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ABSTRACT

BACKGROUND: Anxiety disorders may partly stem from altered neurodevelopment of attention-related networks.
Neonatal alterations in resting-state functional connectivity (rsFC) among the dorsal attention network (DAN),
frontoparietal network (FPN), salience network (SN), and default mode network (DMN) relate to fearful
temperament, a risk marker for anxiety. Nevertheless, few studies have examined the development of these
networks beyond the first months of life, particularly in fearful infants. In this study, we examined how changes in
these networks during the first 2 years of life relate to fearful temperament.

METHODS: Using data from the Baby Connectome Project (from 180 infants across 396 sessions), we conducted
independent component analysis to extract rsFC among the DMN, SN, DAN, and FPN. Longitudinal modeling
characterized 1) age-related changes (slope) in rsFC through age 2 years, 2) the relationship between rsFC change
(slope) and fearfulness at age 2 years, and 3) the relationship between rsFC and fearfulness trajectories (slope and
intercept) during the first 2 years of life.

RESULTS: Age-related decreases occurred in DAN-FPN and DMN-SN rsFCs. Smaller decreases in DAN-FPN rsFC
over time related to greater fear at age 2 and to increases in fearfulness over time. High initial DAN-FPN rsFC and low
initial DAN-SN rsFC also related to increasing fearfulness over time.

CONCLUSIONS: This study provides the first evidence that changes in attention-related brain networks are related

to early-life fearfulness, a robust early-life risk marker of anxiety.

https://doi.org/10.1016/j.bpsc.2025.07.003

Anxiety disorders are prevalent (1), arise early (2), and involve
altered attention (3-5), possibly through dysfunction in several
large-scale brain networks (e.g., the dorsal attention network
[DAN], frontoparietal network [FPN], salience network [SN], and
default mode network [DMN]) (6). Because fearful infants are at
risk for anxiety and exhibit altered resting-state functional con-
nectivity (rsFC) among these networks (7-12), anxiety may
reflect aberrant development of attention-related brain networks
(13). However, few studies have considered how these brain
networks change after the first months of life, particularly among
infants at risk for anxiety (14). In the current study, we link
changes in attention-related brain networks over the first 2 years
of life to fearful temperament, an anxiety risk marker.

Fearful temperament, like anxiety, involves perturbations in
attention (15-18). Whether it is measured observationally or with
parent report, fearfulness robustly predicts later anxiety (19-24),
particularly when fearfulness is persistent (25,26). Although
fearfulness fluctuates over the first year of life, by toddlerhood,
individual differences in fearful temperaments stabilize (27-29).
Thus, it is crucial to examine links between the development of
fearfulness and attention-related networks.

The SN, FPN, DMN, and DAN support attention across the
lifespan (3,30-35), including during infancy. While the SN di-
rects attention to salient environmental stimuli (36), the FPN

and DAN align attention to a person’s goals (37,38). Together,
the DAN, FPN, and SN sustain and reorient attention during
demanding cognitive tasks (37,39). Unlike the SN, FPN, and
DAN, the DMN is most active when not engaged in a particular
cognitive task (40). For this reason, the DMN is thought to
underlie internally oriented attention (41,42). In patients with
anxiety, individual differences in engagement of these net-
works during attention-demanding tasks is paralleled by al-
terations in these networks at rest (43). While few task-based
functional magnetic resonance imaging (fMRI) studies have
examined infants (44), newborns at high risk for anxiety show
greater engagement in the SN, FPN, and DMN than newborns
at low risk when attending to salient stimuli (45,46). Newborn
studies have also shown that greater rsFC within the SN
(7,9,47), less rsFC within the DMN (10,12), and less rsFC be-
tween the DAN-DMN, -SN, and -FPN (8) are associated with
infant fearfulness. Greater within-network rsFC during infancy
reflects increased synchronization and specialization among
brain regions (6), whereas reductions in between-network
rsFC may reflect increasing network segregation and func-
tional differentiation (6).

The consistency across studies of infants and patients with
anxiety could indicate that anxiety risk is characterized by
early alterations in rsFC and limited change in rsFC over time.
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However, this hypothesis remains untested. To date, no study
has evaluated how changes in rsFC relate to changes in
fearfulness using longitudinal MRI and behavioral assess-
ments (6,11,48-50). However, one report has mapped how
rsFC changes over the first 2 years of life relate to emotional
outcomes (11). This study found that greater amygdala-DMN
and amygdala-visual network rsFC and less amygdala—
sensorimotor network rsFC (from ages 1-2) were associated
with greater anxiety at age 4 (11). While promising, <30 infants
in this study provided complete data, and therefore there is a
need for larger studies.

In the current study, we characterized the development of
attention-related brain networks using the BCP (Baby Con-
nectome Project) data (49). We obtained high-quality rsFC
from 180 infants across 396 sessions, with most infants
providing data for 2 or 3 time points. rsFC among 4 attention-
related networks (i.e., DMN, SAN, DAN, and FPN) was quan-
tified, and between-network connectivity was extracted. This
study had 3 aims: first, to characterize age-related changes in
rsFC across all network pairs; second, to evaluate the rela-
tionship between rsFC change (slope) and fearfulness at age
2; and third, to evaluate co-trajectories of fearfulness and rsFC
across the first 2 years of life. In this study, we took a
hypothesis-driven approach to characterizing the neuro-
developmental origins of fearful temperament.

METHODS AND MATERIALS

Participants

A total of 209 full-term infants were scanned between birth and
60 months (University of Minnesota site of the BCP) (49). Infants
were excluded if they were preterm (gestational age <37 weeks),
had low birth weight (<2000 g), had contraindication to MRI, the
mother experienced severe pregnancy and/or delivery compli-
cations or reported illicit drug use during pregnancy, or the infant
had a first-degree relative with a known neurodevelopmental
disorder or a medical condition affecting development. Infants
were also excluded if their parents could not provide informed
consent in English or if the child was adopted. All parents/
guardians provided informed consent prior to data collection.
This study was approved by the institutional review board.
Several infants were excluded for insufficient high-quality
MRI data (see Quality Control and Data Loss for details). In
total, 180 infants had sufficient high-quality MRI data for inclusion
in group-level analyses (see Table 1 for demographics). Of these,
114 infants (63%) contributed high-quality longitudinal data:
59 infants with 2 time points, 19 infants with 3 time points, 26
infants with 4 time points, 9 infants with 5 time points, and 1 infant
with 6 time points. In total, we utilized MRI data from 396 MRI
SessioNns (Meanvri sessions per infant = 2.2, SD = 1.25, range = 1-6)
(see Figure 1 for postnatal age distribution details). Infants
included in the final analysis did not differ from infants excluded
on race/ethnicity (p > .51), maternal education (p = .1), income
(o > .066), or sex (p > .34) (see the Supplement for more details).

MRI Data

Acquisition. MRI data were acquired on a 3T Siemens
Prisma scanner. At each MRI session, T1-weighted (TR = 2400
ms, TE = 2.24 ms, flip angle = 8°, 0.8 mm isotropic),

Table 1. Demographics for Sample of Infants With High-
Quality Imaging Data from the Baby Connectome Project
(N = 180)

n orn (%)
Sex
Female 91
Male 89
Ethnicity/Race
Latino/Hispanic and Asian 0 (0%)
Latino/Hispanic and Black 1 (0.55%)
Latino/Hispanic and more than 1 race 3 (1.7%)
Latino/Hispanic and White 8 (4.4%)
Non-Hispanic and Asian 2 (1.1%)
Non-Hispanic and Black 0 (0%)
Non-Hispanic and more than 1 race 28 (15.6%)
Non-Hispanic and White 137 (76.1%)
Not answered/White 1 (0.55%)
Maternal Education
Some high school 1 (0.55%)
High school 1 (0.55%)
Some college 13 (7.2%)
College 69 (38.3%)
Some graduate school 11 (6.1%)
Graduate school 80 (44.4%)
Not reported 5 (2.8%)
Income
<$25,000 2 (1.1%)
$25,000-$34,999 3 (1.7%)
$35,000-$49,999 6 (3.3%)
$50,000-$74,999 34 (18.9%)
$75,000-$99,999 34 (18.9%)
$100,000-$149,999 54 (30%)
$150,000-$200,000 28 (15.6%)
>$200,000 18 (10%)
Not reported 1 (0.5%)

T2-weighted (TR = 3200 ms, TE = 564 ms, flip angle = varia-
ble°, 0.8 mm isotropic), and resting-state (TR = 800 ms,
TE = 37 ms, flip angle = 52°, 2 mm isotropic) scans were
obtained. At processing onset, we identified 518 complete
MRI sessions. An additional 101 MRI sessions were attempted
but resulted in insufficient data for processing (7 infants had
insufficient T1-weighted scans, 3 infants were missing
T2-weighted scans, and 91 were missing resting-state data).

Preprocessing fMRI. Data from the 518 MRI sessions
were submitted to Nibabies (version 21.0.2), an infant equiv-
alent of fMRIPrep, for preprocessing. Anatomical pre-
processing used intensity normalization, skull stripping, tissue
segmentation (i.e., gray matter, cerebrospinal fluid [CSF], and
white matter [WM])), and spatial normalization to University of
North Carolina age-specific template and Montreal Neuro-
logical Institute (MNI) space (51,52). Functional data pre-
processing included slice timing correction, estimation of
head-motion parameters, spatiotemporal filtering, field map
rigid registration to the target echo-planar imaging reference
run, correction for susceptibility distortions and head motion,
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Figure 1. All data across all infants, ages, and assessment types. Red
dots indicate a magnetic resonance imaging (MRI) assessment with high-
quality data. Yellow dots indicate that behavioral data were available from
either the Infant Behavior Questionnaire-Revised or Early Childhood
Behavior Questionnaire. Purple dots indicate instances when at a single
time point, an infant had both MRI and behavioral data available.

and coregistration to a T1- and T2-weighted reference using
boundary-based registration.

Confounds in the preprocessed blood oxygen level-
dependent (BOLD) time series were identified and utilized for
denoising. These confounds included head-motion estimates
and framewise displacement (FD) [computed using absolute
sum of relative motions (53)], as well as whole-brain global
signal. Frames that exceeded a threshold of 0.25 mm FD or
1.5 standardized root mean square of temporal fMRI signal
change at each time point (DVARS) were annotated as motion
outliers. The BOLD time series was then resampled into
standard space, which produced a preprocessed BOLD time
series in MNI infant space. Nongridded (surface) resamplings
were performed using mri_vol2surf (infant FreeSurfer).

Denoising. Following visual inspection, custom python
scripts denoised the data by scrubbing censored frames and
regressing out the following nuisance variables: 24 head-motion
parameters, motion outliers, CSF, WM, global signal, cosines,
and pre-steady state outliers. This set of nuisance regressors
has been shown to substantially attenuate artifacts in resting-
state data (54). Low-frequency drifts were removed by the in-
clusion of cosines as nuisance regressors; this method is akin to
bandpass filtering (55). Global signal regression was utilized in
denoising because it has been shown to effectively remove
respiration and motion artifacts (53,56).

Quality Control and Data Loss. To ensure that all pro-
cessed data were high quality, quality assessment reports
were visually inspected for all 518 MRI sessions. Following

visual inspection, 77 MRI sessions (15%) were subsequently
deemed to be poor quality. Twenty-seven sessions were
outside the age range of 0 to 28 months for focal analyses and
were thus removed. Of the remaining 414 sessions, 18 ses-
sions had <250 frames of low-motion data. Thus, 396 MRI
sessions were deemed to be high quality. These 396 MRI
sessions came from 180 infants. Averaging across all partici-
pants and sessions, our high-quality MRI sample had
approximately 11.57 minutes of data (mean = 867.67 retained
frames, SD = 370.10 frames) (see the Supplement for distri-
bution). There were no associations between the number of
retained frames and age (p > .565).

To estimate the relative motion remaining in our high-
quality sample, we computed the average FD in retained
frames across all infants and across all ages (meangp = 0.14,
SDgp = 0.017) (see Figure S2 for average by age). While mean
FD was low, there was a positive association between age and
mean FD (F; = 15.731, p < .001) (see Figure S1). Thus, mean
FD was controlled in our models.

Group Independent Component Analysis

To identify the brain networks of interest, we utilized
MELODIC. MELODIC decomposed resting-state data into
spatial and temporal components. Our dataset included
different numbers of runs per participant and multiple imaging
sessions; thus, to ensure that our group map was not biased
toward individuals or time points with more available data we
constrained the dataset used to generate the group maps.
Specifically, every participant who contributed to the group
map contributed 2 runs of resting-state data at 1 longitudinal
time point, and each imaging assessment age was repre-
sented. Thus, all infants/time points contributed equally to the
group network identification process. No significant age ef-
fects emerged for any group map (ps >.05), confirming that
the correspondence with the within-network mask did not vary
as a function of age. Thirty components were identified, and
after visual inspection, 17 were classified as noise (due to
inclusion of nonbrain tissue) and removed. We selected
components that aligned most closely with the SN, FPN, DAN,
and DMN by visual inspection (see the Supplement for de-
tails). Figure 2 illustrates spatial maps for the attention-related
brain networks of interest. Notably, we found 2 networks that
were largely anchored in the prefrontal cortex (PFC) and
included some limited parietal regions; both have been labeled
FPN (I and Il, respectively). FPN Il includes more lateral PFC
than FPN I, while FPN | encompasses more anterior and
medial portions of the PFC. Additionally, the infant DMN did
not present with a frontal component, consistent with previous
work (57). Additional details on the anatomical regions high-
lighted in the group maps are provided in the Supplement.
Following MELODIC, we conducted dual regression to
extract participant-specific time series from the group map.
Using the participant-specific time courses as input, we then
conducted network modeling using FSLNets functions to
compute Pearson correlations between all networks. Fisher’s
r-to-z transformation was applied. A group-level rsFC matrix
with hierarchical clustering is presented in Figure 3. FSLNet’s
clustering algorithm detected 4 clusters. Cluster 1 comprises
the 2 FPN components (independent component [IC] 3 and IC
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Figure 2. Spatial maps for the 5 independent components (ICs) selected for this analysis to represent dorsal attention network (IC 1), default mode network
(IC 2), salience network (IC 4 [medial prefrontal cortex]), and frontoparietal network (FPN) (IC 3 [FPN 1], IC 5 [FPN II]).

5). Cluster 2 comprises the DAN (IC 1). Cluster 3 comprises
the SN (IC 4). Cluster 4 comprises the DMN (IC 2). Consistent
with other work, we found that 1) the FPN is negatively
associated with the DMN, 2) FPN Il was negatively associated
with SN/ventral attention network, and 3) the DAN, SN, and
DMN were all negatively correlated with one another (57).

Parent Report of Infant Fearful Temperament

Parents reported on infant temperament using the Infant
Behavior Questionnaire-Revised (IBQ-R) and the Early Child-
hood Behavior Questionnaire (ECBQ) (49). All analyses were
conducted using the IBQ-R and ECBQ’s fear subscales, which
indicate the extent to which infants exhibit fear in the presence
of novelty. The fear subscale of the ECBQ is considered
equivalent to that of the IBQ, given the identical format and
similar question structure, which facilitates a seamless age
extension from the IBQ to the ECBQ (58,59). IBQ-R fear data
were collected at 3 to 5 months (n = 68), 6 to 8 months
(n =32), 9 to 11 months (n = 20), and 12 to 15 months (n = 85).
ECBAQ fear data were collected at 20 to 27 months (n = 101). A
total of 93 participants provided fearful temperament data at 2
or more time points, and 57 of them contributed data from at
least 2 time points, including at least one after age 20 months.
For the distribution of all available fear data, see the
Supplement. ECBQ fear at 20 to 27 months (referred to
throughout as age 2) was selected as the outcome for study
aim 2 because this was the time point with the largest amount
of parent-reported fear data. Study aim 3’s analyses

(examining co-trajectories of rsFC and fearful temperament)
utilized all available IBQ and ECBQ data.

Analytic Approach

Aim 1 was to identify age-related changes in rsFCs between
the SN, FPN (FPN | and FPN lI), DAN, and DMN. Thus, we
used the average spatial map from the second stage of dual
regression to test for age effects on rsFC. All statistical ana-
lyses adjusted for mean FD and sex. Statistical significance
was determined using Permutation Analysis of Linear Models
(PALM) (60). PALM performs permutation-based inference,
providing a robust method for statistical inference without
relying on traditional parametric assumptions. All models were
run with 500 permutations. The p values were computed after
fitting a generalized Pareto distribution to the tail of the per-
mutation distribution (61) to dispense with the need of per-
forming a computationally prohibitively large number of
permutations.

Aim 2 was to evaluate whether network changes related to
age 2 fearfulness. Thus, for each attention network pair that
showed a significant group-level age-related change (DAN-
FPN I, DMN-SN), we first extracted participant-level rsFC
intercept and slopes using linear mixed-effects models,
implemented in R version 4.4.0 with the Ime4 package (62).

Specifically, for each network pair, we estimated a linear
mixed-effects model for the rsFC value, including participant-
level random effects for both the intercept and the age term,
and extracted the participant-level random intercepts and
slopes for subsequent analysis. To model the age effect, we
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Figure 3. Group-level functional resting-state functional connectivity
matrix of resting-state data. Full correlations are presented below the di-
agonal; partial correlations are presented above the diagonal. Four clusters

emerged. Cluster components with more similar time courses are closer
together.
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considered both age and log(age) and selected the better
representation based on the Akaike information criterion (AIC).
The model with the lower AIC is reported below (see the
Supplement for model fit comparison). The intercept and
slope were then related to fear through linear regressions, with
the participant-level intercept and slope included as a pre-
dictor in separate models for fear at age 2. p Values (threshold
set at .05) for fixed effects were obtained using permutation
tests with 10,000 permutations.

Aim 3 was to explore longitudinal co-trajectories of rsFC
and fear across all network pairs and data collection time
points, using longitudinal structural equation models (SEMs).
Specifically, for each network pair, we tested the association
between network rsFC and fearful temperament in terms of
both their initial (intercept) and age-related changes (slope).
Given each network pair, this approach jointly estimates the
linear trajectory of the corresponding rsFC measures and that
of fear, allowing for their longitudinal correlations through
shared random effects (63,64). This longitudinal SEM with
participant-level random intercepts and slopes is well suited to
accommodating irregular time intervals, mismatch between
FC and fear measurements, and handling missing data and
allowed us to assess the association between changes in
each rsFC measure and fear. Given the relatively small sample

size for longitudinal assessments of both rsFC and fear, we
estimated the models using a Bayesian paradigm for model
stability (see the Supplement for additional details). This
approach allowed us to include 167 participants with at least 1
nonmissing value for both FC and fear measures. To ensure
model estimation stability, we utilized weakly informative prior,
which shrink estimates toward the null (i.e., conservative),
thereby avoiding overfitting of the longitudinal bivariate as-
sociations over time. The significance of FC-fear associations
were assessed through the model parameters that captured
the bivariate association (represented by the gamma param-
eters; see the Supplement for information) and their credible
intervals.

RESULTS

Characterizing Attention-Related Network Change
Over Time

On average, significant age-related rsFC decreases manifested
in DAN-FPN 1l (n2 = 0.13, familywise error rate-corrected
p [orwer]l < .045) (Figure 4) and DMN-SN (n? = 0.10,
Prwer < .021) (Figure 4)*. No other significant changes were
observed.

rsFC Slopes Associated With 2-Year Fear

Next, we related both DAN-FPN Il and DMN-SN rsFC age-
related slopes to fear at age 2 years. The slope of DAN-FPN
Il rsFC significantly related to fear at age 2 (F; = 4.1993,
B =2.881, p = .043) (Figure 5), such that smaller decreases in
DAN-FPN Il rsFC over time were associated with greater fear
at 2 years. No other significant associations emerged.

Longitudinal Modeling of the Co-Trajectories of
rsFC and Fear Across Time

Next, we examined associations between rsFC trajectories
and fear trajectories (i.e., slopes and intercepts). The rate of
change in fear (slope) had moderate positive associations with
1) initial DAN-FPN 1l rsFC values (intercept), such that higher
initial DAN-FPN 1l rsFC related to steeper increases in fear,
with a posterior probability of the corresponding gamma
parameter: Pr(I'yg > 0) = 75%; and 2) the rate of change in
DAN-FPN Il rsFC value (slope), such that lower decreases in
DAN-FPN 1l rsFC related to steeper increases in fear, with a
posterior probability of the corresponding parameter: Pr(["'11) =
80% (see Figure 6). Additionally, results demonstrated that the
rate of change in fear (slope) had a moderate negative asso-
ciation with initial DAN-SN rsFC values (intercept), such that
lower initial DAN-SN rsFC related to steeper increases in fear,
with a posterior probability of the corresponding parameter: Pr
(T < 0) = 80%. No other associations were observed.

DISCUSSION

This study characterized rsFC change over the first 2 years of
life. Results showed age-related decreases in DMN-SN and
DAN-FPN rsFC values. Smaller DAN-FPN declines related to
greater fearful temperament at age 2. Longitudinal analyses

212 represents the proportion of variance explained by age factor.
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Figure 4. Postnatal age-related decreases were
observed in dorsal attention network—frontal parietal
network Il (A) and default mode network-salience
network (B) resting-state functional connectivities
over the first 2 years of life.
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leveraging all data replicated these focal findings within a
Bayesian statistical framework; again, smaller reductions in
DAN-FPN rsFC related to increases in fearfulness. Our longi-
tudinal analyses also demonstrated that greater newborn
DAN-FPN rsFC (i.e., intercept) was associated with increasing
fearfulness. Furthermore, lower newborn DAN-SN rsFC was
associated with increases in fearfulness. Together, this pro-
vides novel evidence that infant attention-related brain net-
works relate to the development of fearful temperament.
While previous work found decreasing DMN-SN and SN-FPN
rsFC over the first years of life (6), our study is the first to show
decreasing DAN-FPN rsFC. This provides additional evidence
that attention-related brain networks specialize with develop-
ment. During early infancy, high rsFC among networks suggests
broadly coordinated brain activity (i.e., less network specializa-
tion), which decreases as each network becomes better defined
(i.e., more specialized). Neural specialization could support
attentional efficiency, consistent with research showing

-0.025

- FPN I

—-0.050

ge in DAN
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rsFC chan

-0.100

-0.125

1 2 3 4 5
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Figure 5. Positive association between resting-state functional connec-
tivity (rsFC) rate of change in dorsal attention network (DAN)-frontal parietal
network (FPN) Il and fear at 2 years.

500
Age (days)

750

improved attention regulation across the first years of life
(65,66). Age-related decreases in rsFC between the DMN and
SN appeared robust to analytic methods. In adults, the SN
modulates the balance between the DMN and FPN to detect
external stimuli and evaluate it based on internal processes
(34,67). If the DMN functions similarly in infants and adults, such
rsFC changes between the DMN and SN could relate to infants’
increases in regulatory capacity with maturation in attentional
control (6,68).

By using a novel Bayesian analytic method, we were able to
explore how rsFC trajectories relate to the maintenance of
fearful temperament over the first 2 years of life. Our results
implicated greater initial DAN-FPN rsFC and lower initial DAN-
SN rsFC in increasing fearfulness, resembling previous find-
ings with newborns (9,12) and 4-month-old infants (8), as well
as previous data on the neural correlates of anxiety symptoms
in older individuals (3,68,69). While previous work has linked
the SN and FPN to anxiety and its early-life risk factors
(8,70,71), few studies have implicated the DAN. The DAN
supports selective attention (72,73), and altered DAN rsFC has
recently been linked to social anxiety disorders (74). The link
between neonatal DAN-FPN rsFC and the maintenance of a
fearful phenotype may suggest that attentional control is a
core feature of early-life risk. These data are also consistent
with theoretical models that emphasize the significance of
time-limited experiences in infancy for developmental path-
ways to psychopathology (75).

In addition to newborn rsFC, we also found that smaller
decreases in DAN-FPN rsFC were associated with greater
fear. We showed this both by relating the rsFC slope for the
DAN-FPN to fear at age 2 and by evaluating fearfulness tra-
jectories. The convergence across these two analytic ap-
proaches is promising and suggests developmental stability in
brain network alterations that may underlie anxiety-related
behaviors (e.g., challenges with attentional control). By eval-
uating fearful temperament trajectories in relation to rsFC
trajectories, these data are the first to demonstrate that
changes in attention-related brain networks during infancy
(particularly in networks that dynamically control attention and
support top-down regulation) may underlie the maintenance of
fear over time.

Taken together, our findings may suggest that infants who
exhibit a more tightly coupled DAN-FPN system—and who
show less change—may remain stuck in a vigilance-biased
state, leaving fewer neural resources for salience-driven
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Figure 6. (A) Posterior distributions of gamma
parameters for the association between fear and
dorsal attention network (DAN)-frontoparietal

Gamma01~ /| Gammao1 =

s

network (FPN) Il resting-state functional connectiv-
ity (rsFC); (B) posterior distributions of gamma pa-
rameters for the association between fear and

I

DAN-salience network (SN) rsFC. Each panel rep-
resents bivariate longitudinal association parameter

Gamma10+ Gammat0+

Gammat1« /I Gammat1=

i

estimates from the longitudinal structural equation
models for each network pair (DAN-FPN Il and
DAN-SN): 1) gammagg (intercept-intercept) cap-

1o 5 0 5 10

tures the relationship between the fear intercept
(initial value) and the FC intercept (initial value); 2)
gammay, (intercept-slope) captures the relationship

between the fear intercept and the FC time slope; 3) gammasg (slope |ntercept) captures the relationship between the fear time slope and the FC intercept;
and 4) gammay (slope-slope) captures the relationship between the fear time slope and the FC time slope. The blue shaded regions represent 50% posterior

credible intervals.

switching (SN) and introspective appraisal (DMN) that typically
downregulate threat signals (76). If this is followed by a delay
in developmental rebalancing among the DAN, FPN, SN, and
DMN, fearfulness may increase and stabilize: Persistent DAN-
FPN synchrony sustains hyperorienting to potential danger,
while smaller DMN-SN decoupling limits the infant’s capacity
to flexibly disengage attention from aversive arousal and re-
engage with positive social stimuli (77). This evidence is also
consistent with several core neurodevelopmental theories of
anxiety (15,17). However, additional work is needed to un-
derstand the extent to which these changes underlie the later
development of anxiety symptomatology and to isolate envi-
ronmental factors that could alter these trajectories.

The current study has several notable strengths. First, we
utilized a publicly available dataset (BCP) that utilized a
cohort-sequential design and provided high-quality rsFC data
from 180 infants across 396 sessions. Previous studies esti-
mated change by leveraging a few developmental anchor
points (e.g., 0-3 months, 1 year, 2 years) (6,11). However, the
BCP captured variability across the period from 0 to 2 years
with nearly all months included. Second, our data-driven
approach to network identification avoided assuming an
adult-like organization for the infant brain, thereby generating
an unbiased group map. Third, this article includes traditional
regression analyses using behavioral data at age 2 (i.e., the
time point when most participants had fearful temperament
data). However, we supplemented these analyses using an
advanced Bayesian approach, and the consistency of our
findings from these supplemental analyses illustrate that our
results are robust.

These strengths should be considered together with the
study’s limitations. First, the correlational nature of the anal-
ysis limits interpretations related to the causality or direc-
tionality of the associations between rsFC changes and fearful
temperament. Future longitudinal studies are needed to
advance understanding of how developmental changes in
attention networks relate to anxiety outcomes. Second, we
focused on 4 key attention-related networks. Thus, it is
possible that rsFC among other brain networks (e.g., visual,
sensorimotor, auditory) (3,74) may also play a role in the
development of fearfulness. It is also possible that if we had
focused on amygdala rsFC, as has been reported previously
(11), our conclusions might be different. Future research is
needed to evaluate this possibility. Third, we utilized parent-

report measures of fearfulness. While these questionnaires
provided an efficient assessment of early temperament
development for the collection of longitudinal data, we know
that parent report and observed behavior are only modestly
correlated (78,79). Thus, extensions using observational
methods should be conducted to better understand the
generalizability of these results. Fourth, although independent
component analysis (ICA) avoids assumptions of adult brain
functional organization, our results are highly dependent on
our network identification process. We provide considerable
evidence of the regions that make up each network both in the
main text and the Supplement. We caution that our results
should be considered in relation to the precise regions
captured by our ICA group maps. However, the consistency
between our findings and published work that used atlas-
based approaches may minimize this concern. Additional
large-scale longitudinal MRI studies could help determine the
reproducibility of these data-driven networks. Finally, the
sample reported on here is largely non-Hispanic White, highly
educated, and of high socioeconomic status. Replicating
these findings in more diverse samples is critical.

Conclusions

This study provides novel insights into the development of
attention-related brain networks during infancy and how brain
change relates to fear during the first years of life. This work is
both consistent with neurodevelopmental theories and pro-
vides a more nuanced understanding of rsFC changes that
may relate to fear. By advancing our understanding of the
neural origins of fear, a potent risk marker for developing
anxiety, this work has the potential to inform early identifica-
tion efforts and shape future work on the mechanisms that
underlie effective early intervention.
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