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Humans possess the essential capacity to navigate in environment, supported by multiple brain regions con-
stituting the navigation network. Recent studies on development of the navigation network mainly examined
activation changes in the medial temporal regions. It is unclear how the large-scale organization of the whole
navigation network develops and whether the network organizations under resting-state and task-state develop
differently. We addressed these questions by examining functional connectivity (FC) of the navigation network
in 122 children (10-13 years) and 260 adults. First, we identified a modular structure in the navigation net-
work during resting-state that included a ventral and a dorsal module. Then, we found that the intrinsic modular
structure was strengthened from children to adults, that is, adults showed stronger FC within the ventral module
and weaker FC between ventral and dorsal modules than children. Further, the intrinsic modular structure was
loosened when performing scene-viewing task, that is, both adults and children showed decreased within-ventral
FC and increased between-module FC during task- than resting-state. Finally, the task-modulated FC changes
were greater in adults than in children. In sum, our study reveals age-related changes in the navigation network

organization as increasing modularity under resting-state and increasing flexibility under task-state.

1. Introduction

Humans possess the essential capacity to navigate freely in the sur-
rounding environment, which results from development of its underly-
ing neural basis. FMRI studies in adults have identified multiple brain
regions involved in spatial navigation, including the hippocampus (HIP)
and entorhinal cortex in the medial temporal lobe (MTL), the scene-
selective regions such as the parahippocampal place area (PPA), ret-
rosplenial complex (RSC) and occipital place area (OPA), and some
frontal-parietal regions such as the prefrontal cortex and the inferior
parietal lobe (Bonner and Epstein, 2017; Burgess, 2006; Epstein et al.,
2017; Epstein and Vass, 2014; Julian et al., 2016; Kamps et al., 2016;
Spiers and Barry, 2015). Extensive functional connections (FCs) among
the MTL and other navigational regions under both resting- and task-
state have been observed, which constitute the navigation network. For
example, intrinsic FCs among the HIP and scene-selective regions in-
cluding the PPA and RSC, and task-evoked FCs between the HIP and
prefrontal cortex have been reported (Boccia et al., 2016; Brown et al.,
2016; Hao et al., 2017; Kong et al., 2016a). Furthermore, recent stud-

ies demonstrate differential connectivity patterns as a function within
the posterior-anterior PPA, that is, the posterior PPA is more strongly
connected to the OPA, while the anterior PPA is connected to the RSC
and the caudal inferior parietal lobule (Baldassano et al., 2013; 2016).
Despite plenty of research on the navigational network in adults, the de-
velopment of the navigation network from children to adults has been
relatively less investigated.

Previous developmental studies on the navigation network mainly
examined age-related changes in fMRI activation during scene-related
tasks in the scene-selective regions and MTL regions, but contradictory
results have been reported. In particular, age-related increases of scene
selectivity in the PPA and OPA (Golarai et al., 2007; Meissner et al.,
2019) and increases of the PPA activation for successful scene memory
(Chai et al., 2010) indicate a prolonged maturation process, whereas
no age-related changes in scene selectivity in the RSC (Meissner et al.,
2019) and PPA (Scherf et al., 2007) or in the HIP activation related to
scene encoding (Ofen et al., 2007) indicate adult-level activation in chil-
dren, and even age-related decreased activation in the left HIP and en-
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torhinal cortex during scene encoding has been reported (Menon et al.,
2005).

It is not yet clear what principles underlie these inconsistent devel-
opmental differences in task-related activation, but evidence suggests
that diverse network connectivity profiles may drive the related activa-
tion patterns and behaviors (Mahon and Caramazza, 2011; Saygin et al.,
2016; Song et al., 2015). However, only a few studies have investigated
the development of the navigation network connectivity, and they fo-
cus on the navigational task-related FCs between the MTL and frontal-
parietal regions but with ambiguous findings. To be specific, increased
FC with age has been found between the PPA and prefrontal regions
during correct identification of studied scenes (Ofen et al., 2012), as
well as between the entorhinal sub-region and dorsolateral PFC during
encoding scenes (Menon et al., 2005). Inversely, decreased FC with age
between the RSC and parietal regions is found during the remember-
scene-ignore-face task (Jiang et al., 2014). These inconsistent findings
suggest possible dissociable development trajectories for different FCs
in the navigation network. Thus, it is important to investigate the de-
velopment of large-scale functional organization of the navigation net-
work from the whole network view. Notably, from a whole view, a sta-
ble modular structure has been identified for the navigation network in
adults, with the medial temporal regions and dorsal regions constitut-
ing two distinct modules (Hao et al., 2016; Kong et al., 2016b). Thus,
different modules of the navigation network may undergo distinct de-
velopment trajectories, leading to development reorganization of the
modular structure. Here, we investigated how such a functional mod-
ular organization of the navigation network develops from children to
adults.

In particular, we examined the development of the functional orga-
nization of the whole navigation network under both resting-state and
task-state in 122 children (10-13 years) and 260 adults. Many behav-
ioral studies have shown adult-level performances in various naviga-
tion tasks such as allocentric navigation strategy, cue integration, and
cognitive map representation around 11-12 years of age (Bullens et al.,
2010; Burles et al., 2020; Julian et al., 2019; Nardini et al., 2008;
Nazareth et al., 2018). On the other hand, findings regarding the neu-
ral development of navigation are mixed, and a number of studies have
reported age-related changes in regional activation and functional inter-
actions between regions after 12 years old until adulthood (Chai et al.,
2010; Jiang et al., 2014; Meissner et al., 2019; Menon 2005; Ofen et al.,
2012), suggesting a prolonged developmental trajectory for the neural
basis of navigation. Therefore, we compared children aged 10-13 with
adults to explore the possible prolonged development of the functional
organization of the navigation network. While resting-state FC based
on spontaneous synchronization reveals intrinsic organization of func-
tional systems (Biswal et al., 1995; Fox and Raichle, 2007), task-evoked
FC driven by a specific task exhibits transient changes of functional or-
ganization (Cassidy et al., 2016; Cole et al., 2014). First, we defined
the navigation network across the whole brain and identified its mod-
ular structure. Second, we examined the development changes of the
intrinsic network organization by examining the age-related changes
in resting-state FCs within each module and between modules. Third,
we explored the task modulation effect of network organization by cal-
culating the FC changes from resting-state to task-state during a scene
viewing task for each age group. Finally, we characterized the develop-
mental trend of the task-evoked network organization by examining the
age differences of the task modulation effect.

2. Materials and Methods
2.1. Participants

Participants included 122 children (age range: 10-13; mean
age = 11.32, SD = 0.75 year, 59 males), 260 adults (age range: 18-25;

mean age = 21.67, SD = 1.03 years, 127 males). Children were recruited
from primary schools in Beijing through advertisements in school news-
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papers and parents committee, and adults were recruited from Beijing
Normal University. All participants were healthy with no history of neu-
rological or psychiatric disorders. This study is part of an ongoing project
(Gene Environment Brain & Behavior) (Kong et al., 2016a; Wang et al.,
2016; Zhen et al., 2015). Before the experiment, all adult participants
gave written informed consent; children gave their verbal informed con-
sent and their primary caregiver provided written informed consent for
them. All experimental procedures complied with the standards of the
Institutional Review Board of Beijing Normal University. Twelve chil-
dren participants were excluded with the exclusion criteria of mean
framewise displacements (FD) > 0.3 mm or mean BOLD data variance
(DVARS) > 3% under either resting-state or task-state (Ciric et al., 2017;
Parkes et al., 2018; Power et al., 2012).

2.2. Navigation network construction

To identify a comprehensive and unbiased brain network involv-
ing in navigation, we chose the Neurosynth (http://neurosynth.org), a
meta-analysis approach to define the navigation network (for details
please see Hao et al., 2017). This approach utilizes term-based and
machine-learning techniques to perform probabilistic mapping between
neural activation and cognitive function (Yarkoni et al., 2011). Despite
the automaticity and potentially high noise resulting from the asso-
ciation between term frequency and coordinate tables, this approach
has been shown to be quite robust and reliable (Lebedev et al., 2014;
Helfinstein et al., 2014). We searched for the keyword “navigation”
in the database and adopted the resulting uniformity test map with a
whole-brain false discovery rate (FDR) threshold of 0.01 to cover re-
gions that are highly relevant to navigation tasks. To define a stable nav-
igation network, only the clusters larger than 100 voxels in the result-
ing “navigation” probabilistic map were identified for further analysis
(Kong et al., 2016a). As a result, 23 regions were included in the naviga-
tion network (Table 1). Some regions previously reported to be involved
in spatial processing (e.g., medial prefrontal cortex, insula) were not in-
cluded here due to their low activation probabilities across studies. We
have confirmed the validity of the Neurosynth-defined navigation net-
work by examining the relationship between the regions identified from
Neurosynth and the well-stablished scene-selective regions in another
study (Hao et al., 2017; Zhen et al., 2017). Finally, we described these
regions using their corresponding labels in the automated anatomical
labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002).

2.3. fMRI Scanning and Image acquisition

Each participant completed a resting-state run and three task-state
runs. To eliminate the possibility that participants might think about any
stimulus in the resting-state runs, the resting-state run was conducted
before the task-state runs. For the 8-min resting-state fMRI scanning,
the participants were instructed to remain awake, keep still, close their
eyes, and not think about any specific things. Each participant was asked
whether he/she had fallen asleep during the scan, and those who re-
ported having been asleep were asked to complete the resting-state fMRI
for a second time. For the task-state fMRI scanning, the participants were
instructed to passively view the movie clips containing scenes, faces,
objects, or scrambled objects (for more details, see Hao et al., 2016;
Zhen et al., 2015; Wang et al., 2017). The task-state scanning contained
3 blocked-design runs, and each of them lasted 198 s. Every run con-
tained 2 block sets (each block set consisted of four blocks with each
stimulus category) and 3 blocks of fixation at the beginning, middle,
and end of the run. Each block lasted 18s for fixation or any stimulus
category, and each stimulus category block contained six 3s movie clips.

MRI scanning was performed on a Siemens 3T scanner (MAGENTOM
Trio, a Tim system) with a 12-channel phased-array head coil at Beijing
Normal University Imaging Center for Brain Research, Beijing, China.
The high-resolution T1-weighted structure images were acquired us-
ing a magnetization-prepared rapid gradient-echo (MPRAGE) sequence
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Table 1
The Neurosynth-defined regions in navigation network.
Anatomical label Hemisphere Abbrevia-tion =~ Average Z score  Peak MNI coordinate ~ Voxel number =~ Module
X Y VA
Hippocampus L HIP.L 4.92 -24 -16 -20 181 ventral
R HIP.R 5.01 24 -14 -18 204 ventral
Parahippocampus gyrus L PHG.L 5.12 26 -42 -8 156 ventral
R PHG.R 5.43 24 -40 -8 333 ventral
Retrosplenial cortex L RSC.L 4.63 -12 -56 6 125 ventral
R RSC.R 5.46 14 -54 12 170 ventral
Lingual gyrus L LING.L 5.04 26 -48 -8 218 ventral
R LING.R 5.17 22 -42 -8 206 ventral
Fusiform gyrus L FFG.L 5.34 28 46 -10 354 ventral
R FFG.R 6.73 30 -40 -16 416 ventral
Middle occipital gyrus L MOG.L 4.44 32 74 30 209 dorsal
R MOG.R 4.81 36 -74 32 313 dorsal
Superior parietal gyrus L SPG.L 5.02 20 66 56 192 dorsal
R SPG.R 5.07 14 -66 56 131 dorsal
Inferior parietal lobe L IPL.L 4.76 -34 62 40 184 dorsal
R IPL.R 4.74 36 -46 40 181 dorsal
Precuneus L PCUN.L 4.54 -8 -62 56 199 dorsal
R PCUN.R 5.03 12 -62 56 292 dorsal
Angular gyrus R ANG.R 5.05 32 56 46 111 dorsal
Precentral gyrus L PreCG.L 5.31 28 -4 56 168 dorsal
Superior frontal gyrus R SFG.R 5.72 26 2 56 152 dorsal
Middle frontal gyrus L MFG.L 5.76 28 -2 56 120 dorsal
Supplementary motor area L SMA.L 5.52 -2 10 52 177 dorsal

(TR/TE/TI = 2.53s /3.39s/1.1s, FA = 7°, matrix = 256 x 256, voxel
size = 1 mm X 1 mm X 1.33 mm, number of slices = 128) for each
participant. The resting-state fMRI was scanned using a T2*-weighted
gradient-echo echo-planar-imaging (GRE-EPI) sequence (TR/TE = 2s
/30ms, FA = 90°, voxel size = 3.125 mm X 3.125 mm x 3.6 mm, number
of slices = 33). The task-state fMRI was acquired using the T2*-weighted
GRE-EPI sequence with different sequence parameters from resting-state
fMRI (TR/TE = 2s /30ms, FA = 90°, voxel size = 3.125 mm x 3.125
mm X 4.8 mm, number of slices = 30).

2.4. fMRI Data Analysis

2.4.1. Resting-state fMRI data preprocessing and FC analysis

For each participant, image preprocessing of resting-state
fMRI data was performed with FSL (FMRIB software Library,
http://www.fmrib.ox.ac.uk/fsl/), including the removal of the first
four volumes, head motion correction (by aligning each volume to the
middle volume of the 4-D image with MCFLIRT), spatial smoothing
(with a Gaussian kernel of 6 mm full-width at half-maximum, FWHM),
intensity normalization, removal of linear trend, band-pass temporal
filtering (0.01-0.1 Hz), and elimination of physiological noise (such as
fluctuations caused by head motion, cardiac and respiratory cycles).
As described in previous studies (Biswal et al., 2010; Fox et al.,
2005), nuisance signals from the cerebrospinal fluid, white matter,
global brain average, six head motion correction parameters, and first
derivatives of these signals were regressed out in this study. Following
preprocessing steps, the ROI-to-ROI FC analysis using the CONN
functional connectivity toolbox (version v16.b) (Whitfield-Gabrieli and
Nieto-Castanon, 2012)) was carried out. The strength of the intrinsic
FC between each pair of identified regions was estimated using the
Pearson’s correlation coefficients (r) of the 4-D residual resting-state
fMRI time series.

2.4.2. Definition of ventral module and dorsal module

Then, we explored the modular structure of the navigation network
by using the modularity analysis. Specifically, we firstly calculated the
intrinsic group-averaged correlation matrix across adults. Then, using
the community Louvain algorithm in the brain connectivity toolbox
(BCT) (version 2017-01-15) (Rubinov and Sporns, 2010) with the de-
fault resolution parameter gamma = 1 and 1,000 times run, we ob-

tained auto-generated optimal community structure with a module par-
tition number of 2. Through further spatial location examination, we
found that most regions in one of the modules were located in the
ventral visual stream, which projects to the inferior temporal cortex
(Ungerleider, 1982), including the HIP, parahippocampus gyrus (PHG),
lingual gyrus (LING), and fusiform gyrus (FFG) and so on. Therefore,
we labeled this module as the ventral module (Table 1). The other mod-
ule contained a set of parietal-frontal regions, such as the middle frontal
gyrus, inferior parietal lobe, superior parietal gyrus, supplementary mo-
tor area and middle occipital gyrus, which were mainly located in the
dorsal visual stream (Kravitz et al., 2011), thus we labeled it as the dor-
sal module (Table 1). As a result, the ventral module consisted of 10
regions, and the dorsal module contained 13 regions (Table 1).

To further characterize the intrinsic modular structure of navigation
network in adults, we calculated the resting-state FCs within each mod-
ule and that between the two modules for each adult. Specifically, the
within-ventral FCs were defined as the FCs between each pair of regions
within the ventral module (upper left of the matrix, Fig. 1A, left). Simi-
larly, the within-dorsal FCs were defined as the FCs between each pair
of regions within the dorsal module (bottom right of the matrix, Fig. 1A,
left). The between-module FCs were calculated as the FCs between each
region in ventral module and each region in dorsal module (upper right
and bottom left of the matrix, Fig. 1A, left). Then, for each participant,
all the FC values belonging to each category were averaged, resulting in
three averaged FC measures: within-ventral FC, within-dorsal FC, and
between-module FC (Fig. 1A, right). Additionally, the FC matrices were
averaged across all participants in the adults group to yield the group-
average FC matrix for adults (Fig. 1A, left).

2.4.3. Age-related changes of intrinsic modular structure of the navigation
network

To investigate age-related changes of intrinsic modular structure, we
calculated the within- and between-module FCs for the children group
(Fig. 1B) using the same methods as for adults. Then, we conducted
non-parametric permutation tests to examine the group differences in
FCs between adults and children (Nichols and Holmes, 2002). For each
permutation test, we randomly reallocated all the values into adults and
children and recalculated the mean differences between the two groups.
This permutation procedure was repeated 10,000 times to form a null
distribution and the 95% percentile points of null distribution was used
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Fig. 1. Intrinsic FC profiles of navigation network in adults (A) and children (B). Left: The group-averaged resting-state FC matrix of the navigation network. We
identified a ventral (encircled by pink rectangle) and a dorsal module (encircled by yellow rectangle) in the navigation network. Right: Violin Fig.s for resting-state
FC within each module and that between the two modules. Abbr. hippocampus (HIP), parahippocampus gyrus (PHG), retrosplenial complex (RSC), lingual gyrus
(LING), fusiform gyrus (FFG), middle occipital gyrus (MOG), superior parietal gyrus (SPG), inferior parietal lobe (IPL), angular gyrus (ANG), precuneus (PCUN),
precentral gyrus (PreCG), superior frontal gyrus (SFG), middle frontal gyrus (MFG), supplementary motor area (SMA).

as the critical values for the statistical significance with Type-I errors of
0.05.

In addition, for each node, we calculated its within- and between-
module FC values for each participant. Then, we performed permutation
tests to examine the group differences and Bonferroni correction was
used for multiple comparisons.

2.4.4. Task-state fMRI data preprocessing and FC analysis

Image preprocessing of task-state fMRI data was performed with
FEAT Version 6.00 (FMRI Expert Analysis Tool, part of FSL). For each
participant, the first-level analysis was conducted separately on each
run. Image preprocessing included motion correction, brain extraction,
spatial smoothing (with a Gaussian kernel of 6 mm FWHM), intensity
normalization, and high pass temporal filtering (120s cutoff). To remove
physiological and other artifactual effects, the cerebrospinal fluid, white
matter, six head motion correction parameters and first derivatives of
these signals were used as potential confound regressors. In addition,
we also regressed out the main condition effects (condition blocks con-
volved with hrf) to further avoid systematically influence by the proper-

ties of the generic task (Al-Aidroos et al., 2012; Westphal et al., 2017).
After removing the effect of the defined confounds, we extracted the av-
eraged residual time series with Fisher z-transformed from each region
for each task condition (i.e., scene, face, object, scramble object, and
fixation) in every block. Then we concatenated these segments across
all runs, and correlated these time series across all pairs of identified re-
gions for each condition and each participant. The resulting FC matrices
of Pearson’s r values for each participant were used for further analysis.

2.4.5. Age-related changes of the task modulation effects on the navigation
network

We focused on scene-viewing task and investigated scene-related
task-evoked development changes of navigation network. First, we cal-
culated the within-ventral FCs, within-dorsal FCs and between-module
FCs in the scene condition. Cole et al. (2014) have proposed that the
task-based FC is shaped primarily by intrinsic network architecture with
task-evoked network changes. Then, we estimated the task modulation
effects by subtracting the resting-state FCs from the corresponding task-
state FCs. As a result, we obtained the task modulation effects on within-
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ventral, within-dorsal, and between-module FCs for each participant.
Finally, we examined how the task modulation effects changed from
children to adults by using permutation tests.

2.4.6. Control analyses

A series of control analyses were conducted to exclude possible con-
founding effects of head motion. First, we examined group differences
in the head motion parameters (i.e., FD and DVARS) and performed
the group comparison between children and adults by including FD and
DVARS as covariates. Second, we matched children and adults on both
mean FD and DVARS and re-performed the group comparisons in the
matched sub-sample. Third, to minimize motion-related artefact in FC
estimates, we further conducted the volume censoring (or “scrubbing”;
Power et al., 2012) in preprocessing to exclude the volumes with exces-
sive FD and DVARS for each child and adult participant under resting-
and task-state respectively. The volumes with FD > 0.3 mm or DVARS
> 3% were removed from analyses. A few volumes were eliminated at
such threshold (for adults: 2.87 + 5.77 volumes in resting state, 21.32
+ 17.75 volumes in task state; for children: 13.42 + 19.22 volumes in
resting state, 40.20 + 28.26 volumes in task state). All participants had
more than 5 minutes of valid BOLD data after scrubbing for both resting-
and task-state scanning. The post-scrubbing data were used for further
FC analyses.

In addition, we also performed control analyses to exclude the pos-
sible confounding factors, such as temporal signal to noise ratio (tSNR),
template registered bias, and attention. First, we examined the group
differences in temporal signal to noise (tSNR) calculated as the ratio
between the temporal mean and standard deviation of the functional
time series after pre-processing (Bennett and Miller, 2010; Kriiger and
Glover, 2001). Second, to rule out the template registration bias, we
adopted the age-specific brain templates of Chinese children and ado-
lescents (Dong et al., 2020) and registered the individual functional im-
ages of child participants to their corresponding age-specific templates.
Then we repeated the following analyses to validate the results. Finally,
to exclude the confounding effects of attention on the group differences
in task modulation effects, we examined the activation differences in V1
when perceiving scenes between children and adults.

3. Results
3.1. Identifying the intrinsic modular structure of the navigation network

We used a meta-analysis approach, using Neurosynth, to define the
regions involved in spatial navigation (Yarkoni et al., 2011; Hao et al.,
2017; Kong et al., 2016a), and 23 regions distributed in the medial tem-
poral, parietal, and frontal lobes were identified to constitute the nav-
igation network (Table 1). Then, we explored the modular structure of
the navigation network in adults by conducting a modularity analysis
on the group-averaged resting-state FC matrix. An auto-generated opti-
mal community structure of two modules was obtained, with a modu-
larity index (Q value) of 0.45, indicating a strong modular division for
the navigation network (Newman, 2004; Newman and Girvan, 2004).
Thus, the navigation network was separated into two modules, with the
ventral module containing 10 regions and the dorsal module containing
13 regions (see Methods and Table 1).

To further characterize the intrinsic modular structure of the navi-
gation network in adults, we calculated the resting-state FC within each
module (i.e., the averaged FC between each pair of regions) and that
between the two modules (i.e., the averaged FC between each region
in ventral module and each region in dorsal module). Both the ventral
(mean = 0.65; SD = 0.16; one-sample t-test, ty59 = 65.02; p < 0.001; Co-
hen’s d = 4.02) and dorsal modules (mean = 0.35; SD = 0.11; one-sample
t-test, tys9 = 63.62; p < 0.001; Cohen’s d = 3.32) exhibited strong posi-
tive within-module FCs, but the FCs between the two modules were neg-
ative (mean = -0.03; SD = 0.11; one-sample t-test, ty5q =-4.20; p < 0.001;
Cohen’s d = -0.26) (Fig. 1A). Moreover, the resting-state FCs within both
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modules were significantly stronger than that between modules (within-
ventral vs. between: ty59 = 57.94; p < 0.001; Cohen’s d = 4.92; within-
dorsal vs. between: ty59 = 39.28; p < 0.001; Cohen’s d = 3.51), indicating
relative independence and segregation between the ventral and dorsal
modules. Besides, the resting-state FC within the ventral module was
stronger than that within the dorsal module (ty59 = 27.00; p < 0.001;
Cohen’s d = 2.21), suggesting tighter integration within the ventral mod-
ule than the dorsal module.

Notably, previous studies have found that the ventral and dorsal
modules exhibited different cognitive functions and certain regions
showed distinct development changes (Ofen et al., 2007; Scherf et al.,
2007), which may be underpinned by diverse development changes
of FC profiles in different modules (Mahon and Caramazza, 2011;
Song et al., 2015). Thus, we next investigated the development of the
intrinsic modular structure of the navigation network by examining the
age-related changes of the resting-state FC profiles within and between
the two modules.

3.2. Age-related changes of the intrinsic modular structure of the
navigation network

First, we examined whether the navigation network in children
showed similar modular structure as in adults. We performed the mod-
ularity analysis in children and found the same modular structure as in
the adults. That is, an optimal structure of two modules was obtained,
with a Q value of 0.39. As in adults, one module included 10 regions
in the ventral temporal stream while the other module included 13 re-
gions mainly in the frontal-dorsal stream. In addition, strong within-
module FC (within-ventral: mean = 0.56, SD = 0.13, t;o9 = 43.41, p
< 0.001, Cohen’s d = 3.48; within-dorsal: mean = 0.36, SD = 0.12,
tioo = 31.83, p < 0.001, Cohen’s d = 2.99; Fig. 1B) and weak between-
module FC (mean = 0.03, SD = 0.11, t;59 = 2.39, p < 0.018, Cohen’s
d = 0.27; Fig. 1B) were observed. Paired sample t-tests showed that
the resting-state FCs within both modules were stronger than that be-
tween modules (within-ventral vs. between: t;og = 30.3; p < 0.001; Co-
hen’s d = 4.28; within-dorsal vs. between: t;o9 = 21.99; p < 0.001; Co-
hen’s d = 2.90), and the resting-state FC within the ventral module was
stronger than that within the dorsal module (t;,9 = 11.59; p < 0.001;
Cohen’s d = 1.54). These results suggested that the ventral and dorsal
modules already showed functional segregation in children. The next
question is whether children exhibited differences in the intrinsic mod-
ular structure of the navigation network compared with adults.

As shown in Fig. 2A, we found that adults showed stronger resting-
state FC within the ventral module than children (permutation-test P
< 0.001), suggesting tighter integration within the ventral module in
adults than children. In addition, we found that most of the ventral mod-
ule regions showed stronger averaged FCs with other ventral module re-
gions in adults than in children (permutation-tests with Bonferroni cor-
rection: HIP.L: P < 0.001; HIP.R: P < 0.001; PHG.L: P < 0.001; PHG.R: P
< 0.001; RSC.L: P < 0.001; RSC.R: P < 0.001; LING.L: P = 0.005; LING.R:
P < 0.001; FFG.R: P < 0.001; FFG.L: P = 0.04), indicating that the age-
related increases of within-ventral FC were universal among most ven-
tral module regions. In contrast, no group difference was found for the
resting-state FC within the dorsal module (adults: 0.35 + 0.11; children:
0.36 + 0.12; permutation-test P = 0.39), suggesting that children had
adult-like integration within the dorsal module. That is, the ventral and
dorsal modules showed dissociable age-group effects.

Interestingly, the resting-state FC between the ventral and dorsal
modules was weaker in adults than in children (permutation-test P <
0.001, Fig. 2B). It was worth noting that the average between-module
FC was positive in children but negative in adults. These results indi-
cated that the ventral and dorsal modules tended to be more segregated
with development.

Taken together, the navigation network might undergo a strengthen-
ing of the intrinsic modularity structure with age, with tighter integra-



X. Hao, T. Huang, Y. Song et al.

Neurolmage 243 (2021) 118515

A Ventral module

* k%

0.7

0.4 -
0.3 4

resting-state FC within
ventral module

child adult

* kK

0.04 -

0.03 -
0.02 -
0.01 -

0 |

001 | child

resting-state FC
between modules

-0.02

-0.03 -

-0.04 -

=== Pvalue<0.001

700

600

500

400

300

200

100

0-
—0.075-0.056-0.0250.000 0.025 0.050 0.075 0.100

Score

Between-module

=== Pvalue<0.001
600

500

400

300

200

100

—— —————————————

-0.04 -0.02 0.00 0.02 0.04

Score

Fig. 2. Age-related changes in the resting-state FCs of the navigation network. A. Left: resting-state FC within the ventral module in adults and children; right: the
permutation test. B. Left: resting-state FC between the ventral and dorsal modules in adults and children; right: the permutation test.

tion within the ventral module and more separation between the ventral
and dorsal modules.

3.3. Task modulation of the modular structure of the navigation network

We further explored the task modulation of the modular structure
of the navigation network during a scene viewing task. First, we found
that the modularity of the navigation network under task-state was low
in both adults and children (adults: Q = 0.24, children: Q = 0.25). Then,
we calculated FC matrix during the scene viewing task and subtracted
the resting-state FC matrix from the corresponding task-state FC ma-
trix (Cole et al., 2014). As shown in Fig. 3A, for adults, compared with
resting-state, the scene task significantly weakened the FC within the
ventral module (mean = -0.16, SD = 0.18; one-sample t-test, p < 0.001,
Cohen’s d = -0.88), but strengthened the FC between the ventral and
dorsal modules (mean = 0.20, SD = 0.14; p < 0.001, Cohen’s d = 1.40)
and that within the dorsal module (mean = 0.07, SD = 0.14; p < 0.001,
Cohen’s d = 0.53). Similar task modulation effects were found in chil-
dren (Fig. 3B), that is, the FCs was weakened within the ventral module
(mean = -0.05, SD = 0.17; p < 0.001, Cohen’s d = -0.30), and strength-
ened between the ventral and dorsal modules (mean = 0.14, SD = 0.15; p
< 0.001, Cohen’s d = 0.90) and within the dorsal module (mean = 0.08,

SD =0.15; p < 0.001, Cohen’s d = 0.51). Thus, the ventral module tended
to be weakened while the dorsal module and integration between the
two modules tended to be strengthened under task demands for both
adults and children.

3.4. Age-related changes in task modulation of the navigation network

Next, we examined whether there were age-related differences in
task modulation effects between adults and children. We found that the
decrease of FC within the ventral module during task-state was greater
in adults than in children (permutation-test P < 0.001, Fig. 4A). These
results indicated that the scene viewing task weakened the integration
within the ventral module from resting-state more in adults than in
children. Task modulation in the within-dorsal module did not show
a significant difference between adults and children (permutation-test
P = 0.82). In addition, we observed that the increase of FC between
the ventral and dorsal modules was greater in adults than in children
(permutation-test P < 0.001, Fig. 4B), suggesting that adults strength-
ened the interactions between the two modules during task-state more
than children. In short, the age-related changes in task modulation ef-
fect from children to adults indicated that adults were more flexible than
children to break up the intrinsic modular structure under task-state.
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Table 2
mean FD and DVARS under resting-state and task-state for adults and
children (mean + SD).

Resting state Task state

FDs DVARS (%)  FDs DVARS (%)
Adults 0.10+0.03 1.12+0.31  0.09+0.03 1.19+0.32
Children  0.13+0.05 1.36+0.39 0.12+0.05 1.48 +0.44

Next, we asked whether the task modulation effects on the modular
structure depended on the specific task of perceiving scenes. We exam-
ined the task-related FC changes in the object- and face-viewing condi-
tions. The results showed that for children, the modular structure was
modulated when viewing scenes, but not when viewing objects or faces.
In contrast, for adults, similar task-related changes in modular structure
were observed in all three conditions. In short, the task-related changes
in modular structure depended on the specific task in children, but not
in adults (Supplementary analysis 1).

3.4.1. Control analyses on head motion

Given that the difference in head motion between children and adults
is a potentially major confounding factor in our study, we performed a
series of comprehensive control analysis to address the motion issue.

In our study, children tended to show higher mean FD and DVARS
than adults under both resting- and task-state (permutation-test Ps <
0.001, Table 2). Therefore, we re-performed the permutation test to ex-
amine the group differences in FCs by including the FD and DVARS as
covariates, and the results remained unchanged (Supplementary analy-
sis 2).

Then, we matched children and adults on both FD and DVARS by
excluding children with high head motion and adults with low head
motion (i.e., remaining 67 children and 199 adults). As a result, there
was no significant group difference in mean FD or DVARS under resting-

or task-state (permutation test Ps > 0.05, Supplementary Table). All the
results were replicated in the matched sub-sample (Supplementary anal-
ysis 2).

Further, we conducted volume censoring in preprocessing to exclude
the volumes with excessive FD and DVARS for each child and adult
participant under resting- and task-state respectively. All the results
were replicated in the censored data. Under resting-state, the same op-
timal structure of two modules was obtained in adults (Q = 0.446) and
children (Q = 0.405), with strong within-module FC (within-ventral,
adults: 0.65 + 0.16, p < 0.001, Cohen’s d = 4.05, children: 0.54 +
0.13, p < 0.001, Cohen’s d = 4.13; within-dorsal, adults: 0.35 + 0.11,
p < 0.001, Cohen’s d = 2.18, children: 0.37 + 0.12, p < 0.001, Co-
hen’s d = 3.07, Supplementary Fig. 3) and weak between-module FC
observed (adults: -0.03 + 0.11, p < 0.001, Cohen’s d = -0.27, children:
0.02 + 0.11, p < 0.05, Cohen’s d = 0.18, Supplementary Fig. 3). Impor-
tantly, adults showed higher within-ventral FC (permutation-test P <
0.001, regressing out FD and DVARS, Supplementary Fig. 4) and lower
between-module FC than children (permutation-test P = 0.002, regress-
ing out FD and DVARS, Supplementary Fig. 4). No group difference was
found for the within-dorsal FC (permutation-test P = 0.91, regressing
out FD and DVARS). Under task-state, compared with resting-state, the
within-ventral FC was weakened (adults: -0.16 + 0.18, p < 0.001, Co-
hen’s d = -0.90; children: -0.03 + 0.18, p = 0.08, Cohen’s d = -0.16,
Supplementary Fig. 5), but the between-module FC was strengthened
(adults: 0.20 + 0.14, p < 0.001, Cohen’s d = 1.42; children: 0.15 + 0.15,
p < 0.001, Cohen’s d = 0.99, Supplementary Fig. 5), and the within-
dorsal FC was also strengthened (adults: 0.08 + 0.14, p < 0.001, Co-
hen’s d = 0.58; children: 0.07 + 0.15, p < 0.001, Cohen’s d = 0.49,
Supplementary Fig. 5). Importantly, both decrease of within-ventral
FC and increase of between-module FC was greater in adults than in
children (within-ventral, permutation-test P < 0.001, between-module:
P = 0.001, regressing out FD and DVARS, Supplementary Fig. 6). No
group difference of task modulation effect was found for the within-
dorsal FC (permutation-test P = 0.37, regressing out FD and DVARS).
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test.

3.4.2. Other control analyses

We also performed control analyses to ensure that the age-related
FC changes were not caused by confounding factors such as tSNR, tem-
plate registration bias, and attention. First, we calculated the tSNR in
the identified navigation network for each participant (Supplementary
Table 2), and found that the tSNR values did not differ between children
and adults under resting-state (permutation-test P = 0.34) or task-state
(permutation-test P = 0.11). Further, we compared the tSNR between
children and adults in the ventral and dorsal modules (Supplementary
Table 2). There was no significant difference between the two groups
in the ventral module (resting-state: permutation-test P = 0.42; task-
state: permutation-test P = 0.80). In the dorsal module, the tSNR did
not differ under resting-state (permutation-test P = 0.31), but showed
a difference under task-state (permutation-test P < 0.001). Therefore,
we re-performed the analysis to test the group differences regarding the
dorsal module after regressing out the tSNR, and the results remained
unchanged. That is, the increase of between-module FC under task-state
was greater in adults than in children (permutation-test P < 0.001), and
the task modulation effect within the dorsal module did not differ be-
tween adults and children (permutation-test P = 0.57). Thus, our results
could not be accounted for by tSNR difference between children and
adults.

Second, further control analyses showed that the main findings could
not be explained by the template registration bias. We registered func-
tional data of the children to their age-specific templates (Dong et al.,
2020) and similar pattern of age-related changes in network organiza-
tion as the main findings was obtained. (Supplementary analysis 3).

Third, control analysis showed that there was no group difference
in activation in V1 when perceiving scenes (Supplementary analysis 4),
suggesting that the group differences in task modulation effects were
not caused by attention differences between groups.

4. Discussion

The present study investigated the development of functional orga-
nization of the whole navigation network during both resting- and task-
states. We first identified the intrinsic modular structure in the navi-
gation network that included a ventral and a dorsal module. Then, we
found that the intrinsic modular structure was strengthened during de-
velopment, that is, adults showed stronger resting-state FC within the
ventral module and weaker resting-state FC between ventral and dor-
sal modules than children. Further, the intrinsic modular structure was
loosened when performing scene-viewing task, that is, both adults and
children showed decreased FC within the ventral module and increased
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FC between the ventral and dorsal modules during task-state compared
with resting-state. Finally, the FC changes modulated by task demands
were greater in adults than in children, suggesting that the navigation
network in adults could more flexibly loosen the intrinsic modular struc-
ture in response to task demands. In sum, our study reveals the age-
related changes in navigation network organization as a process of in-
creasing modularity under resting-state and increasing flexibility under
task-state.

In our study, we found similar intrinsic modular structure of the nav-
igation network in adults and children. In addition, comparable task
modulation effects on the modular structure were observed for adults
and children. Such similarities in intrinsic organization and task mod-
ulation effects between adults and children suggest that the naviga-
tion network of the 10-13-year-old children has developed to some
extent. These results are consistent with general neurodevelopmental
findings that brain networks are reorganized by degree, rather than
by radical topological changes, during late-childhood and adolescence
(Stevens, 2016).

Despite that, there were substantial age-related differences in both
intrinsic organization and task modulation of navigation network be-
tween adults and children. First, we found that adults showed higher
FC within the ventral module and lower FC between the two modules,
indicating that the intrinsic modular structure was strengthened from
children to adults. So far, previous resting-state FC studies have achieved
fruitful findings on developmental reorganization of different functional
networks. For example, the control system comprises two separate net-
works in adults but shows intertwined architecture in adolescents and
children (Fair et al., 2007). The default mode network is a cohesive,
interconnected network in adults but sparsely connected in children
(Fair et al., 2008). The reconfiguration of the face network with age
shows simultaneous increased FC within the core face network and de-
creased FC between the core and extended face networks (Wang et al.,
2017). Consistent with other functional networks, we found that the de-
velopmental reorganization of the navigation network was accompanied
by both within-module integration and between-module segregation.
This development of network structure may drive the functional spe-
cialization of the ventral module regions in navigation network, accord-
ing to the interactive specialized view (Johnson, 2011). Specifically, the
ventral module identified in our study contained the HIP and the scene-
selective regions, such as the PPA, RSC, which are widely recognized
as critical regions for navigation. From children to adults, these ven-
tral module regions may become more efficient to integrate navigation-
related information among them to sharpen its functionality and, mean-
while, segregate information flow between the ventral and dorsal mod-
ules to eliminate irrelevant information. Interestingly, the dissociable
development of ventral and dorsal subnetworks was also found in the
attention network (Farrant and Uddin, 2015).

Further, we found that the scene-viewing task reduced within-
module FC and enhanced between-module FC for both adults and chil-
dren. These results indicated weakening of the intrinsic modular struc-
ture in response to the task demands, which promotes communica-
tion between ventral and dorsal modules. This flexible adaptation to
meet task demands is in line with previous studies on task-state net-
work connectivity (Bullmore and Sporns, 2012; Cassidy et al., 2016;
Vatansever et al., 2015). For example, the global brain modularity de-
creases and inter-network interactions increases in response to greater
cognitive load in working memory task (Vatansever et al., 2015).

More importantly, we found that adults are more flexible in response
to task demands than children, as evidenced by the greater task mod-
ulation effects on network structure in adults than in children. That is,
adults showed greater decrease of within-module FC and greater en-
hancement of between-module FC from resting-state to task-state than
children. The existing research on navigational network development
has mainly examined age-related changes in interactions between indi-
vidual regions, rather than global network organization. For example,
during a scene recognition task, the connectivity between the left en-
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torhinal sub-regions and the left dorsolateral prefrontal cortex increased
with age (Menon et al., 2005). In addition, the FC between the left PHG
and left inferior frontal gyrus positively correlated with age in scene
retrieval task (Ofen et al., 2012). These results illuminate that the in-
teractions between the MTL in ventral module and prefrontal cortex
in dorsal module increases with age under navigational tasks, consis-
tent with our result that between-module interactions increase more in
adults than in children. Beyond that, we found that the FC within the
ventral module decreased more in adults than in children. These two
aspects of development trends of task modulation effects are comple-
mentary to each other. Adults may be more flexible to break the mod-
ular balance under resting-state in response to task demands, which
promoted the informative efficiency between the two modules during
task-state.

Taken together, our results revealed that on the one hand, children
aged 10-13 years already showed similar two-modular structure of the
navigation network as adults, while on the other hand, there were still
differences in intrinsic network organization and task modulation be-
tween children and adults. Interestingly, a body of behavioral studies
have shown adult-like performances in some navigation tasks around
11-12 years of age (Bullens et al., 2010; Burles et al., 2020; Nardini et al.,
2008; Nazareth et al., 2018). These findings suggest the possibility of a
coarse acquisition of navigation skills in childhood and a prolonged fine-
tuning of these skills until adulthood (Nazareth et al., 2018; Burles et al.,
2020), which may be related to the delayed maturation of underlying
neural basis. It is possible that the changes of the navigation network or-
ganization are both providing the drives for and afforded by the changes
in navigational behaviors.

In sum, our study reveals the developmental changes of the naviga-
tion network organization as a process of increasing modularity under
resting-state and increasing flexibility under task-state. Several issues
are unaddressed in the present study that should be addressed in future
research. First, we did not observe any differences in FC within the dor-
sal module between the 10-13 year-old children and adults, and further
studies are needed to explore whether the dorsal module develops at an
earlier age. Second, considering the complexity of spatial navigation, we
tentatively focused on scene perception, the critical component of nav-
igation, to explore the age-related changes in task modulation effect.
Although the brain regions involved in scene processing and navigation
may overlap to a great extent, it does not guarantee that the whole navi-
gation network was activated under the scene viewing task in our study.
Thus, cautious should be taken when generalizing the current findings
of task modulation effect to other navigational tasks. Future studies are
needed to use more delicate and multifaceted navigational tasks to ex-
amine the difference in task modulation effects between children and
adults. Third, Data in task- and resting-state differed in scan length and
acquisition parameters, and more volumes were excluded after censor-
ing in task-state than resting-state, which may be due to longer scan
time or task demands. Therefore, the difference in FCs between task-
and resting-state might be partly confounded with the differences in
fMRI data between the two states. Forth, previous studies have demon-
strated that the anatomical connection precedes and instructs FC devel-
opment (Meissner et al., 2021; Saygin et al., 2012; Saygin et al., 2016),
and further longitudinal research is needed to investigate how the de-
velopment of anatomical connection in the navigation network guides
the development of intrinsic and task-evoked FC and related navigation
behavior. Finally, many studies have demonstrated that gifted children
possess superior spatial ability than normal children (Myers et al., 2017),
which provides a window to investigate how the developmental reorga-
nization of the navigation network may underlie the growth of spatial
ability.
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