connection, and temporal connection did not appear. 
In the 5-year-old group, there were strong correlations be-
tween the IPL.L-IPL.R, ITG.L-ITG.R, and IFG.L-MFG.R, etc. 
(2) The connection between the left and right hemispheres 
was clearly strengthened in 5-year-olds compared with 
3-year-olds. (3) In both groups, the number of high correla-
tion edges was greater than that observed in adults, indicating 
that dorsal attention network specialization had yet to occur 
such that the connections were instead generalized.

A previous study described two neural systems for stimu-
lus-driven attention and goal-directed states within the adult 
human brain: the dorsal attention network, centered in the 
intraparietal sulcus and frontal eye fields, and the ventral at-
tention network, anchored in the ventral frontal cortex and 

temporoparietal junction (Farrant and Uddin, 2015).
Compared with stimulus-driven attention and goal-direct-

ed states, the resting state in adults is characterized by a lack 
of cognitive processing associated with stimuli and targets as 
well as decreased activation of the frontal cortex compared 
with the intraparietal cortex. The intraparietal cortex is the 
only core node, as seen in Figure 2 (ICA picture) and Figure 
3 (connection network). Finally, the temporoparietal cortex 
and inferior frontal cortex are primarily lateralized to the 
right hemisphere (e.g., Corbetta and Shulman, 2002).

Resting-state network connections in children have the 
following features: (1) functional connectivity within regions 
is greater in children, as found in a resting-state network 
study of 7- to 12-year-old children (Farrant and Uddin, 
2015); and (2) the connection between the left and right 
hemispheres is strengthened rather than lateralized to the 
right hemisphere.

In the dorsal attention network, the main brain areas that 
differed between the 5-year-olds and 3-year-olds were the 
frontal gyrus and parietal lobule, revealing that these are 
the main brain areas that undergo development from ages 
3 to 5. The dorsal attention network consists of the intrapa-
rietal sulcus/superior parietal lobe and the frontal eye fields 
(Dosenbach et al., 2007). The development of the attention 
network occurs mainly in the dorsal attention network.

In terms of connections in the resting ICA network, func-
tional connectivity in this network is altered in individuals 
with Autism Spectrum Disorder, with particular increases in 
the dorsal attention network (Bi et al., 2018; Rohr et al., 2018).

Information regarding each brain functional network is 
given in Additional file 3.

Conclusions
Our data indicate that the motor network is similar in pre-
school children aged 3 and 5 years, while other networks 
appeared to develop between these two time points. In par-
ticular, compared with adults, the nodes in children’s brains 
are less developed, and existing network connections are 
not specialized. Three types of development appear to occur: 
first, the brain network grows with age; for example, of the 
basic nodes involved in the default mode network, only the 
inferior parietal lobule, PCC, and the medial frontal gyrus 
appear in 3- and 5-year-old children. Second, dynamic 
changes, or trade-offs, occur. Relatively strong nodes or con-
nections that appear in younger children appear to weaken 
or disappear with age, and new nodes or connections may 
appear. Many network connections were strong in the 3- 
and 5-year-old children; for example, in the dorsal attention 
network, high correlation connections were present in the 
IPL.L-IPL.R and ITG.L-ITG.R networks of 5-year-olds. 
Third, in the children in the present study, some networks 
were generalized, and specialized networks had not formed. 
For example, in the salience network, the number of net-
work nodes and high-correlation connections in 3-year-old 
children exceeded that found in 5-year-old children, while 
in the dorsal attention network, we found highly correlated 
network connections in both the 3- and 5-year-old children.
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