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Default mode network scaffolds immature frontoparietal
network in cognitive development
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The default mode network (DMN) is a workspace for convergence of internal and external information. The frontal parietal network
(FPN) is indispensable to executive functioning. Yet, how they interplay to support cognitive development remains elusive. Using
longitudinal developmental fMRI with an n-back paradigm, we show a heterogeneity of maturational changes in multivoxel activity
and network connectivity among DMN and FPN nodes in 528 children and 103 young adults. Compared with adults, children exhibited
prominent longitudinal improvement but still inferior behavioral performance, which paired with less pronounced DMN deactivation
and weaker FPN activation in children, but stronger DMN coupling with FPN regions. Children’s DMN reached an adult-like level earlier
than FPN at both multivoxel activity pattern and intranetwork connectivity levels. Intrinsic DMN-FPN internetwork coupling in children
mediated the relationship between age and working memory-related functional coupling of these networks, with posterior cingulate
cortex (PCC)-dorsolateral prefrontal cortex (DLPFC) coupling emerging as most prominent pathway. Coupling of PCC-DLPFC may further
work together with task-invoked activity in PCC to account for longitudinal improvement in behavioral performance in children. Our
findings suggest that the DMN provides a scaffolding effect in support of an immature FPN that is critical for the development of
executive functions in children.
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Introduction in executive functioning such as working memory, have been

The human brain undergoes protracted development from child-
hood to adulthood, with significant improvement in a wide spec-
trum of learning, problem solving, and executive functions (Pos-
ner et al. 1988; Casey et al. 2005; Cole et al. 2014). Advances in
developmental cognitive neuroscience have demonstrated that
brain maturation, with strengthening and/or weakening connec-
tions among large-scale brain networks, lies at the foundation of
cognitive development (Marek et al. 2015; Shine et al. 2016). In
particular, functional interactions among regions of the default
mode network (DMN, also known as medial frontoparietal net-
work) (Uddin et al. 2019) and lateral frontal parietal network (FPN)
are believed to play an integrative role in support of cognitive
flexibility and adaptability to meet ever-changing environmental
needs (Fair et al. 2007; Dosenbach et al. 2008; Vatansever et al.
2017). However, how functional coordination of these networks
contributes to cognitive development in children remains elu-
sive. Task-invoked engagement and disengagement, as well as
coupling and decoupling among DMN and FPN regions involved

especially well characterized (Vatansever et al. 2015; Sormaz et al.
2018), making them an ideal model for studying the fundamen-
tal organizing principles of these networks underlying cognitive
development.

The DMN'’s contributions to human cognition are multifaceted.
Early views posit that regions of the DMN decrease activity during
externally demanding tasks such as working memory, while
increasing activity during passive or internally-oriented task
states (Buckner et al. 2008; Raichle et al. 2001). Moreover, DMN
regions are sensitive to intrinsic information like belief, emotions
and long-term memory (Yeshurun et al. 2021). Activity modula-
tion of the DMN accounts for changes with age of long-term mem-
ory (Lustig et al. 2003; Nelson et al. 2016). Beyond these classical
views, recent models from a topographic perspective suggest that
the DMN, encompassing distributed transmodal regions (i.e. pos-
terior cingulate cortex: PCC and medial prefrontal cortex: MPFC),
is located at the top of the cortical hierarchy (Margulies et al.
2016; Sormaz et al. 2018) and plays an integrative role in support of
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human cognition and behavior. Its relative isolation from sensory-
motor and perceptual systems permits neurocognitive operations
less tethered to environmental inputs (Buckner and Krienen
2013; Smallwood et al. 2021), thereby allowing more abstract
representations to emerge (Haggard 2008; Margulies et al. 2016).
Greater coupling between PCC with regions in executive function
systems has been observed, while its activation is reduced during
a semantic cognition task (Krieger-Redwood et al. 2016), suggest-
ing the contribution of PCC (a core node of the DMN) to executive
function. Nuanced functional interactions between the DMN and
FPN have been implicated in a wide range of executive functions
involving information maintenance and updating processes that
are critical for working memory (Fornito et al. 2012; van Buuren
et al. 2019). The majority of previous fMRI studies have focused
on how the FPN contributes to working memory processing
(Fair et al. 2007; Supekar et al. 2009; Satterthwaite et al. 2013).
Enhanced activation and functional connectivity in FPN regions
are associated with developmental improvement in executive
functioning (Johnson 2011; Satterthwaite et al. 2013; Sherman
et al. 2014). Yet, it remains unclear how functional coupling and
decoupling between DMN and FPN contribute to working memory
development in children. Given its unique neuroanatomical
features and topographic organization, one may conjecture that
DMN regions would play a role in cognitive development.

From a developmental perspective, recent studies have demon-
strated that the DMN tends to be a cohesive connector system
with increasing internal coherence and high integration with the
FPN, salience, and memory networks between the ages of 8 and
22 (Gu et al. 2015). Core regions of the DMN are connected at
ages 7-9 and keep integrating into a cohesive network (Fair et al.
2008) with the fastest development in long-range connectivity
between the PCC and medial prefrontal cortex (Fair et al. 2008;
Power et al. 2010). Moreover, the DMN exhibits both high within-
and between-network coupling, while the FPN shows relatively
lower within-network coupling over 8-22 years old (Gu et al. 2015),
suggesting distinct developmental trajectories of these functional
brain networks. Thus, findings from structural and functional
MRI studies have demonstrated that the FPN regions undergo
protracted development (Johnson 2001; Klingberg et al. 2002; Ole-
sen et al. 2003; Alvarez and Emory 2006; Fair et al. 2007), with
slower maturation than the DMN from childhood to adulthood
(Supekar et al. 2010). Although developmental changes in the
neuroanatomical properties of the DMN regions have been inves-
tigated in children and adults (Uddin et al. 2011), little is known
about their contributions to working memory development.

Human functional brain networks are recognized to possess
high flexibility and adaptability, as they can be flexibly recon-
figured to compensate for certain cognitive functions when
some systems are immature, affected by age-associated decline,
and/or impaired (Mirner-Lavanchy et al. 2014; Hartwigsen 2018;
Spreng and Turner 2019). Across the life span, the human
brain is an adaptive system that engages in compensatory
scaffolding in response to the challenges posed by declining
neural structures and function affected by age-associated factors,
and/or impairment (Park and Reuter-Lorenz 2009). Scaffolding is a
normal process present across the lifespan that involves use and
development of complementary, alternative neural circuits to
achieve a particular cognitive goal (“compensatory scaffolding”)
(Park and Reuter-Lorenz 2009). Such a compensatory scaffolding
mechanism has been reported by many neuropsychological
and neuroimaging studies in children and adults (Di Martino
et al. 2014; Mirner-Lavanchy et al. 2014; Ivanova et al. 2017).
One fundamental question in human developmental cognitive

neuroscience is to understand how brain systems and networks
that mature earlier could provide a scaffold for those that
mature relatively later to support cognitive development. At
a behavioral level, children’s more frequent use of embodied
procedures that mature early such as self-involved rehearsal and
episodic memory can indeed scaffold the protracted development
of advanced problem-solving skills (Siegler 1996; Butterworth
1999; Qin et al., 2014). Recent studies in adults demonstrate that
virtual lesions of language regions result in less deactivation of
DMN regions, which likely reflects recruitment of general mental
resources when task demands increase (Hartwigsen 2018). Aging
studies have also revealed that an increased recruitment of
the DMN during external tasks could help prevent age-related
cognitive decline (Spreng and Schacter 2012). Moreover, older
adults exhibit higher functional coupling between regions in the
DMN and FPN (Kupis et al. 2021) compared with young adults
during cognitive control and creativity tasks (Spreng and Turner
2019). These findings suggest that the DMN may compensate for
the earlier decline of FPN regions critical for higher order cognitive
functions (e.g. working memory) in aging. From a developmental
perspective, it is thus reasonable to speculate that the DMN would
provide a scaffold for an immature FPN in executive functioning.
However, how the DMN could exert a scaffolding role in support of
the FPN during working memory in the developing brain remains
unexplored.

To address the above questions, we implemented developmen-
tal functional magnetic resonance imaging (fMRI) with an n-back
working memory paradigm and a longitudinal design spanning
age 6-15 years in 528 typically developing children and 103 adults
(age 18-28 years). A numerical n-back working memory task
(Fig. 1A) with 0-, 1-, and 2-back conditions was used to character-
ize longitudinal improvement in working memory performance,
and its associated activation and deactivation in the FPN and DMN
from childhood to adulthood. A set of multivoxel activity analyses
were conducted to assess adult-like maturation metrics for the
DMN and FPN. This approach takes advantage of examining simi-
larities between multivoxel activity patterns in children and activ-
ity patterns in mature adults, rather than absolute levels of activ-
ity, thus removing concerns about activation/deactivation levels
within DMN and FPN regions (Kriegeskorte et al. 2008, Zhuang
et al. 2022). A network connectivity approach was then used
to examine maturational changes in intra- and inter-network
functional organization among DMN and FPN regions both during
task-dependent and task-free states. In line with brain maturation
and recent neurocognitive models of the DMN, we hypothesized
that we would observe heterogeneous developmental profiles of
working memory-related activity patterns and network properties
within DMN and FPN regions from childhood to adulthood and
that the DMN would scaffold the slower maturity of the FPN to
support working memory development during childhood.

Methods and materials

Participants

A total of 631 participants were included in this study: 528
typically developing children aged 6-15 years (mean +standard
deviation [SD] =9.26 & 1.45) at visit 1, 300 children about 1.09 year
later atvisit 2,172 children about 2.06 years later at visit 3, and 103
young healthy adults aged 18-28 years (mean+SD=22.7 4+2.34)
(Tables S1 and S2). Neuroimaging and behavioral data were
obtained from the Children School Functions and Brain Devel-
opment Project (CBD, Beijing Cohort). Written informed consent
was obtained before the experiment from each participant. For
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Fig. 1. Experimental paradigm and longitudinal improvement in working memory performance from age 6 to 15. A) Numerical 0-, 1-, and 2-back working
memory task conditions. B and C) Age distribution of children at 3 visits, each dot represents one child at each visit. D and E) Line curves depict significant
longitudinal improvement in working memory accuracy (all t > 3.36, P <0.001) and RTs (all t <—7.19, P < 0.001) as a function of age at 3 working memory

loads from 6 to 15 years of age.

children, written informed consent was obtained from one of
the parents or legal guardians. The procedures of consent and
experiment were approved by local ethics in accordance with the
standards of the Declaration of Helsinki. All of the participants
reported no history of vision problems, no history of neurological,
or psychiatric disorders, and no current use of any medication
or recreational drugs. Demographics of children and adults are
listed in Tables S1 and S2. Only 604 participants underwent fMRI
scanning at visit 1 (501 children and 103 adults); those with either
incomplete task/field map scanning (42 children and 9 adults) or
excessive head motion with max displacement larger than one
voxel size (3.5 mm) (35 children and 1 adult) were excluded from
further neuroimaging data analyses. There were 229 children
scanning at visit 2 and 122 children at visit 3.

Cognitive task

A block-design of a numerical n-back task was used to assess
children’s working memory capacity during scanning (Fig. 1A).
Participants completed 12 blocks of random alternating three
loads (i.e. 0-, 1-, and 2-back) interleaved by a jittered fixation for
random variable duration of between 8 and 12 s. Within each
block, a sequence consisting of 15 single digits was presented
centrally on the screen. Each digit was presented for 400 ms
followed by an interstimulus interval of 1,400 ms. Each block
lasted 27 s and started with a 2-s instruction for indicating the
block was 0-, 1-, or 2-back condition. During the 0-back condition,
participants were asked to detect whether the currentitem on the
screen was “1” or not. During the 1-back condition, participants
were asked to respond whether the current item was the same
as the previous one. During the 2-back condition, participants
were asked to detect whether the current item had appeared
2 positions back in the sequence. Participants were instructed

to make a button press as quickly and accurately as possible
with their index finger when detecting a target. Before fMRI
scanning, they were extensively trained in performing the task to
minimize interindividual variability and reduce practice effects.
Stimuli were presented via E-Prime 2.0 (http://www.pstnet.com,;
Psychology Software Tools, Inc).

Behavioral data analysis

Participant demographic data and behavioral measures were ana-
lyzed with the R package (version 3.5.0). Accuracy was calculated
by subtracting false alarm rate from hit rate. Both accuracy and
RTs were obtained for each participant. Cross-sectional compar-
isons between children and adults were performed to examine
developmental differences in working memory performance dur-
ing0-, 1-, and 2-back conditions (Fig. S1). Pearson correlation anal-
ysis was used to investigate age-related changes in accuracy and
RTs in three conditions in 6- to 15-year-old children (Figs. S2 and
S3). Longitudinal improvement was characterized by the Z-score
of difference in RTs in the 2-back condition at visit 1 minus visit
3. Combining cross-sectional and longitudinal analyses allowed
us to investigate the linear relationship between age and develop-
ment of working memory performance in childhood.

To investigate longitudinal improvements in behavioral perfor-
mance, we used a linear mixed model to characterize age-related
effects on working memory performance. The nlme package in R
(Pinheiro et al. 2018; Team 2018) was used to investigate the effect
of age on longitudinal changes in working memory performance.
We characterized the fitting model using the following equation:

Linear age model : Y = intercept + random (participants ID)
+age + error.
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Imaging data acquisition

Whole-brain images were acquired from a Siemens 3.0 T scanner
(Magnetom Prisma syngo MR D13D, Erlangen, Germany) using a
64 head coil with a T,*-sensitive echo-planar imaging sequence
based on blood oxygenation level-dependent contrast. Thirty-
three axial slices (3.5-mm thickness, 0.7-mm skip) parallel to the
anterior and posterior commissure line and covering the whole
brain were imaged with the following parameters: repetition time
(TR) 2000 ms, echo time (TE) 30 ms, flip angle (FA) 90°, voxel
size 3.5 x 3.5 x 3.5 mm?, and field of view (FOV) 224 x 224 mm?.
A resting state scan consisting of 240 volumes was acquired,
and followed by the n-back task consisting of 232 volumes. In
addition, each participant’s high-resolution anatomical images
were acquired through 3D sagittal T;-weighted magnetization-
prepared rapid gradient echo with a total of 192 slices (TR
2530 ms, TE 2.98 ms, FA 7°, inversion time 1100 ms, voxel size
1.0 x 1.0 x 1.0 mm?, acquisition matrix 256 x 224, FOV 256 x 224
mm?, BW 240 Hz/Px, slice thickness 1 mm).

fMRI data preprocessing

Brain images were preprocessed using statistical parametric map-
ping (SPM12, https://www.fil.ion.ucl.ac.uk/spm/software/spm12/)
(Friston et al. 1994) based on MATLAB software platform (ver-
sion 8.1; MathWorks Inc., Natick, MA, USA). The first 5 volumes
of resting state scans and the first 4 volumes of n-back task
scans were, respectively, discarded for signal equilibrium and
participants’ adaptation to scanner noise. The remaining images
were corrected for slice acquisition timing and realigned for head
motion correction. Subsequently, they were co-registered to each
participant’s gray matter image segmented from the correspond-
ing high-resolution T;-weighted image, then spatially normal-
ized into a common stereotactic Montreal Neurallogical Institute
space and resampled into 2-mm isotropic voxels. Finally, images
were smoothed using an isotropic 3D gaussian kernel with 6-mm
full-width half-maximum.

Univariate general linear model analysis

To assess task-invoked neural activity in distinct working mem-
ory load processes, the three conditions (i.e. O-, 1-, and 2-back)
were modeled as 3 regressors separately and convolved with the
canonical hemodynamic response function (HRF) implemented
in SPM12. In addition, each participant’s motion parameters (3
translational motions and 3 rotary movements) from the realign-
ment procedure were included to regress out potential effects
of head movement (HM) on brain response. We included high-
pass filtering using a cutoff of 1/128 Hz, and corrections for
serial correlations in fMRI using a first-order autoregressive model
(AR(1)) in the GLM framework.

Relevant contrast parameter estimate images were initially
generated at the individual-subject level, and then submitted
to 2 (Group: children vs. adults)-by-3 (Loads: 0-, 1-, vs. 2-back)
ANOVA in the group analysis. Significant clusters of main effect of
Loads were determined by using a stringent threshold of P < 0.001
with family-wise error (FWE) corrections for multiple compar-
isons. We also conducted 1-way ANOVAs with 6 different age
groups to examine age-specific brain activation patterns as a
function of age from 6 to 12 years during childhood as well as
in adults. For visualization purposes, significant clusters were
determined using a stringent threshold of P < 0.001 and an extent
threshold of P <0.05 corrected for multiple comparisons based
on suprathreshold cluster-size distributions computed by Monte
Carlo simulations.

Regions of interest definition

To define regions of interest (ROIs) for the DMN and FPN, we under-
took several steps by combining the masks derived from the Neu-
roSynth platform (http://NeuralSynth.org) and working memory-
related activation maps across all participants (including children
and adults) in the present study. First, we used the NeuroSynth
platform for large-scale, automated synthesis of fMRI data with
“working memory” and “default mode network” as search terms
and then download an association mask at the whole brain level.
Second, we decomposed the working memory-related activation
map involved in the 2-back condition across children and adults
into a positive activation map and a negative activation map using
a stringent threshold of P <0.001 with FWE corrections for multi-
ple comparisons. Third, the DMN and FPN ROIs were generated by
overlapping maps of term-related and working memory-related
activation. These ROIs in the DMN consisted of the ventral medial
prefrontal cortex (vmPFC), PCC, bilateral angular gyrus (AG_L,
AG_R), and bilateral parahippocampal gyrus (PHG_L, PHG_R). ROIs
in the FPN included the bilateral dorsal lateral prefrontal cortex
(DLPFC_L, DLPFC_R), bilateral inferior frontal gyrus (IFG_L, IFG_R),
and bilateral inferior parietal lobule (IPL_L, IPL_R) (Table. S3).
Parameter estimates (or beta weights) were then extracted from
these ROIs in all participants for subsequent analyses (Figs.S4 and
S5).

Multivariate maturation index

To investigate longitudinal maturational changes in neural
activity patterns of working memory-related DMN and FPN during
childhood, an overall multivariate maturation index for each
of 3 conditions using representation similarity analysis (RSA;
Kriegeskorte et al. 2008) was computed to assess the degree
of each working memory-related multivoxel neural activity
pattern similarity in each child relative to the mature template
of corresponding neural activity patterns averaged across adults.
Each working memory condition multivoxel pattern vector was
extracted from each child from 3 visits and averaged adults,
respectively, by the mask of DMN and FPN (defined above).
We then computed the multivariate maturation index using
Pearson’s correlation between condition-specific patterns vector
in each child and the corresponding reference vector in the adult
brain (Fig. 2A). A linear mixed-effect model of the maturation
index was used to estimate longitudinal developmental changes
as a function of age from 6 to 15 years for the DMN and FPN in
0-, 1-, and 2-back separately (Figs. S6 and S7), in which the gender
and HM of each subject were included as covariates in the model.

Linear age model : Y = intercept + random (participants ID)
+age + gender + HM + error.

Working memory-related functional coupling
analysis

Functional coupling maps were generated by applying the gen-
eralized psychophysiological interactions (gPPI) analysis in each
working memory condition (McLaren et al. 2012). Pairwise task-
dependent functional coupling for 12 ROIs was computed to
create a 12-by-12 matrix in each working memory condition for
all children and adults (Fig. S8). The gPPI analysis is widely used to
assess task-dependent functional connectivity of a specific seed
ROI with the rest of the brain after removing potential confounds
of overall task activation and common driving inputs. Specifically,
mean time series from each seed ROI were extracted and then
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Fig. 2. Age-related longitudinal changes in working memory-related multivoxel activity patterns in DMN and FPN. A) A schematic illustration of
multivariate maturation indices, derived by computing multivoxel pattern similarity of working memory-related activity patterns within the DMN
(or FPN) mask relative to the mature template derived from average activity patterns in the DMN and FPN relative to the averaged mature activity
across adults. B and C) Line curves fit the age-related longitudinal changes in maturation indices in DMN (all t > —1.55, P> 0.12) and FPN (0- and 1-back:
T>—1.46,P>0.15, 2-back: T=2.43, P=0.015) for all children at 3 visits in each working memory condition.

deconvolved in order to uncover neuronal activity (i.e. physiologi-
cal variable) and multiplied with the task design vector contrast-
ing the experimental conditions versus the fixation condition (i.e.
a binary psychological variable) to form a psychophysiological
interaction (PPI) vector. To form the PPI regressor of interest,
this interaction vector was convolved with a canonical HRF in
SPM12. The psychological variable representing task design as
well as mean-corrected time series of each seed ROI were also
included in the GLM to remove overall task-dependent activation
and the effects of common driving inputs including head motion
parameters on brain connectivity. Note that only the voxels within
the 12 ROIs were included in this analysis.

Intrinsic functional connectivity analysis

Pairwise task-free intrinsic functional coupling for 12 ROIs was
computed to construct a 12-by-12 matrix for all children and
adults based on resting fMRI data (Fig. S8). Regional time series of
12 ROIs were extracted from data filtered with a bandpass tempo-
ral filter (0.008-0.10 Hz). Each time series was then submitted into
the individual-level analysis. White matter signal, cerebrospinal
fluid signal, and six head-motion parameters were included as
nuisance covariates in the general linear model. Pearson corre-
lation maps were produced by computing pairwise correlations

of the 12 ROIs. Each ROI region was a 6-mm diameter sphere
centered on our activation results foci (Table S3).

Intra- and inter-network functional coupling
analysis
We partitioned children and adults’ group-averaged matrices into
2 subnetworks of the DMN and FPN by averaging each connection
within the nodes in FPN or in DMN. By averaging the connections
between nodes in DMN and FPN, we calculated the internetwork
coupling of each participant. We then investigated developmen-
tal changes in connectivity strength within and between these
subnetworks for both task-dependent and task-free data. These
within- and between-network metrics in each of 3 working mem-
ory load conditions were submitted to 2-by-3 repeated-measure
ANOVAs with Group (children vs. adults) as a between-subject fac-
tor and Condition (0-, 1-, vs. 2-back) as a within-subject factor. A
correlation analysis in task-free connectivity was also conducted
to measure age-related changes in intrinsic connectivity strength.
To further characterize the developmental differences and
which edges drive the difference of intrinsic and working
memory-related functional network coupling between children
and adults, we compared functional coupling by conducting
separate independent t-tests to examine differences between
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groups for each edge in both resting and 2-back conditions.
After false discovery rate (FDR) correction (P <0.05) for multiple
comparisons, we found 26 edges in intrinsic connectivity and 9
edges in working memory-related functional connectivity that
had significant differences between children and adults (Fig. S9).

Mediation analysis

The mediation models and statistical tests were conducted in
SPSS version 21 using PROCESS (IBM Corp., Armonk, NY) (Hayes
2013), which is based on regression analysis. The significance
of the indirect or mediated effect was assessed using 5,000 bias
corrected bootstrapping (Preacher and Hayes 2008). The indirect
effect was considered significant if the 95% confidence interval
(CI) did not include zero.

Results

Developmental improvement of working
memory performance in children

First, we investigated developmental differences in working mem-
ory performance between children (year 1) and adults. Separate
ANOVAs for accuracy and reaction times (RTs) were conducted
with working memory Loads (0-, 1-, vs. 2-back) as a within-
subject factor and Group (children vs. adults) as a between-
subject factor. These analyses revealed Loads-by-Group interac-
tion effects (Fip.g60) > 14.7, P<0.001) and main effects of loads
(F(nggo) >2326, P< 0001) and GYOUp (F(11430) >167, P< OOO].) for
both accuracy and RTs. Follow-up t-tests revealed that children
had lower accuracy (tusg >5.39, P<0.001, Cohen’s d>0.61) and
longer RTs (tusy) <—10.6, P<0.001, Cohen's d<-1.20) in the 3
conditions as compared with adults (Fig. S1).

We then investigated longitudinal improvement in working
memory performance over development from age 6-15 years for
accuracy and RTs of each condition in children. Using a linear
mixed-effect model, we observed a significant linear increase in
accuracy for 3 working memory loads over development (t > 3.36,
P <0.001). For RTs, we observed a prominent linear decrease in
3 working memory loads (t<-7.19, P<0.001) over development
(Fig. 1D and E). These results indicate inferior working memory
performance in children than adults, with a longitudinal improve-
ment from 6 to 15 years of age.

Adult-like working memory-related multivoxel
activity pattern in DMN but not in FPN in children

Next, we investigated age-related changes in brain systems
involved in working memory processing in children between 6
and 15 years of age. As shown in Fig. 2A, we observed prominent
age-related increases in task-evoked brain activity in the DMN
and FPN regions, especially for the 2-back condition in children.
Further analyses of brain activity patterns among 3 working
memory load conditions in children and adults revealed less
pronounced functional dissociation of activation patterns in
DMN and FPN among 3 working memory loads in children than
adults (Fig. SSA and B). Moreover, the most prominent effect was
observed in the 2-back condition, with stronger activation in FPN
regions and more deactivation in DMN regions both in children
and adults (Fig. S5C).

We further computed an overall multivariate maturation index
to quantify the longitudinal developmental profile of these 2 brain
systems including all children’s imaging data at 3 visits. A first
step was to create the masks for the DMN and FPN from Neu-
roSynth platform (see Methods) (Fig. 2A). The maturation index
for each working memory load condition was then represented

by the similarity of each child’s condition-specific pattern vector
in DMN and FPN relative to the mature pattern represented by
an averaged pattern vector in the corresponding mask in adults.
Linear mixed-effect models revealed no significant age-related
change as regards the maturation index in the DMN for all of
three working memory load conditions (all t > —1.55,P > 0.12). The
maturation index in the FPN showed a flat pattern in 0-back and
1-back (t>—1.46, P> 0.15) but a linear increase as a function of
age from 6 to 15 years in 2-back (t=2.43, P=0.015) conditions
(Fig. 2B and C; Figs. S6 and S7). These results indicate that working
memory-related multivoxel pattern similarity in the DMN reaches
an adult-like level early in development, whereas activity patterns
in the FPN undergo protracted development during childhood.

Adult-like working memory-related intranetwork
coupling in DMN but not in FPN in children

To track developmental differences in working memory-related
intra- and internetwork functional coupling in DMN and FPN
between children and adults, we constructed a network consist-
ing of 12 x 12 pairwise links for DMN and FPN regions for each
condition, using a generalized form of context-dependent psy-
chophysiological interactions (gPPI). Intranetwork coupling met-
rics were computed for nodes within the DMN and FPN, respec-
tively (Fig. 3A-C). We then conducted separate 2 (Group: children
vs. adults)-by-3 (Loads: 0-, 1-, vs. 2-back) ANOVAs for DMN and
FPN intranetwork coupling metrics.

For intranetwork coupling of the DMN, we observed a signifi-
cant interaction effect (Fp e =3.34, P=0.036) and a main effect
of working memory loads (Fess) = 23.46, P < 0.001), but no signifi-
cant effect of Group (F(1,34¢) = 3.40, P=0.066) (Fig. 3D). Follow-up t-
tests revealed a prominent load effect only in the 2-back condition
(2- vs. 0-back: tigg =—6.22, P <0.001; 2- vs. 1-back: tss =—5.60,
P <0.001, both Cohen’s d < —0.43) but not between 1- and 0-back
conditions (tsg) =0.62, P=0.54, Cohen’s d=0.047). In other words,
intranetwork coupling in DMN nodes decreases as load increases
in children and adults. But intranetwork coupling of DMN in 2-
back condition displays no difference between children and adults
(tre2)=0.20, P=0.84, Cohen’s d=0.01).

Parallel analyses for intranetwork coupling of FPN revealed
a marginally significant interaction between Group and Loads
(Fio,688 =2.60, P=0.075), and significant main effects of Group
(F(1,344 =5.10, P=0.025) and Loads (F(2 688 = 4.23, P=0.015) (Fig. 3E).
Follow-up 1-way ANOVA revealed no difference among 3 loads in
children (F(s 504 =0.21, P=0.810), but significant working memory-
load effect in adults (Fp184=5.87, P=0.003), with stronger
coupling within FPN regions as load increases (1- vs. O-back:
tse =2.92, P=0.004, Cohen’s d=0.43; 2- vs. 0-back: t(1ge=3.01,
P=0.003, Cohen's d=0.44, 2- vs. 1-back: ty4=0.09, P=0.93,
Cohen’s d=0.01). These results indicate that children exhibit
an adult-like intranetwork coupling in DMN regions but weaker
intranetwork coupling in the FPN when compared with adults.

Age-related increase in DMN-FPN internetwork
coupling during working memory was mediated
by intrinsic functional connectivity

Given that long-range connections of large-scale brain networks
undergo protracted development from childhood to adulthood
(Supekar et al. 2009; Grayson and Fair 2017), we further investi-
gated developmental changes in working memory-related func-
tional coupling between DMN and FPN in children and adults. A 2
(Group: children vs. adults)-by-3 (Loads: 0-, 1-, vs. 2-back) ANOVA
for internetwork coupling of DMN and FPN revealed a significant
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Fig. 3. Developmental differences in intra- and internetwork coupling of the DMN and FPN during working memory between children and adults.
A-C) An illustration of intranetwork coupling within DMN and FPN, as well as internetwork DMN-FPN coupling. D) Bar graphs depict a main effect of
working memory loads for DMN-intranetwork coupling in both children and adults, with an adult-like level in children relative to adults. E) Bar graphs
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F) Bar graphs depict a main effect of working memory loads for DMN-FPN internetwork coupling in both children and adults, with stronger DMN-FPN
coupling in children than adults. Notes: N.s., not significant; *, P < 0.05; **, P < 0.01; *** P <0.001.

Group-by-Loads interaction (F, sgg) = 7.63, P < 0.001) as well as sig-
nificant main effects of Loads (F, 6sg) =30.57, P < 0.001) and Group
(F(1, 344y = 9.85,P=0.002). Post-hoc t-tests revealed higher DMN-FPN
coupling as working memory load conditions increase in children
(statistics listed in Table S4) (Fig. 3F). When compared to adults,
children exhibited stronger internetwork coupling between DMN
and FPN for low and moderate, but not high, task demands.

We then further investigated developmental differences in
intrinsic intra- and internetwork of DMN and FPN between chil-
dren and adults, by analysis of resting-state fMRI data for net-
work matrices among 12 ROIs. Parallel 2-by-3 ANOVA revealed
a significant Group-by-Network interaction effect (F, 64)=18.7,
P <0.001), a main effect of Network (F( 645 =1073.6, P <0.001),
but no main effect of Group (F, 304 =0.22, P=0.64) (Fig. 4A-C).
Post hoc t-tests revealed no difference in DMN intrinsic cou-
pling between children and adults (t;ss) = —0.86, P=0.39, Cohen’s
d=-0.06). However, children exhibited lower FPN intrinsic func-
tional coupling (tyss)=—2.38, P=0.018, Cohen’s d=-0.17) than
adults. Children also exhibited higher internetwork coupling than
adults (t(7gs) =4.30, P < 0.001, Cohen’s d=0.31). These results again

indicate heterogeneous integration in DMN and FPN from 6 to
12 years of age during childhood, with adult-like integration of
DMN, weaker coupling in FPN, but higher coupling between DMN
and FPN when compared with adults.

Given children’s higher DMN-FPN coupling both during work-
ing memory and resting states, we further implemented a medi-
ation analysis to test whether intrinsic DMN-PFN coupling at
rest would affect age-related changes in internetwork coupling
during working memory tasks. This analysis revealed an indi-
rect mediatory effect of children’s DMN-FPN intrinsic coupling
(indirect estimate=—0.008, P <0.05, 95% CI=[-0.016, —0.003] on
age-related DMN-FPN coupling during working memory (Fig. 4D).
Pearson’s correlation analysis further confirmed a significant
positive correlation between working memory-related DMN-FPN
functional coupling and accuracy in the 2-back condition in chil-
dren (r=0.14, P=0.03), but not adults (r=0.09, P=0.41) (Fig. 4E).
Altogether, these results indicate that children’s stronger intrinsic
DMN-FPN coupling mediates an indirect relationship between age
and DMN-FPN internetwork coupling during working memory
processing.
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Intrinsic PCC-DLPFC coupling and task-invoked
activity in PCC predicts children’s longitudinal
working memory improvement
To further characterize which functional pathways drive children’s
age-related increases in internetwork coupling involved in
working memory processing, we conducted separate independent
t-tests to examine group differences in connectivity strength for
each link during both resting state and 2-back conditions (Fig. 5A
and B). After FDR correction, we observed that children showed
higher task-free intrinsic (t(s4)=2.86, Pcorrecteqy =0.017, Cohen'’s
d=0.36) as well as task-invoked functional coupling between
PCC and the left DLPFC in the 2-back condition (tas=3.12,
P(corrected) =0.026, Cohen’s d=0.38) than adults. We then imple-
mented a mediation analysis to test whether children’s intrinsic
functional coupling accounts for age-related increase in PCC-
DLPFC functional coupling during working memory. This analysis
revealed an indirect mediatory effect of intrinsic PCC-DLPFC
coupling (indirect estimate=-0.007, P<0.05, 95% CI=[-0.019,
—0.001]) on strengthening functional coupling involved in the
2-back working memory task (Fig. 5C).

To test how DMN-FPN pathways and their task-evoked activity
account for children’s longitudinal improvement in working
memory performance, we further implemented a mediation

analysis to investigate whether intrinsic PCC-DLPFC coupling
along with task-evoked PCC activity could mediate the relation-
ship between age and longitudinal improvement in performance.
Longitudinal improvement was measured by children’s RTs in
the 2-back condition at visit 1 minus visit 3, as the greater
RTs difference represents greater longitudinal improvement.
As shown in Fig. 5D, this analysis revealed a chain mediating
pathway (indirect estimate=-0.006, P <0.05, 95% CI=[-0.023,
—0.001]). That is, as children’s age increased, intrinsic PCC-
DLPFC coupling and task-evoked activity decreases in PCC during
the 2-back condition could indirectly account for longitudinal
improvement in working memory performance about 2 years
later. Altogether, these results indicate that intrinsic PCC-DLPFC
coupling and activity in PCC were associated with improvements
in working memory performance during development.

Discussion

The mechanisms of DMN and FPN interplay supporting working
memory development are incompletely understood. By leveraging
task-dependent and task-free fMRI with a longitudinal design, we
investigated this question in a large sample of children and adults.
Behaviorally, children’s working memory performance underwent
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a prominent longitudinal improvement from 6 to 15 years of
age. Children exhibited less pronounced deactivation in DMN
and weaker activation in FPN regions during working memory
processing compared with adults. Children’'s DMN multivoxel
activity and intranetwork connectivity reached an adult-like level
earlier than FPN. Stronger DMN-FPN intrinsic coupling mediated
task-dependent coordination of these networks during working
memory in children, which further accounted for age-related
improvements in working memory performance. Critically, PCC-
DLPFC coupling emerged as a prominent pathway, and intrinsic
PCC-DLPFC coupling further worked together with task-invoked
PCC activity to account for longitudinal improvements in working
memory performance. These findings highlight heterogeneous
maturation patterns of the DMN and FPN involved in working
memory and suggest that the DMN may provide a scaffold for an
immature FPN to support working memory development.

Heterogeneous maturation of DMN and FPN
involved in working memory

At a behavioral level, children exhibited inferior working memory
performance as measured by accuracy and RTs, with prominent
longitudinal improvement from 6 to 15 years. These findings are
consistent with previous reports (Crone et al. 2006; Satterthwaite
et al. 2013; Huang et al. 2016) documenting the immaturity of

executive functioning from middle through late childhood into
adolescence. In parallel, children exhibited less pronounced DMN
deactivation and weaker FPN activation during working memory
than adults. Active engagement of the FPN regions (i.e. DLPFC,
inferior parietal lobule: IPL) is critical for information mainte-
nance and updating during working memory processing, while
engagement of the DMN regions (i.e. PCC, MPFC) could also con-
tribute to attending internal task relevant information and disre-
garding current perceptual inputs during retrieving phase (Small-
wood et al. 2013; Liu et al. 2016). These networks both playing
important roles in working memory; task performance has been
linked to top-down control of FPN over DMN to flexibly reallocate
neurocognitive resources for working memory processing (Chen
et al. 2013). Thus, our observations on DMN and FPN function
may reflect immature neurofunctional organization involved in
working memory processing in children.

Beyond univariate data, our multivariate maturation analysis
revealed that children’s DMN reached an adult-like level at ages
6-12, while the FPN still underwent a protracted development.
Such heterogeneity is reminiscent of previous findings of anatom-
ical properties (i.e. gray matter volumes, cortical thickness) in
DMN structures that mature earlier than FPN (Sowell et al. 1999;
Casey et al. 2000; Lenroot and Giedd 2006). Evidence from topo-
graphical organization also supports earlier maturation of the
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DMN than FPN, as the FPN is anchored in higher order prefrontal
and parietal association cortices (Klingberg et al. 2002). Based on
the neurocognitive accounts of RSA, this measure indexes similar-
ity of multivoxel activity patterns representing multiple cognitive
components of working memory between children and adults
(Freund et al. 2021). We thus speculate that our observed adult-
like level of working memory-related multivoxel activity patterns
in children may reflect that this system acts in a mature manner
to support information processing during working memory. The
observed earlier maturation of DMN structures as young as 7—
9 years (Fair et al. 2008; Sherman et al. 2014) lends supports to
this speculation.

Maturational changes in intra- and inter-network
coupling of DMN and FPN

At a network level, children’s DMN intranetwork coupling during
both a working memory task and resting states reached an adult-
like level, but this was not the case in the FPN. This is in line
with resting-state fMRI findings suggesting that the DMN acts
as a cohesive system with greater integration within its inter-
nal nodes in school-aged children (Gu et al. 2015). By extending
previous findings (Cole et al. 2014), children’s adult-like DMN
intranetwork coupling could be attributed to an early beginning
myelination and structural organization of axonal tracts among
DMN structures (Fair et al. 2008; Supekar et al. 2010). Likewise,
the DMN’s small-world configuration with rich clubs emerges
in childhood (Ball et al. 2014; Degnan et al. 2015), showing high
internal synchronization to facilitate the convergence of internal
and external information to support cognitive tasks (Raichle et al.
2001; Vatansever et al. 2015). With regards to children’s weaker
FPN intranetwork coupling, this suggests immature functional
architecture of this network at ages 6-12. This concurs with a
protracted development of structural and functional connections
among FPN nodes (Fair et al. 2007).

Despite weaker FPN intranetwork coupling, children exhibited
higher DMN internetwork coupling with FPN regions duringboth a
working memory task and resting states. Over development, brain
networks become gradually segregated and organized into finer-
grained modules (Fair et al. 2009; Baum et al. 2017). Children’s
higher DMN coupling with FPN may reflect immature, less pro-
nounced segregation among regions of these networks. Differ-
ences of networks’ coupling between children and adults suggest
that nuanced coordination of DMN with FPN may enable flexible
information exchange and updating in working memory. A similar
pattern of stronger DMN coupling with FPN has been linked to bet-
ter memory performance in adults (van Buuren et al. 2019), and
enhanced DMN coupling could compensate for age-associated
memory impairment (Sambataro et al. 2010). We thus speculate a
similar mechanism might be involved in aiding children’s working
memory processing, likely through stronger DMN coupling with
an immature FPN. This speculation is further supported by our
brain-behavior associations discussed below.

DMN scaffolds the relatively slower maturity of
FPN to support working memory performance

In conjunction with overall DMN-FPN coupling, we further identi-
fied that PPC-DLPFC coupling emerged as a prominent pathway to
mediate task-invoked coupling during working memory. Critically,
we observed a chain mediating effect—that is, younger children
exhibited stronger intrinsic coupling of this pathway together
with higher task-invoked activity in the PCC to account for lon-
gitudinal improvement in working memory performance. These

findings are in agreement with recent neurocognitive views sug-
gesting activity flow over intrinsic functional pathways underlies
task-related activity and behavioral performance (Cole et al. 2016;
Tavor et al. 2016). By extending previous findings, we take one
step further to speculate that the PCC-DLPFC pathway emerges
as a particularly necessary route to confer the scaffolding role of
the DMN in cooperating with an immature FPN during working
memory processing (Baum et al. 2020).

As the central hubs of DMN and FPN, PCC and DLPFC are
indispensable to support internally oriented processes (i.e. self-
referenced and embodied cognition) (Raichle 2015) and executive
functioning including working memory, respectively (Curtis and
D’Esposito 2003). The PCC1is posited as an active locus that contin-
uously gathers and broadcasts information about one’s internal
state and the external inputs (Raichle et al. 2001). Indeed, the use
of embodied procedures by linking to one’s episodic experiences
can effectively facilitate the development of more advanced and
efficient problem-solving skills (Siegler 1996; Butterworth 1999;
Qin et al. 2014). It is thus possible that the involvement of these
processes, as reflected by PCC-DLPFC coupling and task-evoked
PCC activity linked to longitudinal working memory improve-
ments of RTs in the 2-back condition, could provide a scaffold for
immature DLPFC-mediated executive functioning in younger chil-
dren. Multiple lines of previous research have suggested that the
DMN can act as a workspace for convergence of memory-based
information and generating top-down predictions over external
inputs (Deniz et al. 2017) to support global information inte-
gration including self-involved and embodied processes, episodic
experiences, social, and other cognitive demands in the mature
brain (Vatansever et al. 2015; Deniz et al. 2017; Sormaz et al.
2018). As such, it is conceivable to speculate that the PCC, as an
important hub in DMN, could scaffold executive function under
the workspace framework. Since previous findings have suggested
a compensatory contribution of DMN to scaffolding aging-related
decline in FPN regions critical for higher-order cognition including
working memory (Spreng and Schacter 2012, Spreng and Turner
2019, Kupis et al. 2021), we thus speculate a similar mechanism
that might be relevant to account for our observed developmental
effects on DMN and FPN regions here. That is, an earlier matu-
ration of the DMN may play a role in scaffolding the relatively
slower yet immature FPN, likely through use of DMN-driven self-
referential and embodied processes, along with its role in conver-
gence of internal and external information (Kaefer et al., 2022) to
support working memory processing in the developing brain.

There are several limitations to note in the current study.
First, our study did not cover a complete developmental period
from childhood through adolescence into adulthood. Second, we
used a classical n-back paradigm to probe how the interplay of
DMN with FPN contributes to children’s working memory process-
ing. Whether our findings can be generalized to other executive
function domains remains open. Third, the DMN’s role in scaf-
folding an immature FPN during working memory in childhood
still remains speculative. Future studies with novel designs and
advanced techniques are required to determine the causal links
supporting this interpretation. Finally, as an essential task design
feature of longitudinal study, repeated testing is also related
with confounding data such as practice effects, which are worth
considering in future studies.

In conclusion, our study demonstrates heterogeneous matu-
ration of the DMN and FPN involved in working memory at both
multivoxel activity and network organization levels. Children’s
DMN reaches an adult-like maturation earlier than FPN. We
suggest that the DMN could provide a scaffold for the FPN’s
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relatively slower maturity to support children’s working memory
processing. Our findings provide important insights into the
multifaceted contributions of the DMN to human cognition from
a developmental perspective, which can inform future research
to uncover the organizational principles of how the DMN works in
concert with FPN to support cognitive development more broadly.
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