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Although the functional architecture of the brain is indexed by resting-state connectivity networks, little is currently known about the
mechanisms through which these networks assemble into stable mature patterns. The current study posits and tests the long-term phasic
molding hypothesis that resting-state networks are gradually shaped by recurring stimulus-elicited connectivity across development by
examining how both stimulus-elicited and resting-state functional connections of the human brain emerge over development at the
systems level. Using a sequential design following 4- to 18-year-olds over a 2 year period, we examined the predictive associations between
stimulus-elicited and resting-state connectivity in amygdala-cortical circuitry as an exemplar case (given this network’s protracted
development across these ages). Age-related changes in amygdala functional connectivity converged on the same regions of medial
prefrontal cortex (mPFC) and inferior frontal gyrus when elicited by emotional stimuli and when measured at rest. Consistent with the
long-term phasic molding hypothesis, prospective analyses for both connections showed that the magnitude of an individual’s stimuluselicited connectivity unidirectionally predicted resting-state functional connectivity 2 years later. For the amygdala-mPFC connection,
only stimulus-elicited connectivity during childhood and the transition to adolescence shaped future resting-state connectivity, consistent with a sensitive period ending with adolescence for the amygdala-mPFC circuit. Together, these findings suggest that resting-state
functional architecture may arise from phasic patterns of functional connectivity elicited by environmental stimuli over the course of
development on the order of years.
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Significance Statement
A fundamental issue in understanding the ontogeny of brain function is how resting-state (intrinsic) functional networks emerge
and relate to stimulus-elicited functional connectivity. Here, we posit and test the long-term phasic molding hypothesis that
resting-state network development is influenced by recurring stimulus-elicited connectivity through prospective examination of
the developing human amygdala-cortical functional connections. Our results provide critical insight into how early environmental events sculpt functional network architecture across development and highlight childhood as a potential developmental period
of heightened malleability for the amygdala-medial prefrontal cortex circuit. These findings have implications for how both
positive and adverse experiences influence the developing brain and motivate future investigations of whether this molding
mechanism reflects a general phenomenon of brain development.

At the neural-systems level, the functional architecture of the
brain is indexed by resting-state connectivity networks (Cole et

al., 2010; Raichle, 2010; Van Dijk et al., 2010; Pizoli et al., 2011).
Accordingly, much recent work has focused on understanding resting-state network structure and function using fMRI
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(Bandettini and Smith, 2012). Resting-state networks show dramatic changes in composition across development (Jolles et al.,
2011; Uddin et al., 2011; Barber et al., 2013; Solé-Padullés et al.,
2016), but little is currently known about the mechanisms
through which resting-state connections assemble into stable
networks over time. Moreover, although the nature of restingstate connectivity differs from stimulus-elicited (“task-based”)
connectivity, the two measures often converge spatially and correlate with similar behavioral phenotypes in maturity (Cohen et
al., 2005; Smith et al., 2009; Cox et al., 2010; Di et al., 2013;
Mennes et al., 2013; MacNamara et al., 2015). However, the relation between stimulus-elicited and intrinsic resting-state connectivities is not yet well understood, and the interactions between
these connectivities as they emerge over development has not
been empirically examined. Characterizing the association between resting-state and stimulus-elicited connectivities prospectively as they mature across development is a powerful approach
for identifying the mechanisms through which resting-state functional architecture arises and how resting-state connectivity may
be interpreted in mature organisms.
A recent hypothesis suggests that mature resting-state functional architecture reflects the history of stimulus-elicited coactivations within a network (Miall and Robertson, 2006; Buckner
and Vincent, 2007; Dosenbach et al., 2007; Mackey et al., 2013;
Guerra-Carrillo et al., 2014). Here we specifically propose that,
during development, accumulating experiences of phasic
stimulus-elicited functional connectivity may gradually shape
the formation of resting-state connectivity patterns (long-term
phasic molding hypothesis). Phasic molding of functional architecture may be particularly pronounced during developmental
periods when neural systems are most plastic and amenable to
environmental inputs (Greenough et al., 1987). This mechanism
of environmental inputs shaping the development of ongoing,
resting activity has been demonstrated in the ferret visual cortex,
where the activation patterns of neural populations at rest increasingly reflect that population’s stimulus-evoked activity patterns over development (Berkes et al., 2011). The current study
empirically tests whether the long-term phasic molding process
occurs at the systems level in the developing human.
Specifically, amygdala-cortical networks are changing dramatically during childhood and adolescence, providing the opportunity to examine the long-term phasic molding hypothesis’
set of predictions in the context of amygdala-cortical network
maturation. In the present study, we used an emotional faces
paradigm targeting amygdala-frontal connectivity as an exemplary network. We examined the amygdala-medial prefrontal
cortex (mPFC) circuit a priori because we and others have reported extensive changes in this functional circuit and its associated emotion regulation behaviors across childhood and
adolescence, facilitating examination of our hypothesis (Hare et
al., 2008; Decety and Michalska, 2010; Perlman and Pelphrey,
2011; Gabard-Durnam et al., 2014; Gee et al., 2013; Swartz et al.,
2014). We then conducted a whole-brain set of analyses with
amygdala connectivity to test the specificity of the amygdalamPFC circuit findings. For the amygdala resting-state connections that were also modulated by the emotional faces stimuli, we
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Table 1. Demographic information and participant characteristics for concurrent
and prospective samplesa
N
Age, years, mean (SD)
Sex
Handedness
IQ, mean (SD)
CBCL internalizing, mean (SD)
CBCL externalizing, mean (SD)
Income level, median (range)
Ethnicity
African-American
Asian-American
American Indian
European-American
Other
Hispanic

Cross-sectional sample

Prospective subsample

53
13.4 (4.9)
27 male
50 right
114.5 (18.0)
5.1 (5.2)
5.1 (4.6)
85,000 –100,000
(⬍10,000 to ⬎200,000)

23
11.3 (3.8)
11 male
22 right
117 (19.8)
4.3 (3.6)
5.1 (5.1)
85,000 –100,000
(⬍10,000 to ⬎200,000)

32%
25%
6%
55%
11%
15%

39%
22%
9%
57%
13%
17%

a

CBCL, Child Behavior CheckList.

tested a set of predictions. Based on the evidence in ferrets that
stimulus-elicited and resting activity within a region are associated during development (Berkes et al., 2011), we anticipated that
concurrent stimulus-elicited and resting-state connectivities
would also be related within the same circuitry in humans. Moreover, consistent with our long-term phasic molding hypothesis of
resting-state connectivity, we expected that stimulus-elicited
connectivity would predict the nature of future resting-state connectivity during development. However, if resting-state connectivity reflects previous stimulus-elicited connectivity patterns, we
hypothesized that resting-state connectivity would not predict
the nature of future stimulus-elicited connectivity. To test these
predictions, the present study used a prospective, sequential design to map both the concurrent cross-sectional and predictive
relations between stimulus-elicited and resting-state connectivities within the developing amygdala functional network for
youths from age 4 to 23 years.

Materials and Methods
Participants. Demographic information and participant characteristics
for concurrent and prospective samples are presented in Table 1. Fiftythree participants contributed usable data for the cross-sectional analyses: 15 additional participants were excluded for either excessive motion
during scanning (11 participants) or insufficient accuracy in the stimulus
paradigm (4 participants); criteria described below; and 23 participants
from the cross-sectional sample contributed usable data for the longitudinal analyses. Of the 53 participants’ scans in the cross-sectional sample,
20 of these emotional faces task scans have previously been used in publication (Gee et al., 2013), and 48 of the resting-state scans have previously been used (Gabard-Durnam et al., 2014). However, comparisons
between these scan types within individuals have never been published.
None of the follow-up scans (scans 2 years later) have previously been
used in any publication. These prior publications were used to define
functional connections of interest, but the analyses and results reported
here are entirely orthogonal to the prior publications. All participants
were physically and psychiatrically healthy as confirmed by a telephone
screening during recruitment and Child Behavior CheckList scores for
internalizing and externalizing disorders (Table 1) (Achenbach, 1983).
All participants had normal or corrected-to-normal vision. Prospective
participants were excluded from participation if they had ever received a
diagnosis of a learning or developmental disability, reported illicit drug
use or alcohol use ⬎10 drinks per week, or reported metal implants or
any other contraindications to MRI. Adult participants were matriculated undergraduate students. This study was approved by the Institutional Review Boards of the University of California–Los Angeles and the
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state of California. All participants or their parents provided informed
consent or assent (in the case of minors) for this study.
Procedure. In the first laboratory session, all participants were given the
opportunity to acclimate to an MRI scanner environment with a mock
MRI scanner. Recorded MRI noises were available for families to play at
home to participants as further preparation. In the second session, participants returned to complete the first MRI scan with both the emotional
faces stimuli and resting-state paradigms as part of a larger task battery
(Telzer et al., 2013; Gee et al., 2013). To avoid capturing patterns of
amygdala resting-state functional connectivity attributable to differences
in initial MRI acclimation and arousal between the younger and older
participants, all participants completed the resting-state scan at the end
of the 45-min-long session. To preclude potential carryover effects from
the fMRI stimuli, the resting-state scan was directly preceded by a buffer
of ⬃15 min of anatomical scans during which participants passively
viewed a film. Although it is possible that the film viewing could influence subsequent amygdala activity, prior research has also shown that
task ordering does not influence the amygdala-mPFC connectivity measures presently examined (Roy et al., 2009; Kim et al., 2011). Participant
alertness was assessed through listening throughout the scan, direct observation at the end of the scan, and self-report of sleepiness. One older
adolescent participant’s data were discarded due to sleep during the
resting-state scan. Two years after this first MRI session, participants
completed a second MRI scan with both the emotional faces stimuli and
resting-state paradigms in the same order as part of the larger task battery
in the second scanning session.
fMRI paradigms. Participants completed two runs of an emotional
faces paradigm that consisted of a mixed design with one blocked variable (emotional valence: happy vs fearful) and one event-related variable
(emotional vs neutral). In each run, participants either viewed fearful
faces interspersed with neutral faces or they viewed happy faces interspersed with neutral faces; the order of the fearful-neutral run and the
happy-neutral run was counterbalanced across participants. Within each
run, the stimuli were randomized and fixed across participants. To ensure that participants were paying attention to the stimuli, they were
asked to press a button each time they saw a neutral face. Participants
with accuracy rates ⬍50% on were excluded from further analysis (4
potential participants in the cross-sectional sample; these participants
were not included in the demographic data for the usable participants).
Female faces were selected from the Karolinska Directed Emotional Faces
database (Lundqvist et al., 1998). The probability of a neutral face was
50% on any given trial. Stimuli were jittered (variable intertrial interval
ranging from 3000 to 9000 ms) and randomized based on a genetic
algorithm (Wager and Nichols, 2003) to allow for unique estimates of the
hemodynamic response for each trial type. Each run contained 48 trials
(24 neutral faces, 24 fearful or happy faces). Each face was presented for
500 ms. We examined the trials when participants passively viewed fearful faces or happy faces to assess stimulus-elicited connectivity (neutral
faces were also included as a regressor in the model). The contrast of fear
versus baseline and happy versus baseline allowed for the conditions to
be matched on motor and attentional demands within the paradigm.
Participants also completed a resting-state scan of 6 min duration in
which they were instructed to lie still with their eyes closed (GabardDurnam et al., 2014).
All participants were scanned with a Siemens Trio 3.0-Tesla MRI scanner using a standard 12-channel radiofrequency head coil. For the emotional faces stimuli, we collected two functional scans. T2*-weighted
echoplanar images (interleaved) were collected at an oblique angle of
⬃15°–30° (selected per participant to minimize signal drop-out for their
scans) (130 volumes/run; TR, 2000 ms; TE, 30 ms; flip angle, 90°; matrix
size, 64 ⫻ 64; FOV, 192 mm; 34 slices; 4 mm slice thickness; skip 0 mm;
24 observations per event type). For the resting-state scan, we collected
T2*-weighted echoplanar images at an oblique angle of ⬃15°-30° (180
volumes; TR, 2000 ms; TE, 30 ms; flip angle, 75°; matrix size, 64 ⫻ 64;
FOV, 220 mm; 33 slices; 4 mm slice thickness; skip 0 mm). A wholebrain, high-resolution, T1-weighted anatomical scan (MP-RAGE; 192 ⫻
192 in-plane resolution, 256 mm FOV; 192 mm ⫻ 1 mm sagittal slices)
was acquired for each participant for registration and localization of
functional data to Talairach space (Talairach and Tournoux, 1988).
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Connections of interest identification. Conjunction analyses were performed with the amygdala resting-state connectivity and stimuluselicited connectivity analyses (contrast of fear vs baseline and happy vs
baseline) reported previously (Gabard-Durnam et al., 2014 and Gee et
al., 2013, respectively) to identify connections of interest showing spatial
overlap across connectivities (whole-brain cluster corrected, ␣ rate ⬍
0.05) for interrogation with the present sample’s data. First, amygdalamPFC connections showing spatial overlap were determined for the agerelated changes in both stimulus-elicited connectivity and resting-state
connectivity from the prior reports. An exploratory whole-brain conjunction of age-related changes across connectivities was then performed
to identify any additional connections meeting this criterion that had not
been previously examined (i.e., using the happy condition of stimuluselicited connectivity results). Next, any connections showing significant
connectivity with the amygdala that did not change with age across both
resting-state and stimulus-elicited connectivities were identified as positive control connections. These positive control connections facilitated
testing whether amygdala connections that have already stabilized by this
developmental period show associations between resting-state and
stimulus-elicited connectivities, as predicted by the molding hypothesis.
Last, connections showing age-related changes in amygdala resting-state
connectivity but no significant age-related changes in either stimuluselicited connectivity condition (fear or happy) were identified as negative
control connections. These negative control connections were used to
test the prediction that for connections showing developmental (agerelated) change in resting-state connectivity that were not modulated by
the demands of these particular stimuli, there should be no association
between resting-state connectivity and either stimulus-elicited connectivity condition because this resting-state connectivity is shaped by other
contexts (e.g., captured by other stimuli and paradigm designs).
Data preprocessing. The functional imaging data were preprocessed
and analyzed with the Analysis of Functional NeuroImages (AFNI) software package (Cox, 1996). For each participant’s images, preprocessing
included discarding the first 4 functional volumes to allow for BOLD
signal stabilization, correction for slice acquisition-dependent time shifts
per volume, rigid-body translation and rotation from each volume to the
first volume to generate 6 within-subject regressors, and spatial smoothing. Stimuli data were smoothed with a 6 mm isotropic FWHM kernel.
Because the resting-state data had greater initial smoothness than the
stimuli data, the resting-state data were smoothed to a 9 mm isotropic
FWHM smoothness using 3dBlurToFWHM (i.e., various smoothing
kernels were used across participants to achieve the same final smoothness of 9 mm) to achieve equivalent effective spatial smoothness. To
allow for comparisons across individuals for both stimuli and restingstate data, time courses were then normalized to percentage signal
change, functional data were registered to the participant’s anatomical
scan, and the anatomical and functional scans were transformed to the
standard coordinate space of Talairach and Tournoux (1988) with
align_epi_anat.py. Transformations on the functional scans were combined into a single transformation within align_epi_anat.py to minimize
the amount of interpolation applied to the functional data. Talairachtransformed images had a resampled resolution of 3 mm 3. Both stimulus
and resting-state data were processed using a bilateral, anatomical
amygdala ROI defined in the Talairach atlas in AFNI (see Fig. 1, inset).
Comparison of structural MRI and fMRI data between young children
and adults by transformation to standard coordinate spaces, such as
Talairach and Tournoux, has previously been shown to be methodologically appropriate (Burgund et al., 2002; Kang et al., 2003). Moreover, we
have previously created anatomical averages for participants in this sample split into four age groups (4 –9, 10 –13, 14 –18, and 19 –23 years) and
overlaid these averages on the adult template to verify that amygdala seed
regions in this developmental sample correspond to those in the adult
template space after registration (Gabard-Durnam et al., 2014; Gee et al.,
2013). The anatomical average from each of these developmental groups
has coincided robustly with the adult template and with various anatomically defined amygdala regions, suggesting that registration of subcortical regions across development is not a confounding factor in this study.
Motion corrections. Consistent with recent recommendations, a strict
motion-censoring limit was applied across stimuli and resting-state con-
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nectivity so that any time point and the immediately preceding time
point were both censored if the Euclidean norm of the scan-to-scan
motion parameters across the 6 rigid-body parameters exceeded 0.5 mm/
degrees (mean length of retained data was 5.2 min of 6 min for the
resting-state scan and 8.3 min of 8.7 min for the stimuli scan) (Siegel et
al., 2014; Power et al., 2015). Given this motion restriction, five participants (ages 5, 6, 7, 13, and 14 years) contributed ⬍3.5 min of usable
resting-state data; however, because these participants were not outliers
in any analysis and because resting-state correlation strengths have been
shown to stabilize rapidly (Van Dijk et al., 2010), these participants’ data
were included in analyses. Nine participants were excluded from further
analysis because ⬍3 min of resting-state data meeting these motion criteria were obtained (from the 6 min scan), and two participants were
excluded from any further analysis because ⬍4.4 min of stimuli data
meeting these motion criteria were obtained (from the 8.7 min scan)
(excluded participants’ age range: 7–13 years; these participants’ data do
not appear in the demographics or sample size reported for this study).
Importantly, several recent reports have demonstrated that functional
connectivity analyses are especially sensitive to motion artifacts (Satterthwaite et al., 2012; Van Dijk et al., 2012; Hallquist et al., 2013); thus,
several further steps were taken to thoroughly address this potential
confound.
For both the stimuli and the resting-state scans, at the within-subject
level of analysis, 6 rigid-body motion regressors and the 6 backwards
temporal derivatives of those regressors were included in all regressions
to correct for head motion artifacts (Van Dijk et al., 2010; Yan et al.,
2013). For the resting-state data, high-frequency signals have been shown
to be most susceptible to motion confounds; thus, all data were temporally bandpass-filtered with a more conservative cutoff of 0.08 Hz
(compared with the 0.1 Hz cutoff often used for resting-state data) as
recommended by Satterthwaite et al. (2012). The mean framewise displacement (MFD) value was also calculated for each participant for both
the stimuli and resting-state scans as described by Van Dijk et al. (2012).
Control analyses were conducted at the group level with the MFD values
entered as the regressor of interest in the previously published restingstate sample (Gabard-Durnam et al., 2014) and stimulus-elicited
connectivity sample (Gee et al., 2013) to check that any significant
motion-related effects did not overlap with the connections identified for
use in the present analyses.
MFD values calculated for both the motion parameters for the restingstate and the stimuli data were also evaluated as potential covariates in
the cross-sectional analyses. Neither the resting-state MFD nor the stimuli MFD values significantly correlated with their respective connectivity
estimates, nor were they significant predictors of connectivity outcome
measures in any analysis conducted (all p ⬎ 0.05).
Stimulus-elicited connectivity statistical analysis. Psychophysiological interaction (PPI) analysis was conducted to assess stimulusdependent amygdala connectivity changes across the whole brain
(Friston et al., 1997; Gee et al., 2013). To ensure that amygdala reactivity did not overly influence connectivity values, we controlled for
amygdala reactivity at the trial level in this PPI analysis. A GLM
analysis was performed in AFNI for each participant with regressors
for stimuli, amygdala seed region time series, interaction of stimuli
and time series, accuracy, time courses for eroded ventricle and
eroded white matter masks as physiological nuisance covariates, and
12 motion regressors (6 rigid-body regressors and their 6 backwards
temporal derivatives). Four psychological (stimuli) regressors modeled whether a given trial consisted of viewing an emotional face [i.e.,
fearful, happy, neutral faces (in the fearful run), and neutral faces (in
the happy run)] or fixation. The physiological (seed region time series) regressor was the time series for the bilateral amygdala seed
region after regressing out fixation and drift (by modeling linear and
quadratic trends for the time series). Four interaction regressors
modeled the interaction of the psychological regressors and the physiological regressor, such that each interaction regressor identified
regions whose time series correlated in a stimulus-dependent manner
with the amygdala time series. The GLM analyses fit the percentage
signal change time series to each regressor, and linear and quadratic
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trends were modeled for the time series of each voxel to control for
correlated drift.
Resting-state connectivity statistical analysis. For the resting-state data,
time courses for eroded ventricle and eroded white matter masks and the
global signal were extracted from the data. These time courses, along with
12 motion parameters (6 rigid-body motion parameters and their 6 backwards temporal derivatives), were simultaneously regressed out of the
signal during temporal bandpass filtering (0.009 Hz ⬍ f ⬍ 0.08 Hz) as
nuisance covariates to account for external contamination of the remaining resting-state frequencies (Power et al., 2015). (A secondary analysis
processed the resting-state data without the global signal regressor, and
connectivity estimates with and without global signal regression were
very highly correlated for the a priori age-related connection of interest
[Pearson’s r ⫽ 0.94, n ⫽ 53]). Thus, all reported analyses were completed
with the global signal regressor included to benefit from its reduction of
motion and physiological artifacts (e.g., Chen et al., 2012; Keller et al.,
2013; Power et al., 2015). Filtering was used to isolate the relevant signal
fluctuations contributing to functional networks. An average time course
for the bilateral amygdala seed region was then calculated after the combined filtering and nuisance regression of the data.
For each participant, a regression was performed using AFNI’s
3dREMLfit program to fit generalized Least Squares ARMA (1,1) regression models correcting for temporal autocorrelation. Each regression
model included the amygdala seed average time course. These regressions generated subject-level maps of the correlations between the
amygdala time course and every other voxel’s time course using the
filtered, nuisance-regressed data.
Group-level analyses: stimulus-elicited baseline connectivity versus
resting-state connectivity. The stimulus-elicited baseline condition modeled in the PPI is inherently different from the resting-state signal measured outside of the stimulus context, as the stimulus-elicited baseline is
primarily indexing drift components explicitly regressed out of the
resting-state signal. Resting-state data temporal filtering further limits
the signal frequencies examined to those within the specific range of
0.009 Hz ⬍ f ⬍ 0.08 Hz, while no filtering is applied to the stimuluselicited baseline data. Still, to ensure that the baseline condition of the
stimulus-elicited connectivity did not significantly covary with restingstate functional connectivity, parameter estimates for the stimuluselicited baseline condition and the resting-state scan were extracted for
the connections of interest in this study and compared across participants. As expected, Pearson correlations revealed no significant association between baseline and resting-state connectivity for any connection
in this sample (all p ⬎ 0.25).
Cross-sectional analyses. Parameter estimates (␤-weights) of amygdala
functional connectivity for the prespecified connections of interest for
both stimuli (fear faces compared with baseline and happy faces compared with baseline) and resting-state paradigms from the subject-level
analyses were then extracted and subjected to group-level regression
analyses in SPSS (version 22). Any participants with parameter estimates
⬎3 SDs away from the mean in either direction for stimulus or restingstate data were excluded as univariate overly influential outliers (a priori
exclusion criteria). No participants were excluded from analyses in the
cross-sectional sample using these criteria. Participants were removed as
overly influential a priori multivariate outliers if they had Studentized
deleted residuals, Standardized DFFITS, Standardized DFBETAS, and
Covariance Ratio measure values outside of each of these measures’
guidelines for small samples (a priori exclusion criteria to ensure no
single data point could disproportionately enhance or confound results).
Two participants were removed as overly influential multivariate outliers
for all cross-sectional analyses, except the control analyses on connections with age-related changes in resting-state connectivity but not
stimulus-elicited connectivity. In those control analyses, no participants
were removed for one connection (parahippocampal [PH]-amygdala
connection), and four participants were removed for the other connection (superior temporal gyrus [STG]-amygdala connection). Partial correlation analyses were performed to examine whether stimulus-elicited
and resting-state connectivities were associated for the connections of
interest in this sample regardless of participants’ ages. Effects of age,
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stimuli MFD value, and resting-state MFD value were therefore partialled out in the correlations.
Longitudinal analyses. The sample included for longitudinal analyses
was the subsample of the cross-sectional participant sample who had
stimuli and resting-state data from the first and second MRI scans. Parameter estimates of amygdala-PFC candidate connections and the two
sets of control connections were extracted for stimulus-elicited and
resting-state connectivity from both MRI visits and then subjected to
group-level regression analyses in SPSS (version 22). No participants
were removed from the sample as univariate overly influential outliers (a
priori exclusion criterion). No participants were removed for the analyses of the candidate connection identified using the fear versus baseline
stimulus condition as overly influential multivariate outliers (a priori
exclusion criterion). Two participants were removed from the analyses of
the candidate connection identified using the happy versus baseline stimulus condition as overly influential multivariate outliers (a priori exclusion criterion). For the set of analyses of the STG-amygdala control
connection, one participant was removed from all analyses, except for the
analysis of resting-state predicting stimulus-elicited connectivity to
happy faces 2 years later, where two additional participants were removed as multivariate outliers (a priori exclusion criterion). For the set
of analyses of the PH-amygdala control connection, participants were
removed as multivariate outliers only for the analyses of resting-state
predicting stimulus-elicited connectivity 2 years later (three outliers for
the happy-faces condition, one outlier for the fear-faces condition), and
for the resting-state predicting resting-state connectivity 2 years later
analysis (two outliers; a priori exclusion criterion). One participant was
removed from the analyses of the medial frontal gyrus (mFG)-amygdala
control connection (a priori exclusion criteria).
In each longitudinal regression analysis, the time between the first and
second MRI scans for each participant, centered to 2 years (the target
scheduled time difference), was entered as a covariate to account for
differences between participants in the timing of the two MRI sessions.
The mean time difference between sessions for included participants was
1.8 years (SD 0.2 years; range 1.3–2.3 years). Participant’s age was also
included as a covariate in all analyses. Regressions were then performed
predicting connectivity at the second MRI visit from the other type of
connectivity measured at the first MRI visit (i.e., stimulus-elicited connectivity estimates predicting later resting-state connectivity estimates,
and resting-state connectivity estimates predicting later stimulus-based
connectivity estimates), with an interaction regressor coding an age by
first visit connectivity estimate effect to examine developmental differences in the strength of this association. For nonsignificant interactions,
the interaction regressor was removed from the model and regression
was rerun to allow assessment of the main effects of the connectivity and
age regressors. For significant interactions, post hoc simple slopes for the
connectivity estimates were tested at the mean age (11.4 years), and 1 SD
above and below the mean age (15.2 and 7.5 years, respectively), which
were also meaningful ages for this study sample as they indexed the
interaction effect in different developmental periods (early childhood,
the transition from childhood to adolescence, and mid-adolescence).
Last, associations between a participant’s connectivity parameter estimates at the first MRI visit and the second MRI visit were assessed within
each connectivity type (e.g., association between resting-state parameter
estimate at first MRI visit and second MRI visit) to complete the set of
prospective analyses.

Results

Age-related amygdala-mPFC connection (resting-state ⴙ fear
face-elicited connectivities): spatial overlap in resting-state
and stimulus-elicited connectivities
The spatial overlap between amygdala-mPFC functional connections demonstrating age-related changes in both stimuluselicited (PPI contrast of fear vs baseline) (Gee et al., 2013) and
resting-state connectivity (Gabard-Durnam et al., 2014) was first
tested by calculating the statistical intersection between the connectivity results (whole-brain cluster corrected, ␣ rate ⬍ 0.05).
There was significant spatial overlap in an amygdala-mPFC con-
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nection (Fig. 1A; 23 voxels, centered at x ⫽ 2, y ⫽ 37, z ⫽ 2,
Talairach atlas; Brodmann area 24). That is, developmental
changes were identified within a similar amygdala-mPFC network emerging from both rest and stimulus-elicited data. This
connection showing overlap in age-related change across both
connectivity modalities served as the primary candidate connection for testing the molding hypothesis with cross-sectional and
longitudinal analyses.
Cross-sectional analysis: association between connectivities
For the amygdala-mPFC candidate connection, the concurrent
relation between stimulus-elicited and resting-state connectivities was then assessed within the cross-sectional sample from 4 to
23 years of age, over and above the effects of age, stimuli MFD
values, and resting-state MFD values. Stimulus-elicited connectivity was inversely related to resting-state connectivity for this
amygdala-mPFC connection, such that stronger (greater magnitude) negative stimulus-elicited amygdala-mPFC connectivity
was associated with stronger positive resting-state amygdalamPFC connectivity (with the mature phenotype in young adults
corresponding to negative stimulus-elicited connectivity and
positive resting-state connectivity) (Pearson’s r, partial ⫽
⫺0.302, p ⫽ 0.037, n ⫽ 51; Fig. 1B). That is, the different connectivity modalities were associated with each other when measured concurrently for the amygdala-mPFC connection where
their age-related changes spatially overlap.
Prospective analyses: stimulus-elicited connectivity predicts
resting-state connectivity
Next, to test the long-term phasic molding hypothesis, the prospective associations between the amygdala-mPFC connectivities
were assessed across development through a series of predictive
analyses using data from both the initial scan and the second scan
2 years later for participants 4 –18 years of age. First, regression
was used to test whether stimulus-elicited connectivity measured
at the first visit predicted resting-state connectivity 2 years later
(main effect) and whether the strength of stimulus-elicited connectivity’s effect differed across the ages in this sample (stimuluselicited connectivity by age interaction effect). This regression
also controlled for the individual variability in the exact time
difference between visits (centered to 2 years), the main effect of
age at the first scan, and resting-state connectivity estimates
from the first visit (to account for variance shared between
resting-state and stimulus-elicited connectivity at the first visit).
Consistent with the long-term phasic molding hypothesis,
stimulus-elicited connectivity prospectively and inversely predicted resting-state connectivity 2 years later (b coefficient ⫽
⫺0.042, t ⫽ ⫺2.681, p ⫽ 0.016, n ⫽ 22; Fig. 1C). However, this
main effect was qualified by a significant interaction between age
and stimulus-elicited connectivity at the first visit that predicted
resting-state connectivity 2 years later (b coefficient ⫽ 0.0002, t ⫽
2.202, p ⫽ 0.043, n ⫽ 22; Fig. 2A). This interaction effect suggests
that stimulus-elicited connectivity shapes resting-state connectivity across time during specific developmental phases but not
others (Fig. 2B).
Post hoc tests of simple slopes at ages 7.5, 11.4, and 15.2 years
(mean ⫾ SD) revealed that stimulus-elicited connectivity at the
first visit at both 7.5 and 11.4 years of age significantly inversely
predicted resting-state connectivity 2 years later (over and above
the exact time difference between visits, age, and resting-state
connectivity estimates from the first visit) (at age 7.5 years: b
coefficient ⫽ ⫺0.024, t ⫽ ⫺3.033 p ⫽ 0.008, n ⫽ 22; at age 11.4
years: b coefficient ⫽ ⫺0.015, t ⫽ ⫺3.259, p ⫽ 0.005, n ⫽ 22; Fig.
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Figure 1. Amygdala-medial prefrontal cortex (mPFC) connection: connectivity associations. Inset, Bilateral anatomical amygdala seed region used to generate all connectivity for the study
(Talairach atlas). A, Area of mPFC overlap (Brodmann area 24) in age-related changes in stimulus-elicited (fear condition) and resting-state amygdala connectivity ( p ⬍ 0.05, whole brain corrected)
used to define amygdala-mPFC circuit. B, Concurrent association between residualized parameter estimates (␤ weights) for stimulus-elicited (fear condition) and resting-state functional connectivities, controlling for age and motion covariates. C, Prospective association between residualized parameter estimates for stimulus-elicited (fear condition) connectivity measured at the first scan
and resting-state functional connectivity measured at the second scan 2 years later, controlling for the exact time difference between scans, age, and resting-state connectivity estimates at the first
scan.

2A). By contrast, stimulus-elicited connectivity at age 15.2 did
not predict resting-state connectivity 2 years later over and above
the other variables in the model (b coefficient ⫽ ⫺0.006,
t ⫽ ⫺1.545, p ⫽ 0.142, n ⫽ 22; Fig. 2A). For both simple slopes at
ages 7.5 and 11.4 years where the inverse association between
stimulus-elicited and future resting-state connectivity was observed, the more negative the stimulus-elicited amygdala-mPFC
connectivity at the first visit, the more positive the amygdalamPFC resting-state connectivity estimate was at the second visit 2
years later (Fig. 2A).
Prospective analyses: resting-state connectivity does not
predict stimulus-elicited connectivity
In this same sample of participants, resting-state connectivity
measured at the first visit did not predict the estimate of stimuluselicited connectivity 2 years later, nor was there a resting-state
connectivity by age interaction in predicting future stimuluselicited connectivity (resting-state connectivity main effect: b
coefficient ⫽ ⫺20.95, t ⫽ ⫺1.083, p ⫽ 0.293, n ⫽ 23; restingstate ⫻ age interaction effect: b coefficient ⫽ ⫺0.059, t ⫽ ⫺0.149,
p ⫽ 0.884, n ⫽ 23). This regression controlled for the individual
variability in the exact time difference between scans, the effects
of age at the first scan, and stimulus-elicited connectivity estimates from the first scan.

Prospective analyses: connectivities across 2 years
In addition to testing the long-term phasic molding hypothesis,
associations across 2 years within each connectivity type were
also assessed to complete the set of prospective analyses about
connectivity associations. Stimulus-elicited amygdala-mPFC
connectivity at the first visit did not significantly predict
stimulus-elicited connectivity at the second visit 2 years later,
controlling for the individual variability in the exact time difference between visits (Pearson’s r, partial ⫽ 0.027, p ⫽ 0.907, n ⫽
22) (all connectivity associations summarized in Fig. 4). Restingstate connectivity at the first visit was associated with resting-state
connectivity at the second visit at the trend level controlling for
the same covariates (Pearson’s r, partial ⫽ 0.401, p ⫽ 0.08,
n ⫽ 22) (see Fig. 4).
Additional age-related amygdala-PFC connectivity:
amygdala-inferior frontal gyrus (IFG) connection (restingstate ⴙ happy face-elicited connectivities)/spatial overlap in
resting-state and stimulus-elicited connectivities
A secondary exploratory analysis was conducted examining the
whole-brain statistical conjunction of age-related changes in
resting-state and stimulus-elicited connectivities (for the happy
faces vs baseline condition) to identify any additional connections showing spatial overlap in age-related change that could be
used to further test the molding hypothesis. An amygdala-IFG
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Figure 2. Amygdala-mPFC stimulus-elicited connectivity during childhood, but not adolescence, shapes future resting-state connectivity. A, Post hoc simple slopes evaluated at the mean age
(11 years) ⫾ 1 standard deviation (7 years, 15 years) the prospective association between parameter estimates for stimulus-elicited (fear condition) connectivity measured at the first scan and
resting-state functional connectivity measured at the second scan 2 years later. For each 1 unit increase in inverse (negative) stimulus-elicited connectivity (i.e., becoming increasingly negative) at
age 7.5, 11.4, or 15.2 years, the expected increase in resting-state connectivity 2 years later is shown. **p ⬍ 0.01. n.s., Not significant. B, Conceptual summary of the simple slopes tests.

connection (21 voxels, centered at x ⫽ 38, y ⫽ 37, z ⫽ 10, Talairach atlas; Brodmann areas 46, 10) was identified with this
whole-brain analysis (Fig. 3A). That is, developmental changes
were identified within a similar amygdala-IFG network emerging
from both rest and stimulus-elicited data. All analyses performed
for the amygdala-mPFC connection were then repeated for this
amygdala-IFG connection.
Cross-sectional analysis: association between connectivities
First, the concurrent association between stimulus-elicited and
resting-state connectivity for the amygdala-IFG connection in the
cross-sectional sample was tested. A significant inverse association
between resting-state and stimulus-elicited connectivities was found
over and above age, stimulus-elicited MFD values, and resting-state
MFD values (Pearson’s r, partial ⫽ ⫺0.291, p ⫽ 0.045, n ⫽ 51).
More positive stimulus-elicited connectivity was associated with
more negative resting-state connectivity concurrently (with the mature phenotype in young adults corresponding to positive stimuluselicited connectivity and negative resting-state connectivity)
(Fig. 1B). That is, the different connectivity modalities were associated with each other concurrently for the amygdala-IFG connection
where their age-related changes spatially overlap.
Prospective analyses: stimulus-elicited connectivity predicts
resting-state connectivity
Given the concurrent association between connectivity modalities,
prospective analyses were then conducted to test the long-term phasic molding hypothesis for the amygdala-IFG connection. First, regression tested whether stimulus-elicited connectivity measured at
the first scan predicted resting-state connectivity 2 years later (main
effect), and whether the stimulus-elicited connectivity’s effect differed across age (interaction effect). The regression model covaried

for individual variability in the time difference between visits, the
main effect of age, and resting-state connectivity estimates from the
first scan. Consistent with the molding hypothesis, a significant main
effect of stimulus-elicited connectivity in predicting resting-state
connectivity 2 years later was observed ((tested without the interaction term) b coefficient ⫽ ⫺0.011, t ⫽ ⫺2.226, p ⫽ 0.042, n ⫽ 20;
Fig. 3B). For this amygdala-IFG connection, the more positive the
stimulus-elicited connectivity at the first visit, the more negative the
resting-state connectivity estimate was at the second visit 2 years
later. There was no significant interaction between stimulus-elicited
connectivity and age in predicting resting-state connectivity 2 years
later (b coefficient ⫽ 0.560, t ⫽ 0.597, p ⫽ 0.56, n ⫽ 20), suggesting
that stimulus-elicited connectivity consistently shapes resting-state
connectivity across childhood and adolescence for the amygdalaIFG connection.
Prospective analyses: resting-state connectivity does not
predict stimulus-elicited connectivity
Consistent with the molding hypothesis, amygdala-IFG restingstate connectivity measured at the first scan did not predict the
estimate of stimulus-elicited connectivity 2 years later over and
above covariates’ effects of time differences between visits, age,
and stimulus-elicited connectivity from the first scan (b coefficient ⫽ ⫺51.42, t ⫽ ⫺1.344, p ⫽ 0.197, n ⫽ 21). There was no
significant resting-state connectivity by age interaction in predicting future stimulus-elicited connectivity (b coefficient ⫽
⫺0.600, t ⫽ ⫺0.456, p ⫽ 0.654, n ⫽ 21).
Prospective analyses: connectivities across 2 years
Associations across 2 years within each connectivity type were
also assessed. Stimulus-elicited amygdala-IFG connectivity at the
first visit did not significantly predict stimulus-elicited connec-
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Figure 3. Amygdala-inferior frontal gyrus (IFG) connection: connectivity associations. A, Area of IFG overlap (Brodmann areas 46, 10) in age-related changes in stimulus-elicited (happy
condition) and resting-state amygdala connectivity ( p ⬍ 0.05, whole brain corrected) used to define amygdala-IFG circuit. B, Concurrent association between residualized parameter estimates (␤
weights) for stimulus-elicited (happy condition) and resting-state functional connectivities, controlling for age and motion covariates. C, Prospective association between residualized parameter
estimates for stimulus-elicited (happy condition) connectivity measured at the first scan and resting-state functional connectivity measured at the second scan 2 years later, controlling for the exact
time difference between scans, age, and resting-state connectivity estimates at the first scan.

Figure 4. Concurrent and prospective connectivity associations within and between connectivity type. Graphic summarizing the complete set of concurrent and prospective associations
(Pearson’s r, partial) between stimulus-elicited and resting-state connectivities and prospective associations (Pearson’s r, partial) within each connectivity type across childhood and adolescence.
Dashed lines indicate nonsignificant (n.s.) associations. Thin solid lines indicate significant associations at the trend level ( p ⬍ 0.1). Bold solid lines indicate significant associations at the level of p ⬍
0.05. Associations pertaining to the amygdala-mPFC connection elicited in the fear-face condition are indicated by the subscript “mPFC,” and associations pertaining to the amygdala-IFG connection
elicited in the happy-face condition are indicated by the subscript “IFG.”
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Figure 5. Positive control. Amygdala-mFG: converging connectivity patterns with no age-related changes. A, Area of mFG overlap (Brodmann areas 9, 10, 32) in significant stimulus-elicited (fear
condition) and resting-state amygdala connectivity with no age-related changes ( p ⬍ 0.05, whole brain corrected) used to define amygdala-mFG circuit. B, Concurrent association between
residualized parameter estimates (␤ weights) for stimulus-elicited (fear condition) and resting-state functional connectivities, controlling for age and motion covariates.

tivity at the second visit 2 years later, controlling for the individual variability in the exact time difference between visits and the
effects of age (Pearson’s r, partial ⫽ 0.013, p ⫽ 0.955, n ⫽ 21)
(Fig. 4). Resting-state connectivity at the first visit was associated
with resting-state connectivity at the second visit at the trend level
over and above those same covariates (Pearson’s r, partial ⫽
0.080, p ⫽ 0.737, n ⫽ 21) (Fig. 4).
Control connections without convergent age-related changes
Last, two whole-brain statistical conjunction analyses were performed to identify two additional connection types that did not
exhibit convergent age-related changes in connectivity for control analyses related to the long-term phasic molding hypothesis.
Positive control connection: converging connectivity patterns
with no age-related changes
First, if stimulus-elicited connectivity shapes the developmental
change in resting-state connectivity as the long-term phasic
molding hypothesis predicts, then stimulus-elicited and restingstate connectivities would also be expected to show an association
with each other for stabilized connections that result from the
molding process. Therefore, as a positive control analysis, associations were tested between concurrent resting-state and
stimulus-elicited connectivity for stable amygdala connections.
Connections showing significant connectivity with the amygdala

that did not change with age (4 –23 years) across both restingstate and stimulus-elicited connectivities were identified as stable
control connections. This statistical conjunction analysis identified an amygdala-mFG connection (fear vs baseline condition
with resting-state, 32 voxels, centered at x ⫽ 12, y ⫽ 42, z ⫽ 17,
Brodmann areas 9, 10, 32; Fig. 5A). Consistent with the prediction about stable connectivities, a significant inverse association
was found between resting-state and stimulus-elicited connectivity for this amygdala-supragenual mFG connection when measured concurrently, controlling for age and MFD covariates
(Pearson’s r, partial: ⫺0.335, p ⫽ 0.020, n ⫽ 51; Fig. 5B). Across
participants, more positive resting-state connectivity was associated with more negative stimulus-elicited connectivity for the
amygdala-mFG connection. In the smaller prospective subsample of participants, no significant association was observed
between connectivities (Pearson’s r, partial: ⫺0.165, p ⫽ 0.474,
n ⫽ 22).
Negative control connections: nonconvergence of age-related
changes in connectivity patterns
Second, connections showing age-related changes in restingstate connectivity that were not modulated by the emotional
faces paradigm (i.e., did not show significant stimulus-elicited
connectivity or age-related changes in stimulus-elicited connectivity) would not be expected to show associations between
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this paradigm’s stimulus-elicited connectivity estimates and
resting-state connectivity concurrently or prospectively. That
is, the resting-state connectivity may be shaped by other contexts that the emotional faces paradigm does not capture for
this set of connections.
Cross-sectional control analyses: no associations
between connectivities
To perform a control analysis testing the prediction that stimuluselicited and resting-state connectivity would show no association
concurrently for the negative control connections, a statistical conjunction analysis identified connections showing age-related
changes in resting-state connectivity but no significant age-related
changes in or significant age-constant stimulus-elicited connectivity
in any condition (fear or happy). Two such negative control connections met these criteria: a right hemisphere amygdala-STG connection (285 voxels, centered at x ⫽ 49, y ⫽ ⫺32, z ⫽ 11, Talairach atlas;
Brodmann areas 41, 21; Fig. 6A) and a bilateral amygdala-PH connection (216 voxels, centered at x ⫽ 23, ⫺41, ⫺3 (right hemisphere),
x ⫽ ⫺28, y ⫽ ⫺39, z ⫽ ⫺8 (left hemisphere), Talairach atlas; Brodmann area 36; Figure 6D). Consistent with the prediction, neither
connection showed significant associations between the stimuluselicited connectivity in either happy or fear conditions and the
resting-state connectivity estimate when measured concurrently,
over and above the effects of age and MFD values (amygdala-STG
fear condition and resting-state: Pearson’s r, partial ⫽ ⫺0.241, p ⫽
0.11, n ⫽ 49; amygdala-STG happy condition and resting-state:
Pearson’s r, partial ⫽ 0.081, p ⫽ 0.59, n ⫽ 49; Figure 6B;
amygdala-PH fear condition and resting-state: Pearson’s r, partial ⫽
⫺0.180, p ⫽ 0.21, n ⫽ 53; amygdala-PH happy condition and resting-state: Pearson’s r, partial ⫽ ⫺0.082, p ⫽ 0.57, n ⫽ 53; Figure 6E).
Prospective control analyses: stimulus-elicited connectivity
does not predict resting-state connectivity
Next, a prospective analysis tested the prediction that stimuluselicited connectivity would not prospectively predict later restingstate connectivity for the amygdala-STG and amygdala-PH control
connections (i.e., no long-term molding of resting-state connectivity
for the negative control connections). Regression models for each
connection tested whether stimulus-elicited connectivity measured
at the first scan (a model for the fear condition and a separate model
for the happy condition) predicted resting-state connectivity 2 years
later, covarying for individual variability in the time difference between visits, the main effect of age, and resting-state connectivity
estimates from the first scan. Consistent with the prediction, no effect of stimulus-elicited connectivity in predicting resting-state connectivity 2 years later was observed for either condition (fear or
happy) for either connection (amygdala-STG fear condition and
resting-state: b coefficient ⫽ 0.001, t ⫽ ⫺0.606, p ⫽ 0.553, n ⫽ 21;
amygdala-STG happy condition and resting-state: b coefficient ⫽
⫺0.002, t ⫽ ⫺0.671, p ⫽ 0.512, n ⫽ 21; Fig. 6C; amygdala-PH fear
condition and resting-state: b coefficient ⫽ 0.003, t ⫽ 0.944, p ⫽
0.359, n ⫽ 22; amygdala-PH happy condition and resting-state: b
coefficient ⫽ 0.005, t ⫽ 1.36, p ⫽ 0.192, n ⫽ 22; Fig. 6F).
Prospective control analyses: resting-state connectivity does
not predict stimulus-elicited connectivity
Moreover, as expected for both fear- and happy-face conditions,
across both control connections, resting-state connectivity measured at the first scan did not predict the estimate of stimuluselicited connectivity 2 years later either, over and above
covariates’ effects of time differences between visits, age, and
stimulus-elicited connectivity from the first scan (amygdala-STG
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fear condition and resting-state: b coefficient ⫽ 21.365, t ⫽ 0.787,
p ⫽ 0.442, n ⫽ 22; amygdala-STG happy condition and restingstate: b coefficient ⫽ 20.350, t ⫽ 1.076, p ⫽ 0.299, n ⫽ 20;
amygdala-PH fear condition and resting-state: b coefficient ⫽
⫺25.817, t ⫽ ⫺1.283, p ⫽ 0.217, n ⫽ 22; amygdala-PH happy
condition and resting-state: b coefficient ⫽ 47.407, t ⫽ 1.558, p ⫽
0.140, n ⫽ 20).
Prospective analyses: control connections’ connectivities
across 2 years
These connections were identified as having significant agerelated changes in resting-state connectivity (but no significant
stimulus-elicited connectivity), so only associations across 2
years within the resting-state connectivity type were assessed. For
the amygdala-STG control connection, resting-state connectivity
at the first visit was negatively associated with resting-state connectivity at the second visit 2 years later at the trend level over and
above the effect of age and controlling for individual variability in
the time difference between visits (Pearson’s r, partial ⫽ ⫺0.416,
p ⫽ 0.077, n ⫽ 21), consistent with the age-related change from
positive to negative connectivity previously observed for this
connection (Gabard-Durnam et al., 2014). For the amygdala-PH
control connection, resting-state connectivity at the first visit was
positively associated with resting-state connectivity at the second
visit 2 years later at the trend level over and above the same
covariates (Pearson’s r, partial ⫽ 0.428, p ⫽ 0.077, n ⫽ 20).

Discussion
A fundamental issue in understanding the ontogeny of brain
function is how resting-state functional networks emerge and
relate to stimulus-elicited functional connectivity. Here, we posit
and test the long-term phasic molding hypothesis that restingstate network development is influenced by recurring stimuluselicited connectivity through prospective examination of the
developmental precursors leading to stable mature human functional connectivity for amygdala-cortical connections. These
findings show that the developmental emergence of a restingstate network is indeed heavily influenced by the nature of previous phasic stimulus-elicited connectivity.
To test the long-term phasic molding hypothesis, we focused
primarily on the amygdala-mPFC circuit known to show robust
developmental changes during this period and to ultimately assemble stable connectivity in maturity supporting emotion regulation behavior (Banks et al., 2007; Roy et al., 2009; Perlman and
Pelphrey, 2011; Gabard-Durnam et al., 2014; Gee et al., 2013;
Swartz et al., 2014). We found that the age-related changes in
resting-state and stimulus-elicited functional connectivities colocalized spatially; that is, the same mPFC region showed agerelated changes in connectivity with the amygdala across both
measures. The stimulus-elicited and resting-state connectivities
demonstrated highly related but opposite connectivity valences
for this circuit when measured concurrently. Critically, during
childhood and the transition to adolescence, stimulus-elicited
connectivity measured at baseline predicted resting-state connectivity measured 2 years later (over and above baseline restingstate connectivity), explaining approximately one-fourth of the
variance in the later resting-state estimates. However, there was
no reciprocal developmental influence of baseline resting-state
connectivity on stimulus-elicited connectivity measured 2 years
later. These findings were replicated for an amygdala-IFG functional connection identified from a whole-brain analysis, with
the exception that stimulus-elicited amygdala-IFG connectivity
was predictive of future resting-state connectivity across child-
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Figure 6. Negative controls. Nonconvergence of age-related changes in connectivity patterns. A, Area of right hemisphere superior temporal gyrus (STG) (Brodmann areas 41, 22) showing
age-related changes in resting-state connectivity but no significant (or age-related changes in) stimulus-elicited connectivity in either fear or happy condition used to define amygdala-STG circuit.
B, Nonsignificant concurrent associations between residualized parameter estimates (␤ weights) for stimulus-elicited (fear condition, top row; happy condition, bottom row) and resting-state
functional connectivities for the amygdala-STG circuit, controlling for age and motion covariates. C, Nonsignificant prospective associations between residualized parameter estimates (␤ weights)
for stimulus-elicited connectivity at the first scan (fear condition, top row; happy condition, bottom row) and resting-state functional connectivity 2 years later for the STG-amygdala circuit,
controlling for the exact time difference between scans, age, and resting-state connectivity estimates at the first scan. D, Area of bilateral parahippocampal (PH) gyrus (Brodmann area 36) showing
age-related changes in resting-state connectivity but no significant (or age-related changes in) stimulus-elicited connectivity in either fear or happy condition used to define amygdala-PH circuit.
E, Nonsignificant concurrent associations between residualized parameter estimates (␤ weights) for stimulus-elicited (fear condition, top row; happy condition, bottom row) and resting-state
functional connectivities for the amygdala-PH circuit, controlling for age and motion covariates. F, Nonsignificant prospective associations between residualized parameter estimates (␤ weights)
for stimulus-elicited connectivity at the first scan (fear condition, top row; happy condition, bottom row) and resting-state functional connectivity 2 years later for the amygdala-PH circuit,
controlling for the exact time difference between scans, age, and resting-state connectivity estimates at the first scan.
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hood and adolescence. These findings have several implications,
discussed below, for our understanding of the ontogenetic
mechanisms and plasticity of human resting-state connectivity
emergence and its relation with stimulus-elicited functional connectivity measures across development and in maturity.
These results suggest that stimulus-elicited connectivity
shapes the nature of resting-state connectivity through phasic
molding occurring normatively on a developmental scale on the
order of years, in support of the long-term phasic molding hypothesis. Specifically, these results show that the shaping process
occurs throughout childhood, and in some cases into adolescence, for the amygdala-prefrontal functional network. The control analysis demonstrating an association between connectivity
modalities maintained after a connection’s stabilization is consistent with prior influence of stimulus-elicited connectivity on
resting-state connectivity and provides evidence that a relation
between connectivities persists in mature networks. Moreover,
control analyses of nonconvergent age-related changes in connectivity further support the molding hypothesis by highlighting
the specificity of our findings. That is, connections that do not
show stimulus-elicited connectivity during the emotional faces
paradigm also do not show any association between stimuluselicited connectivity estimates and the developing resting-state
connectivity that is shaped by other unmeasured contexts. Thus,
the observed associations between stimulus-elicited and restingstate connectivities do not seem to reflect global artifact (e.g.,
respiration artifact) but are specific to connections where the
particular stimuli used in this study induce a phasic coordinated
response.
Moreover, the developmental period during which stimuluselicited connectivity could influence future resting-state connectivity varied across amygdala-prefrontal connections and may indicate
different trajectories of connection malleability. While stimuluselicited connectivity influenced amygdala-IFG resting-state connectivity across childhood and adolescence, for the amygdala-mPFC
connection, we observed a developmental switch-point at the onset
of adolescence after which stimulus-elicited connectivity did not influence future resting-state connectivity. This finding is consistent
with adolescence demarcating the terminal boundary of a sensitive
period for amygdala-mPFC functional circuitry (Fig. 2B). Further
support for this interpretation comes from findings that children
uniquely do not maintain stable resting-state coupling, indicative of
increased malleability, and that their amygdala-mPFC circuit is
uniquely sensitive to other environmental stimuli (e.g., the presence
or absence of a parent) (Qin et al., 2012; Gabard-Durnam et al.,
2014). Together, these results suggest that childhood demarcates a
developmental period of exaggerated malleability (i.e., sensitive period) and thus increased potential for long-term shaping in the construction of the amygdala-mPFC circuit. However, stimulus-elicited
amygdala-IFG connectivity influenced later resting-state connectivity across childhood and adolescence in this study. Notably, this
region of the IFG has previously been implicated in cognitive control
and affect reappraisal (coordinates overlap spatially with NeuroSynth automated meta-analyses), and both the IFG and these processes have been shown to have protracted developmental
trajectories continuing into young adulthood (Casey et al., 2005;
Lenroot and Giedd, 2006; Wager et al., 2008; Luna et al., 2010;
McRae et al., 2012). Given the lengthy duration of IFG functional
development, it is possible that our finding that amygdala-IFG
stimulus-elicited connectivity continues to influence resting-state
connectivity across adolescence reflects a more extended period of
malleability for this connection relative to the amygdala-mPFC connection. Future work extending this assessment beyond age 18 years
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is necessary to determine whether the amygdala-IFG connection’s
malleability tapers off or persists through young adulthood.
Notably, initial adult studies exploring training effects on mature, established resting-state connectivity patterns suggest that
resting-state connectivity may continue to undergo refinement
through different, short-term Hebbian-like mechanisms in maturity (Albert et al., 2009; Lewis et al., 2009; Tambini et al., 2010;
Harmelech et al., 2013; Mackey et al., 2013). Preliminary research
of the Hebbian-like mechanisms in adults has suggested that reactivation of regions during sleep may facilitate this process in
mature systems (Laureys et al., 2001; Harmelech et al., 2013).
Sleep-based consolidation could be explored in future studies as a
candidate means facilitating the developmental phasic molding
of resting-state connectivity that occurs across years.
In addition, our direct comparison of resting-state connectivity with stimulus-elicited connectivity for the same amygdalaprefrontal network within the same individuals revealed the
development of contrasting connectivity valences between stimulus and resting-state conditions. That is, in an adult individual,
positive resting-state connectivity is associated with negative
stimulus-elicited connectivity for the amygdala-mPFC circuit,
and negative resting-state connectivity is associated with positive
stimulus-elicited connectivity for the amygdala-IFG circuit. Preliminary research exploring stimulus-elicited activations and
resting-state connectivity colocalization for mature networks,
largely focused on the default-mode network, suggests that similar inverse relations may be observed (Thomason et al., 2008;
Smith et al., 2009; Mennes et al., 2010, 2013) ,. Attenuation of the
inverse association between the default-mode network and
stimulus-elicited activity has been associated with inefficient
network function, poor task performance, and even a range of
clinical phenotypes (Sonuga-Barke and Castellanos, 2007; Kelly
et al., 2008; Mannell et al., 2010; Hamilton et al., 2011; Liddle et
al., 2011). Inverse relationships between stimulus-elicited and
resting-state connectivity valences may therefore generally mark
efficient communication within networks (Buckner and Vincent,
2007; Tomasi et al., 2013; Guerra-Carrillo et al., 2014). However,
whether our finding of oppositely valenced functional connectivities is a generalizable phenomenon needs to be further
explored.
Given these results documenting the coemergence of functional
connectivities for the amygdala-prefrontal network, it is important
to examine whether these same mechanisms are at play in other
functional networks emerging across development. Although we did
not observe any predictive influence of resting-state connectivity on
stimulus-elicited functional connectivity, it is possible that our small
sample size precluded us from finding a weaker effect. Alternatively,
it has been suggested that resting-state connectivity may constrain
stimulus-based connectivity patterns in mature systems, and future
studies extending the present age cap of 18 years into adulthood may
capture a later developmental reversal in the direction of influence
between functional connectivities (Deco and Corbetta, 2011). Future research relating to systems-level mechanisms of functional
plasticity could help characterize the potential childhood period of
malleability for the amygdala-mPFC circuit and evaluate potential
factors triggering connectivity stabilization after childhood, including puberty onset, changes in hormone expression, or the psychosocial transition from elementary to middle school (Johansen-Berg,
2013).
In conclusion, our results provide critical insight into how the
nature of the connectivity elicited by environmental events may
shape resting-state connectivity across development and highlight
childhood as a potential developmental period of heightened malle-

Gabard-Durnam, Gee et al. • Long-term Phasic Molding of Resting-State Connectivity

ability for the amygdala-mPFC circuit. These findings suggest that
early environmental events sculpt future functional network architecture, with implications for how both positive and adverse experiences influence the developing brain. Future research characterizing
developmental periods of plasticity for amygdala-prefrontal circuits
will be critical for understanding affective behaviors and when interventions for affective psychopathology can be most effective. Importantly, the neural systems-level mechanism we describe, whereby
previous phasic experience influences the development of restingstate connectivity, is consistent with the single animal investigation
comparing the development of phasic and resting activity at the
neural population level within a visual cortex region in ferrets
(Berkes et al., 2011). This concordance is especially striking given the
different species, brain regions, and levels of neural processes involved. Accordingly, the present results indicate that this developmental long-term phasic modeling mechanism of circuit formation
may be preserved across levels of neural complexity and motivate
future investigations of whether this mechanism reflects a general
phenomenon of brain development.
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Solé-Padullés C, Castro-Fornieles J, de la Serna E, Calvo R, Baeza I, Moya J,
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