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The human brain undergoes protracted development, with dra-
matic changes in expression and regulation of emotion from child-
hood to adulthood. The amygdala is a brain structure that plays
a pivotal role in emotion-related functions. Investigating develop-
mental characteristics of the amygdala and associated functional
circuits in children is important for understanding how emotion
processing matures in the developing brain. The basolateral amyg-
dala (BLA) and centromedial amygdala (CMA) are two major amyg-
dalar nuclei that contribute to distinct functions via their unique
pattern of interactions with cortical and subcortical regions. Almost
nothing is currently known about the maturation of functional
circuits associated with these amygdala nuclei in the developing
brain. Using intrinsic connectivity analysis of functional magnetic
resonance imaging data, we investigated developmental changes
in functional connectivity of the BLA and CMA in twenty-four 7- to
9-y-old typically developing children compared with twenty-four
19- to 22-y-old healthy adults. Children showed significantly
weaker intrinsic functional connectivity of the amygdala with sub-
cortical, paralimbic, and limbic structures, polymodal association,
and ventromedial prefrontal cortex. Importantly, target networks
associated with the BLA and CMA exhibited greater overlap and
weaker dissociation in children. In line with this finding, children
showed greater intraamygdala connectivity between the BLA and
CMA. Critically, these developmental differences were reproduc-
ibly identified in a second independent cohort of adults and chil-
dren. Taken together, our findings point toward weak integration
and segregation of amygdala circuits in young children. These im-
mature patterns of amygdala connectivity have important impli-
cations for understanding typical and atypical development of
emotion-related brain circuitry.

From childhood to adulthood, the development of functional
brain networks underlies the maturation of increasingly nu-

anced cognitive and affective abilities (1, 2). In particular, human
capabilities for a wide range of affective functions change dra-
matically from childhood to adulthood, suggesting remarkable
maturation of the brain’s affective systems. The amygdala lies at the
core of brain’s affective processing systems (3, 4) andmultiple lines
of research in human adults have implicated amygdala-centered
networks in emotion (5–7). The amygdalar complex encompasses
multiple anatomical subregions with distinct connectivity profiles
that support distinct affective functions (3, 8). However, almost
nothing is known about how networks associatedwith the amygdala
mature with development. Knowledge of how major amygdalar
circuits mature in children is important not only for gaining insights
into typical development of affective functions, but also for un-
derstanding the ontogeny of affective dysfunction in disorders
such as anxiety and depression (9, 10).
The basolateral amygdala (BLA) and centromedial amygdala

(CMA) are two major groups of amygdalar nuclei that form
dedicated networks for distinct functions via their unique pattern
of interactions with other cortical and subcortical structures (3,
4). The CMA is essential for controlling the expression of fear
responses, such as freezing behaviors, through projections to
subcortical structures including thalamus, hypothalamus, stria-
tum, brainstem, and cerebellum. The BLA, in contrast, plays

a critical role in perception, evaluation, and regulation of emo-
tionally salient stimuli via its abundant projections to widely
distributed cortical regions (3, 4). Most of our knowledge of BLA
and CMA functions and connectivity is based on animal models,
thus the role of subregions of the amygdala in humans is still
poorly understood. In humans, these major amygdala nuclei have
only recently been anatomically delineated using cytoarchitec-
tonic mapping studies on postmortem brains (11). Importantly,
observer-independent cytoarchitectonically defined probabilistic
maps of the amygdala subregions have been established in standard
stereotaxic space (12), allowing delineation of nonoverlapping
amygdala subregions in a quantitatively rigorous manner (13, 14).
Using novel in vivo intrinsic connectivity analysis we recently
demonstrated dissociable patterns of functional connectivity of
BLA and CMA in adults (14), consistent with the wealth of
observations in rodents and monkeys (3, 8). Almost nothing is
currently known about the nature of functional circuits associ-
ated with the BLA and CMA in children and how they mature
from childhood to adulthood.
There is now increasing evidence to suggest that brain matu-

ration is characterized by increased integration and differentia-
tion within functional circuits, a process mediated by a complex
interplay of strengthening of long-range wiring, increasing of
regional neuronal specialization, and experience-dependent
plasticity (15, 16). These processes have been validated by other
empirical observations, including widespread increases in mye-
lination of white matter, and the initial increase in thickness and
then slower thinning of gray matter, which occurs from child-
hood through adolescence to adulthood (2, 17). Intrinsic func-
tional connectivity is a powerful tool for investigating how
functional brain circuits mature with age (18, 19). One key
finding that has emerged from this literature is the demonstra-
tion of strengthening links among cortical regions and weakening
connections between subcortical and cortical regions between
childhood and adulthood (20). Very little is known, however,
about the maturation of cortical and subcortical connections
related to the brain’s core emotion processing systems. Our study
addresses this important gap by examining developmental
changes in overall amygdala connectivity as well as the segre-
gation of functional circuits associated with the BLA and CMA,
its two major subdivisions.
We used resting-state functional magnetic resonance imaging

(fMRI) to examine developmental changes in the intrinsic con-
nectivity of amygdalar nuclei in 7- to 9-y-old typically developing
children compared with 19- to 22-y-old healthy adults. This
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method has been widely used to identify spontaneously coupled
and connected networks of brain regions (21, 22), and provides
a unique way to examine differential patterns of amygdala con-
nectivity over development. Intrinsic functional connectivity of
the amygdala was examined by using observer-independent
cytoarchitectonically determined probabilistic maps of the
BLA and CMA (14). Functional imaging data from a second
independent cohort of young children and adults were used in
replication analyses to confirm the stability and robustness of the
observed developmental effects. We hypothesized that amygdala
connectivity would be weaker and less well differentiated in
children compared with adults.

Results
Weaker Amygdala Connectivity in Children Compared with Adults.
We first examined overall developmental changes in intrinsic
functional connectivity of the amygdala by combining all voxels
in BLA and CMA. In adults and children, we found that intrinsic
activity of the amygdala was positively correlated with activity in
a distributed set of cortical, subcortical, paralimbic, and limbic
structures, as well as the cerebellum (Fig. 1 A and B). A direct
group comparison collapsing across BLA and CMA revealed
weaker intrinsic functional connectivity of the amygdala with
multiple distributed cortical, subcortical, paralimbic, and limbic
structures in children compared with adults (Fig. 1C). Neo-
cortical regions included unimodal and polymodal association
areas, the middle frontal gyrus, and ventromedial prefrontal cor-
tex; limbic and paralimbic structures included the cingulate gyrus,
insula, and parahippocampal gyrus; and subcortical structures in-
cluded the caudate, putamen, midbrain/brainstem, and cerebellum
(SI Appendix, Tables S1 and S2). No brain areas showed greater
connectivity in children, compared with adults. These results
indicate that intrinsic connectivity of the amygdala with a widely
distributed set of cortical and subcortical structures is weaker in
children compared with adults.

Weaker Segregation of BLA and CMA Connectivity in Children
Compared with Adults. We next examined the maturation of
amygdala subregional connectivity segregation, by comparing
functional connectivity of the BLA and CMA in children and
adults in a repeated-measure analysis of variance (ANOVA), with
subregions (BLA vs. CMA) and hemisphere (left vs. right) as
within-subject factors, and group (adults vs. children) as a between-
subject factor. We found significant interactions between group
and subregions in several subcortical structures including thala-
mus, hippocampus, caudate, and cerebellum, as well as widely
distributed neocortical areas that included somatosensory cortex,

superior and middle temporal gyri, and posterior visual and in-
ferior temporal cortices (Fig. 2A) (SI Appendix, Table S3).
Further analyses revealed that in adults, the BLA had stronger

connectivity with widely distributed unimodal and polymodal
association areas, including perirhinal cortex, temporal pole,
superior and middle temporal gyri, motor and somatosensory
areas, and primary visual cortex, whereas the CMA specifically
showed stronger connectivity with multiple subcortical struc-
tures, including brainstem, striatum, thalamus, and cerebellar
declive/vermis (Fig. 2B). This dissociated pattern of connectivity
between the BLA and CMA is in line with previous findings from
studies conducted in adults (13, 14). Unlike adults, however,
children showed weaker dissociation of functional connectivity
between BLA and CMA, with differences in connectivity only
in perirhinal cortex and temporal pole (Fig. 2C) (SI Appendix,
Table S4). To verify the specificity of our findings with respect
to amygdala subregional connectivity, additional control analyses
were conducted using ventral visual cortical subregions. Although
there was a dissociation of connectivity patterns between these two
visual cortical regions, we found no significant group-by-subregion
interactions (SI Appendix, Figs. S1 and S2). Together, these results
indicate that children, compared with adults, showed generally
weaker and less pronounced differentiation of functional con-
nectivity between BLA and CMA subregions. Notably, we found
similar results in a second cohort of adults and children, including
a main effect of group and group-by-subregion interaction effects
(SI Appendix, Figs. S3 and S4).

Decreased Similarity of BLA and CMA Connectivity with Development.
We then examined the similarity of BLA and CMA functional
connectivity in adults and children. We found that the BLA and
CMA target networks exhibited less overlapping, and distinct
connectivity patterns in adults (Fig. 3A). In sharp contrast to
adults, we found a more strongly overlapping pattern of functional
connectivity between the BLA and CMA target networks in young
children (Fig. 3B). Prominent overlap was observed in the brain-
stem, striatum, mid- and dorsal cingulate cortex, ventromedial
prefrontal cortex, and cerebellum. To quantify developmental
differences in the similarity between BLA and CMA target net-
works, we computed a similarity metric between BLA and CMA
connectivity maps in each individual and then compared this
similarity metric between adults and children. We found that
compared with adults, children showed significantly higher simi-
larity between BLA and CMA target networks (t(46) > 2.90,
P < 0.01; Fig. 3C). These patterns of results were replicated in
a second cohort of children and adults (SI Appendix, Fig. S5).
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Fig. 1. Immature functional connectivity of the amygdala in children compared with adults. Brain regions showing significant intrinsic functional connectivity with
the amygdala in (A) adults and (B) children. (C) Brain regions showing significantly weaker amygdala connectivity in children, compared with adults. Representative
axial and sagittal slices are depicted in panels c1 and c2. These results were replicated in a second cohort of adults and children (SI Appendix, Fig. S3). Connectivity
maps are overlaid on either an inflated brain surface or high-resolution sections in Montreal Neurological Institute (MNI) space. Notes: L, Left; R, Right.
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Increased Differentiation Between BLA and CMA Target Networks
with Development. We used a systems neuroscience approach to
further characterize differential patterns of connectivity for BLA
and CMA in adults and children. We examined five major
functional subsystems known to play important roles in affective
information processing (3, 7, 8), as described in SI Appendix,
Text S1, and Fig. S6. These subsystems encompassed subcortical
structures, cerebellum, unimodal and polymodal association
cortex, limbic and paralimbic structures, and prefrontal cortex.
We conducted separate repeated-measures ANOVAs on con-
nectivity measures extracted from each network. ANOVAs on
connectivity β-weights, with amygdala subregion (BLA vs. CMA)
and hemisphere (left vs. right) as within-subject factors and
group (adults vs. children) as a between-subject factor, revealed
a main effect of group for subcortical structures (F(1,46) = 5.72,
P = 0.02), the cerebellum (F(1,46) = 4.23, P = 0.04), and par-
alimbic and limbic structures (F(1,46) = 6.86, P = 0.01), unim-
odal and polymodal association cortex (F(1, 46) = 7.46, P <
0.01), and prefrontal cortex (F(1,46) = 5.96, P = 0.02), with
stronger connectivity in adults in general. These results indicate
that children, compared with adults, show weaker connectivity of
the amygdala with widely distributed subcortical and cortical
structures (Fig. 4A).
Moreover, we found a group-by-amygdala subregion in-

teraction for subcortical structures (F(1, 46) = 10.71, P < 0.01),
unimodal and polymodal association cortex (F(1, 46) = 19.34;
P < 0.001), and the cerebellum (F(1, 46) = 4.30, P = 0.04), but
not for limbic and paralimbic structures (F < 1) and prefrontal
cortex (F < 1). Additional analyses revealed that in adults, the
BLA showed stronger intrinsic connectivity with unimodal and
polymodal association cortex (both left and right hemispheres of
seed-based connectivity analyses or “bilateral” herewith: t (1, 23)
> 4.23, P < 0.001), whereas the CMA showed stronger connec-
tivity to subcortical structures (bilateral: t (1, 23) > 4.15, P <
0.001) and in the cerebellum (bilateral t (23) > 2.55, P < 0.02). In

children, we observed weaker yet significant (bilateral t (1, 46) >
3.20, P < 0.01) dissociation of CMA versus BLA connectivity
only with subcortical structures (bilateral: t (1, 23) > 3.05, P <
0.01). There was no dissociation between BLA and CMA con-
nectivity in other networks in children (t (1, 23) < 1.80, P > 0.05).
Together, these results indicate that compared with adults,
children show significantly less pronounced dissociation of
functional connectivity between the BLA and CMA subregions
(Fig. 4 A and B). Crucially, similar patterns of results were found
in the second cohort of children (SI Appendix, Fig. S6), indicating
high reliability of our findings.

Increased Differentiation of Intraamygdala Coupling with Development.
To directly examine differentiation of intrinsic activity within the
amygdala subregions, we computed interregional correlations
between time series representing mean BLA and CMA sponta-
neous activity in each hemisphere. These analyses revealed that
adults, compared with children, showed weaker correlation be-
tween BLA and CMA activity (SI Appendix, Fig. S7), reflecting
increased differentiation of these intraamygdala nuclei with de-
velopment. Differences were observed both in ipsilateral con-
nectivity within the left and right hemispheres (both: t (1, 46) >
2.42, P < 0.01) as well as across-hemisphere contralateral con-
nectivity (BLA and CMA: t (1, 46) > 2.50, P < 0.01). Interestingly,
the degree of intraamygdala coupling averaged across two
hemispheres was positively correlated with the similarity of BLA
and CMA target networks in both adults (r= 0.50, P= 0.014) and
children (r = 0.68, P < 0.001). These results indicate that com-
pared with adults, children show stronger intraamygdala coupling
and greater similarity or weaker functional differentiation be-
tween the BLA and CMA target networks.

Discussion
In this study, we investigated developmental changes in functional
connectivity of the BLA and CMA, two major, cytoarchitectoni-
cally distinct, nuclei of the amygdala. Compared with adults, the
amygdala in children showed significantly weaker connectivity with
multiple distributed cortical and subcortical regions. Critically,
networks associated with each of the two individual amygdala
nuclei showed stronger overlap and weaker dissociation of con-
nectivity patterns in children than in adults. Furthermore, children
also showed greater intraamygdala connectivity between the BLA
and CMA. Because of potential developmental differences in
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amygdala structure, we sought to replicate our findings in a second
cohort of children and adults. Critically, reproducible differences in
large-scale amygdalar connectivity were identified in an inde-
pendent cohort of children and adults. Our findings demonstrate
that amygdala circuits in children are characterized by weaker
overall integration and less segregated functional networks. Below
wediscuss the implications of these findings for understanding the
maturation of emotion-related circuits in the developing brain.
We found that amygdala connectivity with multiple widely

distributed cortical and subcortical regions is weaker in children
than in adults. Cortical regions included the insula, cingulate
gyrus, and parahippocampal gyrus, as well as unimodal and
polymodal association cortex and ventromedial prefrontal cor-
tex. The insula and cingulate gyrus are considered key nodes of
the “salience network,” involved in detection and processing of
novel and salient events (23). The ventromedial prefrontal cortex
is known to play a critical role in emotion appraisal, as well as
regulation (24, 25). The weaker connectivity of the amygdala
with these regions in children may account for the poorer per-
formance in tasks requiring rapid and accurate recognition and
discrimination of different types of emotions (26, 27). Our
findings are also consistent with previous accounts of maturation
at the whole-brain level, reporting overall increases in long-range
connectivity from childhood through adolescence to early
adulthood (1, 19, 20). The observed increase in amygdala con-
nectivity in adults compared with children stands in contrast to
weakening connectivity, with age, of subcortical structures in-
cluding the basal ganglia and thalamus. These subcortical areas
have been found to be more strongly connected with primary
sensory, association, and paralimbic areas in children (20),

pointing to heterogonous patterns of functional maturation
within different subcortical systems (28). Our findings in amyg-
dala connectivity are more consistent with patterns of stronger
corticocortical connectivity between paralimbic, limbic, and as-
sociation areas observed in adults, supporting the notion that
strengthening of specific long-range connections with age pro-
motes faster communication and connection efficiency (1, 29).
A second major finding of our study is that 7- to 9 –y-old chil-

dren show stronger similarity and less distinct BLA and CMA
connectivity networks. In contrast, adults showed a clearly disso-
ciable pattern of connectivity between BLA and CMA networks.
The distinct connectivity profile observed in adults is reminiscent
of established animal models of amygdala circuits (3, 8) and
replicates previous findings from two neuroimaging studies of
amygdala connectivity in adults (13, 14). Specifically, the BLA
showed stronger connectivity with regions in widely distributed
unimodal and polymodal association cortex whereas the CMA
showed stronger connectivity with several subcortical structures
including brainstem, thalamus, striatum, and cerebellum. These
findings are in line with animal models in which the BLA, co-
ordinating with sensory and polymodal association areas, plays
critical roles in detecting and perceiving a stimulus associated with
fear. On the other hand, the CMA and its interactions with sub-
cortical regions are essential for regulating reflexive and defensive
responses to fear (3, 8). To our knowledge no previous study has
characterized the emergence of such a pattern of differentiated
functional circuits from childhood to adulthood. We suggest that
this development-related reconfiguration of intrinsic functional
networks likely underlies the maturation of increasingly complex
affective functions that typically occur during adolescence.
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A third important finding of our study is that children showed
greater intraamygdala connectivity. Specifically, intrinsic functional
coupling between the BLA and CMAwas higher in children in both
hemispheres. This pattern is consistent with our finding of over-
lapping target networks associated with the BLA and CMA and
suggests a possible mechanism by which distal target networks be-
come more differentiated with development. Previous studies in
nonhuman primates have suggested that differentiation of multiple
cortical regions and networks is related to local synaptic pruning,
deletion of unnecessary synapses, and an increase in processing
efficiency and regional specialization (15, 16). Human data in sup-
port of regional anatomical changes comes from developmental
neuroimaging studies showing an initial increase in thickness and
then slower thinning of gray matter from childhood to adulthood
(2, 17, 28). We suggest that similar neurobiological processes
during childhood may lead to increased functional differentiation
between the BLA and CMA and consequently to more distinct
functional circuits involving these nuclei. Converging evidence
from studies in rodents and humans suggests that experience-
dependent development also plays a critical role in modulating
development of neural wiring and regional specialization pro-
cesses (1, 2, 16). For instance, studies have shown that behavioral
training shapes intrinsic characteristics, such as volume, mor-
phometry, myelination, and local circuits, in task-relevant brain
structures (30, 31). Similar principles are likely to operate in the
BLA and CMA, leading to increased segregation of function
within these regions. This in turn contributes to the development
of distinct connectivity with distributed brain regions that mediate
more mature affective functions involving perception, detection,
regulation, and appraisal of salient emotional stimuli.
To our knowledge, no studies to date have attempted to dis-

entangle developmental changes in functional contributions of
the BLA and CMA as they develop from childhood to adult-
hood. Previous structural neurodevelopmental studies of the
amygdala have focused on changes in its volume and mor-
phometry (28, 32), whereas functional studies have examined its
overall functional reactivity and connectivity during emotion
processing in children (27, 33) and adolescents (34). Notably,
even in adults, only a limited set of studies has focused on dis-
sociating the contributions of these distinct subregions. Recent
studies in patients with anxiety disorders, however, have pro-
vided strong evidence that distinct connectivity patterns can be
reliably identified for the BLA and CMA of the human amygdala
(14). Furthermore, in patients with generalized anxiety disorder,
BLA and CMA connectivity patterns were significantly less dis-
tinct (14). These findings raise important questions as to whether
protracted immaturity in these circuits might be a risk factor for
affective disorders for some children as they mature.
Further research is needed to clarify and extend our findings.

First, we used cytoarchitectonic probabilisticmaps of the BLA and
CMA from adult postmortem brains to examine both children and
adults, as similar maps are not currently available in children.
However, findings from one recent postmortem case study of a 10-
y-old boy suggests that the relative subregional positions and
proportions of anatomical boundaries are similar in children and
adults (35). Crucially, these cytoarchitectonic probabilistic maps
have been shown to have high reliability and accuracy for guiding
anatomical segmentation of amygdala subregions in children as
young as 6- to 7-y old (35). In addition, evidence from our control
analyses in visual cortical subregions also confirmed the feasibility
and validity of our approach. Second, future studies, using high-
resolution fMRI techniques, are required to better determine
structural and functional amygdala connectivity, and how their
interrelations evolve with development. Finally, analysis of
a wider age group is needed to delineate changes during adoles-
cence, a period important for development of affective and social
behaviors (36–38).

In conclusion, the present study demonstrates that amygdalar
nuclei in children show generally weaker large-scale connectivity
with distributed cortical and subcortical regions. Importantly, in-
trinsic functional circuits associated with individual amygdalar nu-
clei are less differentiated in children. This lack of differentiation in
large-scale functional circuits can be traced to higher intraamygdala
connectivity between the BLA and CMA in children. Taken to-
gether, our findings point to weak integration and segregation of
amygdala subregional networks in young children and provide
unique insights into the nature of immature emotion-related cir-
cuitry in young children. The current work represents an important
step toward characterizing the developmental maturation of func-
tional brain systems underlying affective processing. Examining
potentially aberrant maturation of amygdala functional circuits
identified in our study may be important for understanding de-
velopment psychopathology and affective disorders in children
and adolescents.

Materials and Methods
Participants. Two cohorts of children and adults (n = 87 in total) participated
in this study after giving written, informed consent. Details regarding par-
ticipant demographics are described in SI Appendix, Text S1.

Data Acquisition and Preprocessing. For the resting-state fMRI scan, partic-
ipants were instructed to keep their eyes closed and remain still for the
duration of an 8-min scan. Whole brain functional images were acquired on
a 3T GE Signa scanner. Details are provided in SI Appendix, Text S1.

Regions of Interest (ROIs) Definition. Two ROIs encompassing the BLA and
CMA were created using cytoarchitectonically defined probabilistic maps
of the amygdala. Maximum probability maps were used to create non-
overlapping amygdala subregions using the Anatomy Toolbox (12). Voxels
were included in the maximum probability maps only if the probability of
their assignment to the BLA or CMA was higher than any other nearby
structures with greater than 40% likelihood. Each voxel was exclusively
assigned to only one region. Overlapping voxels were assigned to the region
that had the greatest probability, resulting in four nonoverlapping ROIs
representing CMA and BLA subregions in left and right hemispheres. To
mitigate potential confounds related to differences in the size of the
amygdala, we also analyzed the data using the first eigenvalue, rather than
mean, of the ROI time series. The results were nearly identical to our original
analyses (SI Appendix, Fig. S8).

Validity of using these cytoarchitectonic probabilistic maps in children and
additional control analyses were summarized in SI Appendix, Text S2.

Functional Connectivity Analysis. Regional time series within each seed ROI
were extracted from data filteredwith a bandpass temporal filter (0.008–0.10
Hz). Subsequently, each time series was submitted into an individual level
fixed-effects analysis under the framework of the general linear model. A
global signal regressor and six motion parameters for each participant were
included as covariates of no interest in the model to account for physio-
logical noise and movement-related artifacts. For each participant, four
separate functional connectivity analyses were performed for both BLA and
CMA in left and right hemispheres.

The contrast parameter images for each of the four seed regions from the
individual level analyses were submitted to a second-level group analysis
that treated participants as a random variable in a 2-by-2-by-2 ANOVA as
described in Results. Significant clusters were estimated using a height
threshold of P < 0.001 uncorrected, and familywise error corrections for
multiple spatial comparisons using an extent threshold of P < 0.05 in terms
of nonstationary suprathreshold cluster-size distributions based on Monte
Carlo simulations (39).

To characterize differential patterns of BLA and CMA target networks in
children and adults, complementary ROI analyses were conducted for five
target networks of interest. Details are provided in SI Appendix, Text S1 and
Fig. S6. Mean parameter estimates, representing the strength of functional
connectivity of each seed with corresponding target masks, were extracted
from BLA- and CMA-seeded functional connectivity analyses.

Spatial correlations, reflecting similarity of BLA and CMA connectivity,
were computed between each participant’s BLA- and CMA-seeded func-
tional connectivity maps. Moreover, temporal correlations between BLA
and CMA seeds were calculated on the basis of their bandpass-filtered time
series in ipsilateral and contralateral hemispheres to specifically investigate
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developmental differences in interregional coupling of BLA and CMA. Corre-
sponding correlation coefficients were then Fisher’s Z transformed for fur-
ther statistical testing. More details are described in SI Appendix, Text S1.
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