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ARTICLE INFO ABSTRACT

Keywords: Anxiety disorders are among the most prevalent mental health conditions, often emerging early in life and
Bed nucleus of the stria terminalis (BNST) leading to substantial impairments across the lifespan. The bed nucleus of the stria terminalis (BNST) plays a
Anxiety

central role in threat processing and anxiety regulation, yet its early functional connectivity profile and links to
early signs of anxiety remain poorly understood. The current study investigates intrinsic functional connectivity
of the BNST in 1-month-old infants using resting-state functional magnetic resonance imaging and explores its
longitudinal association with anxiety symptoms later in infancy. We observe that early in development the BNST
exhibits intrinsic connectivity with key subcortical regions, including the amygdala, hippocampus, and ventral
striatum. However, connectivity patterns observed in human adults, including BNST—frontal cortex connectivity,
were not observed in infants. Furthermore, weaker BNST-amygdala connectivity at 1 month was significantly
associated with greater anxiety symptoms assessed at 18 months (5=-0.339, 95 % CI [-0.586, —0.093]), high-
lighting the potential role of early BNST connectivity in later anxiety-related behaviors. These findings provide
the earliest evidence to date of BNST functional connectivity in human infancy and its prospective link to later
anxiety symptoms, helping to fill a critical gap in our understanding of the early development of anxiety-related
neural circuits.

Resting state functional connectivity
Early infancy

1. Introduction

Anxiety disorders are among the most prevalent mental health con-
ditions (Kessler et al., 2005), with a lifetime prevalence of approxi-
mately 34 % in the United States (Kessler et al., 2012). Anxiety disorders
are associated with significant functional impairments across social,
academic, and occupational domains (Aderka et al., 2012; McKnight
et al., 2016; Sherbourne et al., 2010), as well as a reduced quality of life
(Mendlowicz and Stein, 2000). Cross-species research has implicated the
bed nucleus of the stria terminalis (BNST), a basal forebrain structure
(Davis et al., 2010; Fox et al., 2015), in the expression and regulation of
anxiety-related behaviors (Avery et al., 2016; Davis et al., 2010; Lebow
and Chen, 2016; Walker et al., 2003). In humans, task-based fMRI
studies show that the BNST is more strongly activated during

unpredictable threat anticipation and exhibits altered functional con-
nectivity with key regions such as the amygdala and medial prefrontal
cortex in individuals with higher levels of anxiety (Alvarez et al., 2011;
Brinkmann et al., 2018, 2017; Chavanne and Robinson, 2021; Clauss
et al., 2019, 2019; Figel et al., 2019; Grogans et al., 2024; Jin et al.,
2023; Klumpers et al., 2017; Meyer et al., 2019; Siminski et al., 2021;
Somerville et al., 2010; Yassa et al., 2012). These findings support the
BNST’s role in sustained threat processing and valence surveillan-
ce—core components of anxiety neurobiology.

The BNST developmental trajectory remains poorly understood.
Understanding when and how BNST connectivity emerges during early
development—a critical period for shaping later emotional out-
comes—may be essential for identifying the neural origins of anxiety
risk. Early postnatal life is characterized by rapid brain development,
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during which neural circuits, including the BNST, undergo significant
maturation (Halladay and Herron, 2023; Kostovic et al., 2019). In ro-
dents, BNST neurons are generated and migrate primarily during the
second and third gestational weeks, corresponding to the first and sec-
ond trimesters in humans (Bayer, 1987; Clancy et al., 2001). BNST
connections in rodents also develop rapidly during early life. For
example, BNST projections to hypothalamic nuclei mature in the early
postnatal period (Lanzillo et al., 2021); connections to limbic regions,
such as the medial amygdala, begin to emerge by postnatal day 5 and
reach maturity by day 15 (Cooke and Simerly, 2005); and synaptic
connectivity with autonomic neurons involved in visceral responses to
aversive stimuli is established between postnatal days 4 and 10
(Rinaman et al., 2000). In non-human primates, white matter pathways
linking the central amygdala and the lateral division of the BNST are
established as early as 3 weeks of age (Oler et al., 2017). Investigating
the BNST during early human life is therefore crucial for advancing our
understanding of its development and maturation, including the estab-
lishment of its neural circuits and their implications for threat and
stress-related responses. Despite this importance, there remains a sig-
nificant gap in the literature, as few human studies to date have exam-
ined the BNST prior to childhood. Such research would provide valuable
insights into the early neural origins of anxiety vulnerability, especially
given that early intervention may be effective for preventing anxiety
(Baughman et al., 2020).

Resting-state fMRI, which captures spontaneous neural activity in
the absence of goal-directed action and external input, provides insights
into intrinsic functional connectivity patterns that reflect the brain’s
baseline activity (Damoiseaux et al., 2006). Importantly, resting state
fMRI can be collected noninvasively during natural sleep (Fransson
et al.,, 2007), making it uniquely well-suited for studying intrinsic
functional connectivity in very young populations for whom following
instructions or participating in tasks is challenging. In adults,
resting-state fMRI studies have demonstrated that the BNST exhibits
robust functional connectivity with midline structures, including the
posterior cingulate cortex, cuneus, medial frontal cortex, thalamus, and
caudate, as well as limbic regions such as the amygdala and hippo-
campus (Avery et al., 2014; Gorka et al., 2018; Rabellino et al., 2018;
Tillman et al., 2018; Torrisi et al., 2015; Weis et al., 2019). More
importantly, those intrinsic BNST functional connectivity appear to be
associated with anxiety- and trauma/stressor-related psychopathology
(Banihashemi et al., 2022; Hofmann and Straube, 2021; Jenks et al.,
2020; Pedersen et al., 2020; Rabellino et al., 2018; Torrisi et al., 2019).
For example, patients with clinical anxiety showed weaker BNST
resting-state functional connectivity with the dorsolateral prefrontal
cortex and occipital cortex compared to non-anxious volunteers, and
BNST-precuneus resting-state functional connectivity was positively
correlated with anxiety symptoms (Torrisi et al., 2019). Individuals with
post-traumatic stress disorder showed heightened BNST functional
connectivity with the ventral and dorsal striatum compared with con-
trols (Rabellino et al., 2018). These findings suggest that examining
BNST intrinsic functional connectivity at rest may help identify neural
mechanisms underlying anxiety vulnerability and symptoms. In a recent
effort to explore BNST connectivity in early development, Feola et al.
(2021) used resting-state functional magnetic resonance imaging (fMRI)
in a sample of 8-10-year-old children. Despite developmental differ-
ences in task-based BNST activation compared to adults, intrinsic BNST
connectivity in children closely resembled adult-like patterns, high-
lighting the establishment of BNST functional circuits by middle child-
hood. However, it remains unclear how early these functional circuits
begin to emerge and whether early BNST connectivity relates to risk for
anxiety—a gap the present study aims to address.

Infant resting-state fMRI work has largely focused on the amygdala
(e.g., Filippi et al., 2021; Graham et al., 2016; Rogers et al., 2017; Sal-
zwedel et al., 2019; Thomas et al., 2019) and/or large-scale networks (e.
g., Banihashemi et al., 2023; Phillips et al., 2021), linking their con-
nectivity to temperamental and behavioral phenotypes associated with
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later emotional difficulties. By contrast, BNST, as part of the extended
amygdala, remains poorly understood in infancy—a critical gap given
adult evidence that the BNST supports sustained threat monitoring and
anxiety-related processes. Investigating BNST functional connectivity
during infancy may therefore offer additional insights into the early
neural substrates of emerging anxiety risk. Early-emerging temperament
traits, particularly those characterized by heightened fear and anxious
reactivity, have been consistently linked to increased risk for developing
anxiety disorders later in life (Buss, 2011; Clauss and Blackford, 2012).
These behavioral tendencies are thought to reflect individual differences
in neural systems underlying threat detection and emotion regulation
(Fox and Pine, 2012; Shackman and Fox, 2016). Thus, BNST functional
connectivity in early infancy may be associated with temperamental risk
for anxiety.

The goals of the present study were to characterize intrinsic func-
tional connectivity of the BNST in early infancy and examine its pro-
spective  associations with later anxiety-related outcomes.
Understanding the developmental timeline and functional emergence of
BNST, including when its pathways are established and begin to func-
tion, has important implications for identifying the neural origins of
anxiety and uncovering critical windows of vulnerability and resilience.
For example, knowing when BNST connectivity with key brain regions
matures could clarify how early-life experiences shape emotional regu-
lation and threat processing. Toward this end, we collected resting-state
fMRI data from 1-month-old infants and mapped the intrinsic functional
connectivity of the BNST using a seed-based approach, a well-
established method for examining functional connections across the
brain from a defined region of interest. Based on Feola et al. (2021)
findings in children and evidence that large-scale functional networks
are already present at birth (Doria et al., 2010; Fransson et al., 2007;
Nielsen et al., 2023), we hypothesized that the BNST would exhibit
functional connectivity with key regions (e.g., the amygdala) as early as
1 month of age, though its connectivity might not yet fully resemble the
adult pattern. Furthermore, we explored whether intrinsic BNST con-
nectivity at 1 month could predict anxiety risk assessed later in infancy.
To our knowledge, this is the first neuroimaging study to examine BNST
functional connectivity in human infants. As such, we did not have
strong a priori hypotheses regarding whether specific connections would
be predictive. If associations between early BNST connectivity and later
anxiety risk were observed, this would suggest that individual differ-
ences in BNST circuitry contribute to emerging anxiety risk even within
the first months of life. Conversely, null findings would suggest that the
functional relevance of BNST connectivity for anxiety symptoms may
emerge later in development.

2. Methods
2.1. Participants and procedures

Families were recruited during pregnancy from the greater Nashville
area through obstetrics clinics and social media advertisements for the
longitudinal study of infant brain and behavioral development (Ravi
et al., 2023). Interested individuals were first screened via phone to
confirm eligibility, which included being 18 years or older, currently
pregnant with a singleton pregnancy, fluent in English, a U.S. citizen or
permanent resident, and having no immediate plans to move out of the
greater Nashville area. After their due date, participants were screened
again to assess their infant’s eligibility for MRI scanning. Exclusion
criteria included parent-reported severe complications during birth,
infant head trauma, premature birth (prior to 36 weeks gestation), and
any infant MRI contraindications (e.g., metal implants). All study pro-
cedures were approved by the Vanderbilt University Institutional Re-
view Board. Informed consent was obtained from all participants,
including consent for their infant’s participation following birth.
Eligible infants underwent MRI scanning during natural sleep (see
detailed MRI collection procedures section). Mother—children dyads
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were subsequently invited back for a follow-up assessment at child age 6
months and 18 months during which parents were asked to complete a
battery of questionnaires. Study data were collected and managed using
REDCap electronic data capture tools hosted at Vanderbilt University
(Harris et al., 2019, 2009). Participants were compensated $25 per hour
for their participation at each time point.

The study included 107 participants who had any resting-state fMRI
data collected and successfully acquired structural MRI (either T1- or
T2-weighted) at 1 month of age. After preprocessing, functional scans
with at least 4 min of low motion data were retained, resulting in 99
datasets for functional connectivity analysis. Following seed-to-whole-
brain functional connectivity analysis, we engaged in additional qual-
ity checks to ensure all included had clear, low motion images; this
resulted in the exclusion of 39. Our final sample size of 60 infants were
retained for subsequent functional analyses. There were no statistically
significant demographic differences between participants included in
the analyses and those excluded. See Table 1 for sample characteristics.

2.2. Fear

Parents completed the Infant Behavior Questionnaire-Short Form
Revised (IBQ-SF-R) (Putnam et al., 2014) at 6 months of age. This
9l-item questionnaire has demonstrated excellent interrater and
test-retest reliability (Putnam et al., 2014) and comprises 13 subscales
which assess infants’ tendencies toward reactivity, emotionality, and
regulation. For the present analyses, we focused on the fear subscale as
an indicator of early anxiety-related phenotypes. The fear subscale
comprises six items that assess infants’ responses to unfamiliar or
potentially threatening situations, with example items including be-
haviors like clinging to a caregiver or refusing to approach an unfamiliar
adult when introduced to an unfamiliar adult. In the current sample,
Cronbach’s alpha for the fear was 0.80, indicating good internal
consistency.

2.3. Anxiety symptoms

Child anxiety symptoms were assessed at 18 months using the brief
early childhood screening assessment (ECSA). The ECSA is a 22-item,
caregiver-report measure designed to assess early emotional and
behavioral difficulties, including anxiety symptoms in young children
aged 18-60 months (Fallucco et al., 2017). To develop a robust mea-
surement model for anxiety symptoms, we identified items with con-
ceptual relevance to anxiety and conducted both exploratory factor
analysis (EFA) and confirmatory factor analysis (CFA). First, based on
the conceptual relevance of the items, we identified item 11 ("is easily
startled or scared"), item 14 ("is clingy, does not want to separate from

Table 1
Sample demographic characteristics.

Infant sex n (%)
Infant age at scan (Mean, SD, range)
Infant race n (%)
American Indian or Alaska Native 0 (0 %)
Asian 2 (3 %)

31 males (52%)
4.71, 0.85, 3.43-6.86 weeks

Black or African American 3(5%)
Native Hawaiian or Other Pacific Islander 0 (0 %)
White 50 (83 %)
Other 5(8 %)

Infant ethnicity n (%)
Caregiver education n (%)

5 Hispanic/Latinx (8 %)

High school graduate or equivalent 1(2 %)
Trade/technical/vocational training 1(2%)
Some college credit, no degree 4 (7 %)
Associate’s degree 2 (3 %)
Bachelor’s degree 18 (30 %)
Graduate degree 33 (55 %)

Other 1(2 %)
Income-to-needs ratio (Mean, SD, range) 1.70, 0.77, 0.08-2.85
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parent"), and item 15 ("seems nervous or worries a lot") as
anxiety-related items. To ensure no relevant items were overlooked, we
employed EFA with models specifying two to eight factors. Only in the
two-factor EFA, items 11, 14, and 15 loaded onto a single latent struc-
ture, along with items 4 ("avoids situations that remind of scary events"),
12 ("has trouble interacting with other children"), and 21 ("has unusual
repetitive behaviors [rocking, flapping]") (see Supplementary Materials
for detailed factor loadings). Item 12 was excluded due to a low factor
loading (< 0.35). We next conducted CFA using the retained items (4,
11, 14, 15, and 21) to evaluate the latent structure. However, item 21
had a negative loading (-0.036) and a relative low variance estimate
(0.019), and thus was subsequently removed. A revised CFA was con-
ducted using items 4, 11, 14, and 15, and demonstrated excellent model
fit, as indicated by a nonsignificant chi-square test, ¥*(2) = 0.079,
p = 0.961, a Comparative Fit Index (CFI) of 1.000, a Tucker-Lewis Index
(TLD) of 1.343, and a Root Mean Square Error of Approximation
(RMSEA) of 0.000. The Standardized Root Mean Square Residual
(SRMR) was also minimal at 0.009. All retained items (4, 11, 14, and 15)
demonstrated significant standardized factor loadings (item 15: 0.541,
item 14: 0.487, item 11: 0.652, and item 4: 0.559), supporting the
convergent validity of the latent construct. The variance estimates for
the items ranged from 0.125 to 0.190, indicating that the items consis-
tently contributed to the latent anxiety factor (see Supplementary Ma-
terials for detailed factor analyses results). In the current sample,
Cronbach’s alpha for anxiety problems was 0.64, indicating acceptable
internal consistency.

2.4. MRI acquisition

MR images were acquired at approximately one month of age at the
Vanderbilt University Institute of Imaging Science (VUIIS) Center for
Human Imaging using a Philips Ingenia Elition 3.0 T equipped with a 32-
channel head coil. Infants were prepared using the “swaddle and soothe”
method and scanned during natural sleep in the evenings (for more
details, see Camacho et al., 2020). Families arrived at the imaging suite
typically between 5:30 pm and 7:30 pm. The infant was changed into a
disposable diaper and swaddled using a muslin blanket before being
wrapped by a MedVac immobilizer designed for infants. The infant was
then fitted with hearing protection which included placing silicone ear
putty in their ears secured with skin-safe medical tape and covering their
ears with Natus MiniMuffs (Styrofoam pads with adhesives) for addi-
tional noise reduction. Parents were then encouraged to feed and put
their infant to sleep. Once asleep, the infant was transferred to the
scanner bed and slim-fit headphones playing pink noise intermixed with
rain sounds were placed on their ears. The infant’s head and the head-
phones were secured with foam pads to fill out the head coil space and
reduce likelihood of motion during scanning. If the infant remained
soundly asleep, acquisition was initiated, otherwise the infant was given
additional time to move back into a deep sleep before starting the scan.
A trained research assistant monitored the infant during the scan and
alerted the scan technician if the infant woke up. If the infant woke up,
the researcher soothed them back to a deep sleep before resuming the
scan. This process was repeated until either all data were collected, or
the family decided to end the session.

Relevant to the present study, collected modalities included a T1-
weighted anatomical image (TR=10 ms, TE=4.6 ms, TI=700 ms, flip
angle=8°, FOV=256x256x150 mm, resolution=1x1x1 mm?3), T2-
weighted anatomical image (TR=2500 ms, TE=310 ms, flip
angle=90°, FOV=220x220x144 mm, resolution=0.8 x0.8 x0.8 mm3),
and resting-state fMRI (resolution=2.0 x1.9 x1.9 mm?, 54 axial slices,
96 x96 acquisition matrix, flip angle=60°, TR=1410 ms, TE=30 ms, 3
simultaneous slices, 270 continuous volumes). Framewise Integrated
Real-time MRI monitoring (FIRMM) software was installed by VUIIS
partway through data collection and was used to monitor motion in real
time for the resting-state scan and the sequence was repeated until
approximately 10-minutes of fMRI data under 0.2 mm framewise
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displacement was collected or until the scan was ended. All MR images
were visually inspected for artifacts prior to processing.

2.5. MRI processing

We preprocessed the anatomical and functional data using NiBabies
23.1.0, derived from fMRIPrep (Esteban et al., 2019). The underlying
workflow engine used was Nipype 1.8.6 (Esteban et al., 2022; Gorgo-
lewski et al., 2011).

2.5.1. Anatomical data preprocessing

The T1-weighted (Tlw) and T2-weighted (T2w) images were
denoised and corrected for intensity non-uniformity (INU) with
N4BiasFieldCorrection (Tustison et al., 2010), distributed with ANTs
(Avants et al., 2008). The T2w-reference was then skull-stripped with a
modified implementation of the antsBrainExtraction.sh workflow (from
ANTs), using UNCInfant:cohort-1 as target template. Brain tissue seg-
mentation of cerebrospinal fluid (CSF), white-matter (WM) and
gray-matter (GM) was performed on the brain-extracted T1w using FSL
FAST. Volume-based spatial normalization to one standard space
(MNIInfant) was performed through nonlinear registration with ants-
Registration ANTSs, using brain-extracted versions of both T1w reference
and the T1w template. The following template was selected for spatial
normalization and accessed with TemplateFlow: MNI Unbiased
nonlinear Infant Atlases 0-4.5 yr (Fonov et al., 2009).

2.5.2. Functional data preprocessing

A BO-nonuniformity map (i.e., fieldmap) was estimated based on two
(or more) echo-planar imaging (EPI) references with topup (Andersson
etal., 2003). For each of the BOLD runs, the following preprocessing was
performed. Head-motion parameters with respect to the BOLD reference
(transformation matrices, and six corresponding rotation and translation
parameters) were estimated before any spatiotemporal filtering using
mcflirt (FSL; Jenkinson et al., 2002). The estimated fieldmap was then
aligned with rigid-registration to the target EPI reference run. The field
coefficients were mapped onto the reference EPI using the transform.
BOLD runs were slice-time corrected to 0.666 s (0.5 of slice acquisition
range 0s-1.33 s) using 3dTshift from AFNI (Cox and Hyde, 1997). The
BOLD reference was then co-registered to the Tlw reference using
bbregister (FreeSurfer; Zollei et al, 2020) which implements
boundary-based registration (Greve and Fischl, 2009). Co-registration
was configured with six degrees of freedom. Several confounding
time-series were calculated based on the preprocessed BOLD: framewise
displacement (FD), DVARS and three region-wise global signals. FD and
DVARS were calculated for each functional run, both using their
implementations in Nipype (following the definitions by Power et al.,
(2014)). The three global signals were extracted within the CSF, the
WM, and the whole-brain masks. The BOLD time-series were resampled
into standard space, generating a preprocessed BOLD run in MNIInfant:
cohort-1 space. All resamplings can be performed with a single inter-
polation step by composing all the pertinent transformations (i.e.,
head-motion transform matrices, susceptibility distortion correction
when available, and co-registrations to anatomical and output spaces).
Gridded (volumetric) resamplings were performed using antsApply-
Transforms (ANTSs), configured with Lanczos interpolation to minimize
the smoothing effects of other kernels (Lanczos, 1964).

The eXtensible Connectivity Pipeline-DCAN (XCP-D) (Ciric et al.,
2018; Satterthwaite et al., 2013) was used to post-process the outputs of
nibabies. XCP-D was built with Nipype version 1.8.6 (Esteban et al.,
2022; Gorgolewski et al., 2011). Native-space T1w images were trans-
formed to MNIInfant space at 1 mm?® resolution. For each of the BOLD
runs found, the following post-processing was performed. Volumes with
FD greater than 0.2 mm were flagged as high-motion outliers for the
sake of later censoring (Power et al., 2014). In total, 36 nuisance re-
gressors were selected from the preprocessing confounds, according to
the ‘36 P’ strategy. These nuisance regressors included six motion
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parameters, mean global signal, mean white matter signal, mean cere-
brospinal fluid signal with their temporal derivatives, and quadratic
expansion of six motion parameters, tissue signals and their temporal
derivatives (Ciric et al., 2018; Satterthwaite et al., 2013). Regression of
global signal shifts connectivity correlations across the brain from pos-
itive values to being centered at approximately zero (Murphy et al.,
2009; Murphy and Fox, 2017) and thus negative correlations should be
interpreted as relatively less connectivity as opposed to negative con-
nectivity. Finally, linear trend and intercept terms were added to the
regressors prior to denoising. The BOLD data were despiked with AFNI's
3dDespike. Nuisance regressors were regressed from the BOLD data
using linear regression, as implemented in Nilearn. Any volumes
censored earlier in the workflow were then interpolated in the residual
time series produced by the regression. The interpolated timeseries were
then band-pass filtered using a(n) second-order Butterworth filter, in
order to retain signals between 0.01 and 0.1 Hz. The filtered, interpo-
lated time series were then re-censored to remove high-motion outlier
volumes. No spatial smoothing was applied. For the final processed data,
the mean FD was 0.11 mm, and the mean scan length was 9.84 min after
censoring (range 4.04-14.85 min).

2.6. Seed-to-whole-brain functional connectivity analysis

The BNST was manually traced on the 0-2 month MNI infant tem-
plate. BNST tracing was guided by Theiss et al. (2017) and adapted for
newborn brain structure (see Fig. 1). The BNST was first traced on the
T2w image and visually confirmed with the TIW image. The mask was
traced in the coronal view, with the axial and sagittal views used for
confirmation. The definition of the BNST was based on the presence of
gray matter (determined by voxels intensity) within a space defined by
several anatomical landmarks. The inferior boundary was based on the
superior aspect of the anterior commissure. The medial and lateral
boundaries were defined by the fornix and internal capsule, respec-
tively. The posterior boundary was defined by the interventricular fo-
ramen, the channel that forms between the lateral ventricles and third
ventricle. BNST tracings were performed independently by two tracers
who were both highly reliable in tracing the BNST in adults (co-author
BW and second-to-last senior author JUB). The final mask was based on
consensus across both tracers. The mask was visually confirmed on a
subset of T2w scans of participants in this sample. This BNST mask was
subsequently used as the seed region for the seed-to-whole-brain func-
tional connectivity analysis. For each subject, the mean time series was
extracted from all voxels within the BNST seed region. Additionally, the
voxel-wise time series across the entire brain was extracted. Pearson
correlation coefficients were then computed between the time series of
the BNST seed and the time series of each voxel across the brain,
resulting in voxel-wise correlation maps. No spatial smoothing was
applied. These correlation maps were subsequently Fisher-z trans-
formed. Second-level group analyses were conducted in Nilearn v0.10.0.
We fit GLMs and computed the second-level contrast with Sec-
ondLevelModel (smoothing fwhm = 4.0). A 4 mm FWHM isotropic
Gaussian kernel was applied to enhance statistical robust-
ness—improving SNR, stabilizing variance, and tolerating minor mis-
registration—and to better meet the smoothness assumptions
underlying clusterwise inference (Rosenfeld, 1976; Worsley et al., 1996;
Worsley and Friston, 1995). We then thresholded the second-level sta-
tistical images using Nilearn’s  threshold stats.img  with
Bonferroni-corrected voxelwise control (o« = 0.001). For visualization
only, we also display FDR thresholded maps (see Fig. 2). All subsequent
processing and analyses were based on the Bonferroni-thresholded
maps. The resulting thresholded map was then entered to FSL v6.0.5
(Jenkinson et al., 2012) "cluster’ to further identify clusters and generate
reports on cluster size, location, and peak coordinates. Moreover,
cluster-size thresholds were determined using AFNI's 3dttest++ with
3dClustSim (Cox et al., 2017a, 2017b), which simulates noise volumes
by randomizing and permuting input datasets, without relying on a
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Fig. 1. The human bed nucleus of the stria terminalis (BNST) masks. A. Adult BNST mask at a 10 % threshold from a probabilistic BNST mask (Theiss et al., 2017);
this panel is for visual comparison with adult anatomy only (not used for alignment or analysis). B. BNST mask in 1-month-old infants, displayed in the
0-2-month-old infant MNI atlas space. See Supplementary Fig. S1 for all relevant slices across coronal, axial, and sagittal views.
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Fig. 2. Whole-brain resting-state functional connectivity seeding from the bed nucleus of the stria terminalis in 1-month-old infants. For visualization purposes,
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predefined spatial autocorrelation function (ACF) model. Cluster infer-
ence was performed with a voxel-wise threshold of p < 0.001 and a
cluster-level significance threshold of p < 0.05. Based on the simula-
tions, clusters containing four or more voxels were considered statisti-
cally significant.

For each significant cluster, the ConnectivityMeasure function from
Nilearn v0.10.0 was utilized to compute the seed-to-cluster (BNST-to-
cluster) correlation coefficient for each subject. The resulting subject-
level correlation coefficients were then Fisher-z transformed to obtain
seed-to-cluster functional connectivity estimates to use in further
behavioral correlation analyses.

2.7. Analytic plan

Statistical analyses were conducted using R v4.3.3 (R Core Team,
2013). All variables were z-scored prior to analyses to facilitate com-
parisons between variables and improve the interpretability of results
(Gelman, 2008). We examined the associations between each of the post
hoc seed-to-cluster functional connectivity and behavioral measure-
ments (e.g., fear and anxiety symptoms). Covariates included average
motion (i.e., mean FD after censoring), corrected infant age at the time
of the scan, and infant sex. Linear modeling was performed using the
“lavaan” package with a robust maximum likelihood (“MLR”) estima-
tion (Huber, 1967; White, 1982). Within the final dataset for BNST
functional connectivity (N = 60), missing data were addressed using
Full Information Maximum Likelihood (FIML), which utilizes all avail-
able data points, including those with partial information, to estimate
model parameters and maximize the use of the dataset (Arbuckle, 2013).
Outliers were handled using the Winsorize function in the “DescTools”
package in R, with the default thresholds of the 5th and 95th percentiles.
statistical tests were two-tailed, with an alpha level of 0.05. The
Benjamini-Hochberg correction was applied at a false discovery rate
(FDR) of 0.05 using the “stats” package in R in order to account for
multiple comparisons.

3. Results
3.1. BNST whole-brain functional connectivity

The BNST whole-brain functional connectivity analysis demon-
strated four statistically significant clusters, including the left amygdala
(Cluster 1), left hippocampus (Cluster 2), right ventral striatum (Cluster
3), and right amygdala (Cluster 4) (see Table 2, Fig. 3). The average
functional connectivity values between the BNST and each cluster were
as follows: BNST-left amygdala (M = 0.183, SD = 0.155), BNST-left
hippocampus (M = 0.367, SD = 0.185), BNST-right ventral striatum (M
= 0.261, SD = 0.190), and BNST-right amygdala (M = 0.045, SD =
0.169) (see Fig. 4).

Table 2
Statistically significant clusters of whole-brain functional connectivity from bed
nucleus of the stria terminalis (BNST) seeds.

Number of voxels Extent  Peak Coordinates
- mm? T-stat
Region X Y Z
Left amygdala 19 152 6.61 47 73 31
Left hippocampus 17 136 6.82 43 64 31
Right ventral striatum 9 72 6.54 55 78 36
Right amygdala 6 48 6.30 59 71 30

Note: Extent refers to the volume of the cluster, measured in mm°®. Coordinates is
the spatial location of the center of the mask in template space, represented by
the X, Y, and Z coordinates.

Developmental Cognitive Neuroscience 76 (2025) 101638

3.2. Associations between BNST functional connectivity and fear scores at
6 months

We examined the associations between the clusters that showed
significant positive BNST connectivity and fear scores at age 6 months,
as measured via IBQ-SF-R fear subscale. All associations between BNST
connectivity and IBQ fear were small in magnitude and not statistically
significant (see Fig. 5; BNST-left amygdala: g = 0.086, 95 % CI [-0.226,
0.397], p =0.591; BNST-left hippocampus: f = —0.121, 95 % CI
[-0.381, 0.138], p = 0.359; BNST-right ventral striatum: g = 0.123,
95 % CI [-0.124, 0.371], p = 0.329; BNST-right amygdala:# = —0.055,
95 % CI [-0.326, 0.217], p = 0.694).

3.3. Associations between BNST functional connectivity and anxiety
symptoms at 18 months

We next investigated whether BNST functional connectivity at 1
month, across the 4 identified clusters, was associated with anxiety
symptoms at age 18 months (see Fig. 6). Lower BNST-left amygdala
connectivity at 1 month was significantly associated with higher anxiety
symptoms at 18 months (§ = —0.339, 95 % CI [-0.586, —0.093],
P = 0.007 (Peorrected = 0.028)). The associations between BNST func-
tional connectivity with the other clusters and later anxiety symptoms
were negative, small in effect size, and not statistically significant
(BNST-left hippocampus: f = —0.193, 95% CI [-0.453, 0.0671],
p = 0.145; BNST-right ventral striatum: # = —0.111, 95 % CI [-0.304,
0.083], p =0.264; and BNST-right amygdala: g = 0.010, 95 % CI
[-0.327, 0.347], p = 0.954).

To evaluate whether socioeconomic status may have influenced the
findings, we reconducted all primary models with income-to-needs ratio
as a covariate. Results from these models were nearly identical to those
presented in the manuscript, leaving our conclusions unchanged.

4. Discussion

In the current study, we examined the intrinsic functional connec-
tivity of the BNST in 1-month-old infants using resting-state fMRI, as
well as its prospective association with anxiety risks later in infan-
cy—measured at 6 months using the fear subscale from the IBQ-SF-R and
at 18 months using the anxiety factor from the ECSA. We identified two
main findings. First, the BNST exhibited intrinsic functional connectivity
with key subcortical regions—including the bilateral amygdala, left
hippocampus, and right ventral striatum—as early as 1 month of age.
However, we did not observe significant BNST connectivity with other
regions (e.g., frontal cortex) at this age, suggesting an ongoing devel-
opmental process in which long-range connections may not yet be fully
established. Second, individual differences in BNST-left amygdala
connectivity at 1 month were prospectively associated with anxiety
symptoms at 18 months, but not with fear-related temperament at 6
months. This pattern suggests that reduced coordinated communication
between the BNST and amygdala may be associated with greater sus-
ceptibility to anxiety, while the absence of a similar association at 6
months may reflect developmental timing and/or differences between
temperament-based and symptom-based assessments.

We discovered that 1 month of age, the BNST exhibits connectivity
with subcortical regions, including the amygdala, hippocampus, and
ventral striatum, which aligns with prior findings in youth (Feola et al.,
2021) and adults (Avery et al., 2014; Gorka et al., 2018; Tillman et al.,
2018; Torrisi et al., 2015; Weis et al., 2019). The current finding extends
our knowledge of BNST functional connectivity in humans by demon-
strating that BNST connectivity with key subcortical regions begins to
emerge remarkably early in development. BNST-amygdala functional
connectivity at rest has been extensively documented in adults (Avery
et al., 2014; Birn et al., 2014; Gorka et al., 2018; Oler et al., 2012;
Tillman et al., 2018; Torrisi et al., 2015; Weis et al., 2019), as well as
evidence of their structural connections (Avery et al., 2014; Kriiger
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Cluster 1 (Left Amygdala)
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Fig. 3. Four clusters identified through whole-brain resting-state functional connectivity analysis seeding from the bed nucleus of the stria terminalis (BNST). The
four clusters identified include the left amygdala, left hippocampus, right ventral striatum, and right amygdala.
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BNST and the identified clusters, including the left amygdala, left hippocampus, right ventral striatum, and right amygdala. B. Distribution of functional connectivity

between the BNST and the identified clusters, presented as histograms.

et al., 2015; Mori and Aggarwal, 2014; Oler et al., 2017). Furthermore,
the observed functional connectivity between the BNST and the bilateral
amygdala in 1-month-old infants likely reflects connections with the
central nucleus of the amygdala (CeA), as the identified cluster is located
in central, medial regions of the amygdala. The BNST and CeA are two
highly interconnected structures in animal studies that form key com-
ponents of the central extended amygdala (Alheid and Heimer, 1988; de
Olmos and Heimer, 1999), playing a critical role in threat-related pro-
cessing and stress responses (Davis et al., 2010; Fox et al., 2015; Fox and
Shackman, 2019). The BNST and CeA are connected via two primary
pathways—the stria terminalis and the ventral amygdalofugal

pathway—which together support bidirectional communication (Nauta
and Nauta, 1993) and enable the integration of sensory, contextual, and
emotional information (Shackman and Fox, 2016). Animal studies also
suggest these pathways develop early in postnatal life (Oler et al., 2017).
For example, using in vivo diffusion-weighted imaging and resting-state
fMRI techniques, Oler et al. (2017) demonstrated in a longitudinal study
of monkeys (ages 3 weeks and 7 weeks) that the stria terminalis and
ventral amygdalofugal pathways are already in place by 3 weeks of age.
Additionally, intrinsic functional connectivity between the lateral BNST
and the CeA showed a marked increase in coherence between 3 and 7
weeks of age. Our findings now extend this understanding to human
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1 month.

development, revealing that this key threat-processing circuit is estab-
lished by 1 month of age.

In addition to its connectivity with the amygdala, the BNST also
exhibited intrinsic functional connectivity with the hippocampus and
ventral striatum in 1-month-old infants. Invasive tract-tracing studies in
rodents have demonstrated that the hippocampus directly projects to
BNST (Bienkowski et al., 2018; Dong et al., 2001a; Dong and Swanson,
2006; Myers et al., 2014; Swanson and Cowan, 1977), which plays a
critical role in integrating contextual information related to sustained
threats (Lebow and Chen, 2016). Similarly, connectivity between the
BNST and the hippocampus has been documented in both non-human
primates (Berry et al., 2022; Fox et al., 2018), human children (Feola
et al., 2021), and human adults (Avery et al., 2014; Gorka et al., 2018;
Tillman et al., 2018; Torrisi et al., 2015; Weis et al., 2019). Moreover,
the hippocampal cluster identified in the current study was localized
more specifically to the anterior CA region, rather than its posterior
segment, replicating a pattern observed in adult populations (Avery
et al., 2014; Feola et al., 2021; Tillman et al., 2018; Torrisi et al., 2015).
The anterior hippocampus is critically involved in integrating contextual
information with emotional valence, facilitating the association of
environmental contexts with specific emotional experiences (Zeidman
and Maguire, 2016), and plays a central role in high-level cognitive
functions and emotional responses (Strange et al., 2014). Additionally,
the BNST’s connectivity with the ventral striatum observed in 1-month--
old infants is also noteworthy. In rodents, the BNST connects to ventral
striatum, particularly the nucleus accumbens (NAcc) (Dong et al.,
2001b; Dong and Swanson, 2004, 2003; Shin et al., 2008). Moreover,
human diffusion imaging studies show structural connectivity between
the BNST and NAcc (Avery, 2014) and highlight that fiber pathways
from the BNST to the medial prefrontal cortex traverse through the head
of the caudate and NAcc (Kriiger et al., 2015). Resting-state studies in
humans have also demonstrated BNST functional coupling with ventral

striatal regions at rest, including the NAcc, caudate, and putamen (Avery
et al., 2014; Feola et al., 2021; Gorka et al., 2018; Torrisi et al., 2015)
which are critical for evaluating reward value and driving appetitive
behaviors (Pauli et al., 2016; Voorn et al., 2004).

The early establishment of BNST connectivity with the amygdala,
hippocampus, and ventral striatum may provide a foundational basis for
later-emerging functions and the early presence of these connections
suggests that the BNST may play a role in threat processing and valence
surveillance from a very early stage. However, in our 1-month-old
sample, we did not observe functional connectivity between the BNST
and cortical regions, such as the medial prefrontal cortex (mPFC), which
have been consistently reported in resting state functional connectivity
studies in youth (Feola et al., 2021) and adults (Avery et al., 2014; Gorka
et al., 2018; Motzkin et al., 2015; Tillman et al., 2018; Torrisi et al.,
2015; Weis et al., 2019) and structural connectivity studies (Avery et al.,
2014; Kriiger et al., 2015). BNST-prefrontal connections may support
the its interface between higher cognitive functions (Avery et al., 2014;
Glover et al., 2020), and their absence in the current study may indicate
that long-range BNST connections involving higher-order cortical areas
may develop later in development, reflecting the prolonged maturation
of prefrontal and associative networks (Kolk and Rakic, 2022). Note that
in the current study, we used a conservative approach with Bonferroni
voxel-wise correction for multiple comparisons. For visualization pur-
poses, functional connectivity patterns are displayed following a slightly
more liberal FDR correction (see Fig. 2), in which we observed a cluster
in the mPFC. This may suggest that BNST-mPFC connectivity may be
present but remains very weak at this stage of development, which
should be interpreted with caution, given the lack of statistical robust-
ness under stricter correction methods. Together, the observed func-
tional connectivity in the current study suggest that BNST connectivity is
in the early stages of development during infancy and may continue to
evolve as neural pathways mature and behavioral functions emerge.
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Greater BNST-amygdala connectivity at 1 month of age was signif-
icantly associated with fewer anxiety symptoms assessed at 18 months.
The BNST and CeA are two highly interconnected structures that form
key components of the central extended amygdala (Alheid and Heimer,
1988; de Olmos and Heimer, 1999), playing a critical role in
threat-related processing and stress responses (Davis et al., 2010; Fox
et al., 2015; Fox and Shackman, 2019). The BNST and CeA work in
concert to integrate sensory and contextual information with emotional
salience, enabling adaptive responses to uncertain or prolonged threats
(Lebow and Chen, 2016). Thus, greater BNST-amygdala connectivity
observed in the current study may relate to less anxiety symptoms
through a more coordinated system of BNST-amygdala in integrating
and evaluation of threat-related signals, likely supporting adaptive re-
sponses (Clauss et al., 2019). Conversely, reduced coordinated
communication between BNST and amygdala may compromise the
regulation of fear responses, thereby increasing susceptibility to anxiety.
However, previous studies in older children or adults have reported null
(Jin et al., 2023; Weis et al., 2019) or positive associations (Brinkmann
et al., 2018; Pedersen et al., 2020) between BNST-amygdala resting
state connectivity and anxiety symptoms, which may reflect develop-
mental differences. For instance, these studies examined fully developed
circuits in older populations, in which heightened connectivity might
indicate hyperactive threat processing in individuals with anxiety. In
contrast, our findings at 1 month of age likely capture the early devel-
opmental state of these pathways, in which lower connectivity may
indicate reduced synchronization and perturbed development. This
discrepancy highlights the importance of examining BNST-amygdala
connectivity across developmental stages to better understand its role in
anxiety risk. More broadly, prior work shows that the BNST and related
subcortical networks are experience-sensitive (Banihashemi et al., 2022)
and associated with emotion and HPA-axis dysregulation (Awasthi et al.,
2020). Our findings extend this literature by suggesting that BNST
connectivity shortly after birth may reflect early individual differences
within a plastic threat/stress-responsive circuit that could predispose
infants to later anxiety or emotion dysregulation—well before behav-
ioral patterns are observable—highlighting its long-term mental-health
implications.

It is noteworthy that most infant resting-state fMRI studies linking
early connectivity to temperament or later psychopathology have
focused on amygdala connectivity (e.g., Graham et al., 2016; Rogers
et al., 2017). For example, stronger neonatal amygdala connectivity
with the anterior insula and ventral striatum predicted higher fear at 6
months (Graham et al., 2016). Neonatal amygdala-dorsal anterior
cingulate connectivity has been associated with generalized anxiety, and
amygdala-medial prefrontal connectivity with behavioral inhibition
(Rogers et al., 2017). More recent infant work has expanded to
large-scale networks (e.g., Banihashemi et al., 2023; Phillips et al.,
2021). For instance, at 3 months, greater amygdala—salience network
connectivity (and lower connectivity with the executive control
network) mediated the association between higher caregiver depres-
sion/trait anxiety and reduced infant positive emotionality (Phillips
et al., 2021). Convergent human and animal work indicates that the
amygdala supports implicit emotional learning (e.g., fear conditioning)
and contributes to emotional modulation of memory, attention and
perception, social-emotional behavior, and inhibition/regulation
(Phelps and LeDoux, 2005). Our findings extend this literature by
showing that circuitry within the extended amygdala—particularly
BNST-amygdala connectivity—is prospectively associated with anxiety
symptoms in toddlerhood. The BNST-amygdala circuit does not operate
in isolation but is embedded within broader salience and regulatory
networks (Lebow and Chen, 2016), and healthy emotional development
likely reflects maturation of this system. Future work that extends to the
broader circuitry can clarify how its components jointly confer risk or
resilience.

The absence of a significant association between BNST functional
connectivity at 1 month and anxiety risk at 6 months, contrasted with its
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observed link to anxiety symptoms at 18 months, may reflect differences
in developmental timing and the nature of the measures used. At 6
months, emotional regulation and anxiety-related neural processes are
still in the early stages of maturation, and the BNST’s involvement in
sustained threat processing and emotional regulation may not yet be
fully operational in the processes underlying the fear temperament
assessed by the IBQ. However, by 18 months, emotional and regulatory
systems are likely to have undergone further maturation (Casey et al.,
2005), enabling a more observable link between early BNST connec-
tivity and anxiety symptoms measured by the ECSA. Another possible
explanation for this discrepancy is the developmental and conceptual
differences between the measures used at two time points. The IBQ fear
subscale at 6 months primarily captures broad temperamental traits
such as reactivity to novel or sudden stimuli and distress in unfamiliar
social settings (Putnam et al., 2014). In contrast, the ECSA items used at
18 months assess more specific and developmentally later-emerging
anxiety-related behaviors, such as situational avoidance, generalized
worry, and attachment-related anxiety, which may be more closely
linked to the BNST’s role in threat processing and sustained fear
responses.

This study provides novel evidence of intrinsic BNST functional
connectivity as early as 1 month of age and its association with emerging
anxiety symptoms in infancy—representing, to our knowledge, the first
neuroimaging investigation of BNST connectivity in human infants.
Despite the strengths, several limitations merit consideration. First, the
sample size limits our ability to detect small clusters or clusters with
relatively weaker coupling with the BNST, as well as their associations
with later anxiety risk. Additionally, the limited sample size constrains
our capacity to explore moderating factors such as sex differences in
BNST intrinsic functional connectivity patterns. This is particularly
relevant since the BNST is anatomically sexually dimorphic, with such
structural differences emerging relatively late in development (Allen
and Gorski, 1990; Chung et al., 2002). Nonetheless, functional sex dif-
ferences may precede detectable structural dimorphism and may relate
to gender disparity in the prevalence of anxiety and stress-related dis-
orders (Sloan and Kornstein, 2003; Steiner et al., 2005). Second, this
study included measures of BNST intrinsic connectivity only at 1 month
of age. Longitudinal studies incorporating repeated assessments of BNST
connectivity could provide a better understanding of how BNST con-
nectivity develops over time. Third, while the study employed rigorous
statistical methods, including Bonferroni correction for multiple com-
parisons to control false positives, this conservative approach may have
reduced sensitivity, potentially limiting the detection of weaker or
emerging connectivity patterns. Fourth, the small size of the BNST
presents a challenge for accurately capturing its connectivity with the
current low-resolution fMRI. Advanced imaging techniques, such as
ultra-high-field fMRI, could enhance spatial resolution and enable more
precise localization of BNST.

In conclusion, current study provides novel insights into the intrinsic
functional connectivity of the BNST in early infancy and its potential
role in shaping later anxiety risk. The BNST exhibits functional con-
nectivity with key subcortical regions, including the amygdala, hippo-
campus, and ventral striatum, as early as 1 month of age, highlighting
that these BNST connections are established remarkably early in
development and may provide a foundational basis for later-emerging
functions. However, BNST connectivity does not yet exhibit adult-like
patterns, suggesting ongoing maturation and an early stage in its
development. Importantly, BNST-amygdala connectivity at 1 month
was associated with anxiety symptoms at 18 months, highlighting its
potential as an early index of individual differences in threat processing
and stress responsivity that can confer later anxiety risk. Future longi-
tudinal studies with larger samples are needed to validate and extend
these findings, exploring how BNST functional connectivity evolves over
time and interacts with environmental and genetic factors to influence
later anxiety risk.
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