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Abstract
The capacity to suppress inappropriate thoughts, emotions and actions in favor of appropriate ones shows marked changes
throughout childhood and adolescence. Most research has focused on pre-frontal circuit development to explain these
changes. Yet, subcortical circuitry involving the amygdala and ventral striatum (VS) has been shown to modulate cuetriggered motivated behaviors in rodents. The nature of the interaction between these two subcortical regions in humans
is less well understood, especially during development when there appears to be heightened sensitivity to emotional cues.
In the current study, we tested how task-based cortico-subcortical and subcortico-subcortical functional connectivity in 155
participants ages from 5 to 32 impacted cognitive control performance on an emotional go/nogo task. Functional connectivity between the amygdala and VS was inversely correlated with age and predicted cognitive control to emotional cues,
when controlling for performance to neutral cues. In contrast, increased medial pre-frontal-amygdala connectivity was
associated with better cognitive control to emotional cues and this cortical-subcortical connectivity mediated the association between amygdala-VS connectivity and emotional cognitive control. These findings suggest a dissociation in how
subcortical-subcortical and cortical-subcortical connectivity impact cognitive control across development.
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Introduction
As individuals grow and develop, responses to, and regulation of
emotional information mature. Although children’s emotions are
typically buffered and regulated by the presence of parents
(Moriceau and Sullivan, 2006; Gee et al., 2014), the transitional developmental period of adolescence is characterized by emotional
lability and sensitivity to both positive and negative emotional information (Galvan et al., 2006; Hare et al., 2008; Geier et al., 2009;
Steinberg, 2010; Cohen-Gilbert and Thomas, 2013; Dreyfuss et al.,
2014). This emotional lability during adolescence is due in part to
changes in cognitive control capacity (Casey, 2016).

An imbalance model of adolescent neurobiology (Casey et al.,
2008), proposes that regional neurochemical, structural and
functional brain changes lead to imbalances within neural circuitry that underlie these behavioral and emotional changes
during development. The development of specific cortical and
subcortical neural systems is thought to underlie motivated
behavior and the regulation of that motivated behavior (Ernst
et al., 2006; Casey et al., 2008; Steinberg, 2010; Mills et al., 2014).
Development of these neural circuits underlies increases in cognitive control in both positive and negative emotional contexts
(Steinberg, 2010; van Leijenhorst et al., 2010; Cohen-Gilbert and
Thomas, 2013; Grose-Fifer et al., 2013).
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behavior were mediated, at least in part, by corticalsubcortical connectivity.

Materials and methods
Subjects
Imaging data was collected from 155 children, adolescents and
young adults {88 female; age range: 5.40–32.8 years, mean age:
16.59, s.d. ¼ 6.65 years; [55 children (5.4–13.0 years); 36 adolescents (13.1–18.0 years); 69 adults (>18.0 years)]; see Figure 1 for
the sample distribution} over the course of 5.5 years (December
2008 to July 2014). Participants were scanned at the same site
on either a GE Signa 3T (n ¼ 61) or a SIEMENS Magnetom 3T (n ¼
94). Data was excluded for too much head motion (defined as no
more than 10% of echoplanar imaging (EPI) volumes censored
with a threshold of half a voxel movement).
Non-target trial data (not examined in this manuscript) from
a subset of this sample has been published previously (Hare
et al., 2008; Somerville et al., 2011; Dreyfuss et al., 2014). No data
has been reported examining functional connectivity from this
full sample. All participants provided informed written consent
(parental consent and subject assent for children and adolescents) approved by the institutional review board of Weill
Cornell Medical College.

Behavioral paradigm
Participants completed six runs of a go/no-go task using fearful,
happy and calm facial expressions as target (go) or non-target
(no-go) stimuli. Within each run, two types of facial emotions
were presented, one serving as the target (go) stimulus, to
which they were instructed to press a button, and the other
serving as a non-target (no-go) stimulus, for which they were instructed to withhold a button press. Facial expressions were
pseudorandomized across the run to control for presentation
order, and all combinations of expression were used as both targets and non-targets, resulting in a 2 (response: go, no-go)  3

9

Gender

Count

A core feature of the imbalance model is that pre-frontal cortical circuitry undergoes substantial maturation from childhood
to young adulthood (Goddings et al., 2014; Mills et al., 2014; Giedd
et al., 2015). In adulthood, the medial pre-frontal cortex has
dense projections to the intercalated cells of the amygdala as
well as to the GABAergic medium spiny neurons of the ventral
striatum (VS) that modulate motivated behaviors (Quirk et al.,
2003). Tract tracing studies in rodents show that amygdalato-Pre-frontal Cortex (PFC) projections emerge earlier than PFCto-amygdala projections (Bouwmeester et al., 2002a,b). These efferent connections from the PFC mature through adolescence
(Verwer et al., 1996; Cunningham et al., 2002; Cressman et al.,
2010). Effective and functional connectivity imaging research in
humans and rodents corroborate the role of PFC-amygdala connectivity in emotional and behavioral regulation (Perlman and
Pelphrey, 2011; Gee et al., 2013b; Dincheva et al., 2015; Fareri
et al., 2015), although these methods are unable to precisely
infer causality or directionality.
Much of the extant research has focused on the maturation
of cortical-subcortical connectivity implicated in emotion regulation (e.g. Monk et al., 2008; Gee et al., 2013b). Yet, the processing of emotional cues and execution of cognitive control also
relies on subcortical circuitry. These circuits include the monosynaptic connection between the amygdala and VS. Robust unidirectional glutamatergic projections from the amygdala to
the VS exist (Haber and Knutson, 2010), and subserve motivated
behaviors in rodents (Stuber et al., 2011). Thus, subcortical connectivity may impact emotional reactivity and behavior. While
the amygdala and striatum have oftentimes been considered
to be valence specific regions that operate in isolation (i.e. the
amygdala for negative affect; the VS for reward processing),
computational (Li et al., 2011), animal (Paton et al., 2006) and
human imaging (Levita et al., 2009) studies suggest otherwise.
How interactions between these subcortical regions develop,
whether subcortical-subcortical connectivity impacts affective
processing in humans, and how cortical-subcortical connectivity interacts with subcortical-subcortical connectivity has yet
to be examined. In particular, examining the development
and behavioral impact of subcortical-subcortical and corticalsubcortical connectivity may provide a broader context for
understanding how the development of these networks relates
to cognitive control.
To test how subcortico-subcortical and cortical-subcortical
circuitry impacts affective processing and cognitive control,
we utilized task-based fMRI from a large, cross-sectional
sample of human children, adolescents and young adults (n
¼ 155), who performed a go/no-go task to emotional faces.
We first
examined neurodevelopmental
changes
in
subcortical-subcortical functional connectivity to emotional
cues. To probe the behavioral implications of the neurodevelopmental changes in this circuitry, we next related corticalsubcortical and subcortical-subcortical task-based functional
connectivity to behavior in the task. Based on the previous
developmental imaging evidence (Hare et al., 2008), we predicted that more robust PFC-subcortical connectivity would
be predictive of better cognitive control. Given emerging evidence for subcortical-subcortical interactions in motivated
action (Stuber et al., 2011), we predicted that amygdala-VS
connectivity would decrease during development and that
decreases in connectivity would be associated with improvements in cognitive control. Lastly, we integrated the corticalsubcortical and subcortical-subcortical associations with
behavior using mediation. Specifically, we examined whether
associations between subcortical-subcortical connectivity and
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Fig. 1. Histogram representing the distributions of age and gender for participants in the study.

1912

| Social Cognitive and Affective Neuroscience, 2016, Vol. 11, No. 12

(emotion: fear, calm, happy) factorial design. All participants
experienced all six conditions in the same scanning session.
Prior to each run, participants were instructed as to which
expression served as the target (go) stimulus and that they
should respond with a button press only to that expression.
Participants were also instructed to respond as fast as possible
but to try to avoid making errors.

Stimuli and apparatus
The stimuli consisted of fearful, happy and calm faces from the
NimStim set of facial expressions (Tottenham et al., 2009). Calm
(i.e. mildly pleasant neutral) faces were used because developmental populations may perceive neutral faces as negative
(Gross and Ballif, 1991; Thomas et al., 2001; Herba and Phillips,
2004). Button responses and reaction times were logged using
E-Prime software.

Task parameters
The data was acquired in six functional imaging runs that combined each emotion (happy, calm and fear) and response (go
and no-go; Figure 1) using a rapid event-related design. On each
trial, a face appeared for 500 ms followed by a jittered intertrial
interval between 2 s and 14.5 s (mean: 5.2 s) during which participants were presented with a fixation crosshair. A total of 48
trials were presented per run in pseudorandomized order (36 go
and 12 no-go). A total of 72 go and 24 no-go trials were acquired
for each expression type.

Image acquisition
Data from participants scanned on the GE used a quadrature
head coil; the SIEMENS, a 12-channel head coil. On the GE, a
high-resolution, T1-weighted anatomical scan (256  256 inplane resolution, 240-mm field of view, 120 1.5-mm axial slices)
was acquired for each subject for transformation and localization of data to MNI space. A spiral in and out sequence was
used to acquire EPI functional data (repetition time¼ 2500 ms,
echo time ¼ 30 ms, flip angle ¼ 90, skip 0, 64  64 matrix). In all,
34 4 mm-thick coronal slices (3.125  3.125 mm resolution) covering the entire brain except for the posterior portion of the occipital lobe were acquired. On the SIEMENS, a high resolution,
T1-weighted anatomical scan (256  256 in-plane resolution,
240-mm field of view, 160 1.2-mm sagittal slices) was acquired
for each subject for transformation and localization of data to
MNI space. SIEMENS EPI data consisted of 34, 4 mm thick slices
through the coronal plane with a 3.125  3.125mm in plane
resolution covering the entire brain (repetition time ¼ 2500 ms,
TE ¼ 30 ms, flip angle ¼ 90, 64  64 matrix).

Behavioral analysis
Behavioral data from the emotional go/no-go task was analyzed
for accuracy and cognitive control using d-prime. D-prime incorporates both accuracy in hits and false alarms. To examine
the development of affective behavior generally, we examined
brain-behavior associations by collapsing across happy and fear
cues to compute d-prime across valence. To ensure that no one
valence was driving brain-behavior effects, we also examined
these associations for each valence separately. D-prime was calculated by subtracting normalized false alarm rate from normalized go accuracy using z-scores. Accuracy rate, false alarm
rate and reaction times are reported for comparison. In all analyses, behavior in response to neutral cues was controlled for

when examining associations between d-prime to emotional
cues and connectivity.

Imaging analysis
A study-specific template from subjects’ T1s was created using
ANTS (Avants and Gee, 2004; Klein et al., 2009) with a resolution
of 1 mm3 based upon the MNI 152 atlas. For each subject, a linear transformation (FLIRT) and a non-linear, diffeomorphic
transformation (ANTS) were performed to spatially register
each participant’s T1 to the template. The transformation matrix was saved for use with functional data. For functional connectivity analyses using structural information as a covariate
(to examine whether effects could be accounted for by differences in anatomical structure), the log of the Jacobian determinant was extracted using within the VS and amygdala masks
described below. The Jacobian determinant is a metric representing how much a voxel had to expand or contract to fit the
template. It takes the form of a ratio with 1 being no change in
size for that voxel to fit the template.
Functional imaging data preprocessing was performed using
Analysis of Functional NeuroImages (AFNI). Functional imaging
data was slice-time corrected, realigned and coregistered with
each participant’s T1. Normalization of EPI data was performed
as follows: A study specific template was created (based on the
MNI 152 template brain) using a combination of FSL’s FLIRT and
ANTS in which FLIRT was used for linear registration (rigidbody), whereas ANTS was used for non-linear registration. Once
the study specific template was created, each participant’s T1
was normalized to this study specific template in two steps:
using FLIRT and ANTS. Both the linear and non-linear transformation matrices were saved and were subsequently applied
to the EPI data (again using FLIRT and ANTS) for registration of
EPI data to the template. EPI data was smoothed 6 mm FWHM
using 3dFWHMx). AFNI’s 3dFWHMx allows for the accurate estimation of cluster size necessary for multiple comparison correction using 3dClustSim. Within-subjects connectivity
analyses were performed using the beta-series method
(Rissman et al., 2004) and bilateral amygdala and ventral striatal
seed ROIs from the Harvard-Oxford atlas at a 25% threshold
(Desikan et al., 2006). Connectivity analyses were performed
using the beta series correlation method described in (Rissman
et al., 2004). Briefly, this approach requires that separate parameter estimates (beta values) be computed for each ‘correct’ trial
time-locked to stimulus onset. Trials on which an incorrect response was made were modeled separately. Blood Oxygen Level
Dependent (BOLD) responses during stimulus onset were modeled as brief epochs of neural activity convolved with a canonical hemodynamic response function. Nuisance covariates
included the second-order polynomial used to model the baseline and slow signal drift, as well as six motion estimate covariates. Beta values were sorted by trial type (e.g. each happy-go
trial has it’s own beta estimate). The extent to which brain regions interact during a particular task stage is quantified by the
extent to which their respective beta series from that condition
are correlated. Subsequently, a within subjects correlation was
performed between the mean of the seed region (the amygdala)
and every other voxel across the whole brain. For Amygdala-VS
connectivity, the mean across both ROIs was computed separately and the within subjects correlation between these two regions was estimated for each condition. Error trials were
grouped and modeled separately. We combined the happy and
fear go trials to examine the development of affective processing at second-level analyses.
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To examine associations of subcortical connectivity with development and behavior, we regressed amygdala-VS connectivity in response to valenced cues on age (collapsing across happy
and fear cues). Followed-up analyses examined whether connectivity between these subcortical regions predicted behavior
(d-prime). Scanner type is controlled for in all analyses, and
connectivity to calm cues was included as a covariate to test the
specificity of the findings to the emotional cues.
To examine development of pre-frontal regulatory control of
subcortical processing, we performed a voxelwise connectivity
analysis using the amygdala as the seed and regressed this on
d-prime. Voxel-wise data was thresholded at P < 0.005 (k > 60 2
mm3 voxels), which corresponds to a significance level of
P < 0.05 corrected for multiple comparisons based on Monte
Carlo simulation across the whole brain. Monte Carlo simulations were conducted using AFNI’s 3dClustSim program (http://
afni.nimh.nih.gov/).
Lastly, we examined if cortical-subcortical connectivity
mediated the effect of subcortico-subcortical connectivity on
behavior regardless of age. We reasoned that one role for
cortical-subcortical connectivity in the regulation of emotion
and behavior may be via mediating the association between
subcortical connectivity and behavior. As such, we performed a
Sobel mediation test in which amygdala-VS connectivity to
emotional cues was the independent variable, d-prime to emotional cues was the dependent variable and mPFC-amygdala
connectivity to emotional cues was the mediator.

Results
Behavioral results
Emotional cue-triggered cognitive control (d-prime) was associated with age (r ¼ 0.46, t(154) ¼ 6.42, P<0.001) such that d-prime
(performance) improved with age. The association between
emotional cue-triggered cognitive control and age remained significant after controlling for d-prime to calm cues [B ¼ 0.02,
t(153) ¼ 1.75, P ¼ 0.04 (one-tailed)]. There was no significant association between date of the scan and behavior (P ¼ 0.34), and
including scanner site in the analysis did not attenuate the association between behavioral performance and age (B ¼ 0.097,
t(153) ¼ 5.7, P<0.001). This suggests that neither when the scan
was run nor which scanner was used had any effect on behavioral performance in the task. Accuracy, RT and false alarm rate
to emotional cues were each also associated with age
(Accuracy: r ¼ 0.34, t(154) ¼ 4.57, P<0.001; RT: r ¼ 0.42, t(154) ¼
5.83, P<0.001; False Alarm Rate: (r ¼ 0.46, t(154) ¼ 6.37,
P<0.001), indicating that across these additional measures,
cognitive control increased and accuracy increased with age,
respectively.

Imaging results: development of subcortico-subcortical
connectivity
We examined associations between subcortico-subcortical connectivity and age. Amygdala-VS connectivity to emotional cues
(the happy and fear go cues combined) showed a linear effect by
age (Figure 2; B ¼ 0.01; t(153) ¼ 5.50; P<0.001). This association with age was significant when controlling for scanner
type and amygdala-VS connectivity to calm cues (B ¼ 0.004;
t(151) ¼ 2.11; P ¼ 0.04). This effect appeared to be primarily
a linear effect as including the quadratic term (Age2) in the regression was not significant (P ¼ 0.34) and the linear term remained significant (P ¼ 0.003). A similar analysis examining
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amygdala-VS connectivity to the calm go cues, controlling for
scanner type and connectivity when emotional cues were presented was not significant (B ¼ 0.003; t(151) ¼ 1.32; P ¼ 0.19),
suggesting that this connectivity is not completely attributable
to overall changes in connectivity. Associations between
amygdala-VS connectivity and age were also significant when
examining subcortico-subcortical connectivity to the happy
cues (r ¼ 0.40, t(153) ¼ 5.45, P<0.001) and the fear (r ¼ 0.40,
t(153) ¼ 4.02, P<0.001) cues independently, suggesting that one
specific valence did not drive these effects.
To further examine whether this developmental subcortical
connectivity effect could be accounted for by differences in anatomical structure, we performed a regression in which we utilized the mean Jacobian determinant of amygdala and the
mean Jacobian determinant of the VS in the same regression.
Including these two variables in the model (while also controlling for connectivity to neutral ‘calm’ cues) did not attenuate
the association between amygdala-VS connectivity to emotional cues and age (B ¼ 0.006; t(150) ¼ 3.10; P ¼ 0.002). Taken
together, these data suggest that over development, amygdalaVS functional connectivity in response to emotional cues becomes less positive and cannot be accounted for by structural
changes in the size of amygdala or VS.

Imaging results: associations between subcorticosubcortical connectivity and behavior
We next tested whether subcortico-subcortical connectivity
extended to emotional cue-triggered cognitive control.
Amygdala—VS connectivity to emotional cues predicted dprime to emotional cues (Figure 3; r ¼ 0.32, t(151) ¼ 4.16,
P<0.001), indicating that greater amygdala—VS connectivity to
emotional cues results in worse behavioral performance.
Despite the high correlation between d-prime and age (r ¼ 0.46),
this association remained when including age as a covariate
[B ¼ 0.02, t(150) ¼ 1.95, P ¼ 0.026 (one-tailed)]. To examine
whether this association was specific to emotional stimuli we
performed a regression that included scanner type and
amygdala—VS connectivity to calm cues as covariates. This association remained significant [B ¼ 0.02, t(149) ¼ 1.92, P ¼
0.023 (one-tailed)], indicating that the association between
subcortico-subcortical connectivity to emotional cues and cognitive control is not due to general differences subcorticosubcortical connectivity. To further examine emotional specificity, we performed the same regression but examined the association of amygdala—VS connectivity to calm cues with dprime to calm cues, now controlling for scanner type and connectivity to emotional cues. This analysis revealed that
amygdala-VS connectivity to calm cues was not associated with
d-prime to calm cues (B ¼ 0.0008, t(149) ¼ 0.08, P ¼ 0.94). Once
again, amygdala—VS connectivity to happy (r ¼ 0.20, t(152) ¼
2.58, P ¼ 0.01) and fear (r ¼ 0.44, t(152) ¼ 6.13, P<0.001) cues
were independently associated with d-prime suggesting this
effect was not driven by connectivity to a specific valence.
Taken together, these data suggest that greater amygdala—VS
connectivity to emotional cues irrespective of valence is predictive of poorer cognitive control as indexed by d-prime to
emotional faces. We also performed this regression analysis
including all covariates in the same model: we tested the association between d-prime to emotional cues and amygdala-VS
connectivity to emotional cues including age, differences in normalization and scanning site as covariates in the model. The association was reduced, but remained [B ¼ 0.02, t(147) ¼ 1.72,
P ¼ 0.044 (one-tailed)], consistent with our original hypothesis.
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Fig. 2. Subcortical-subcortical (amygdala-ventral striatal [VS]) connectivity is associated with age and behavior during the imaging task. (A) Amygdala-VS connectivity
to the emotional target (i.e the “go”) cues decreases linearly as a function of age (B ¼ 0.01; t(153) ¼ 5.50; P<0.001). (B) This subcortical-subcortical connectivity in response to emotional cues predicts cue-triggered cognitive control, with higher amygdala-VS connectivity predicting less cognitive control as measured by d-prime
(r ¼ 0.32, t(151) ¼ 4.16, P<0.001). For age groups—children: less than 13.1 years [n ¼ 55 participants], adolescents: 13.1–18.0 years [n ¼ 36 participants], adults: greater
than 18.0 years [n ¼ 69 participants].

To address whether this association was specific to
amygdala-VS connectivity, we performed the identical connectivity analyses as that described above, but examined connectivity between the amygdala and the dorsal striatum (a bilateral
dorsal striatum ROI from the same Harvard-Oxford anatomical
mask—see Materials and methods). Including connectivity to
calm cues as a covariate, there was not a significant association
between amygdala-dorsal striatum connectivity to emotional
cues and age (B ¼ 0.0018, t(142) ¼ 1.08, P ¼ 0.28). This suggests that the association between amygdala-VS connectivity to
emotional cues and behavior is specific to the ventral portion of
the striatum.

Imaging results: cortico-subcortical connectivity
We then examined the association between cortical-subcortical
(PFC-amygdala) connectivity with d-prime. A whole-brain voxelwise regression, examining amygdalar connectivity in response to emotional (happy and fear cues combined) cues vs
calm cues was regressed on d-prime to emotional vs calm cues.
When correcting for multiple comparisons, an area of medial
PFC (mPFC) was significant such that the greater connectivity
between the amygdala and this region of mPFC on emotional
cues, the better the d-prime toward emotional cues (Figure 3B;
max x, y, z ¼ [14, 40, 18], BA 24/32; r ¼ 0.17, t(148) ¼ 2.1, P ¼ 0.037).
To ensure this was not due to an effect of outliers, we removed

potential d-prime outliers (mean þ/ 3 s.d.). This did not attenuate the relationship between amygdala-mPFC connectivity and
d-prime (r ¼ 0.16, t(147) ¼ 2.025, P ¼ 0.045). Using the mPFC
supra-threshold cluster ROI from the voxelwise analyses, the
association between amygdala-mPFC connectivity and d-prime
remained significant when including age and scanner type as
covariates (B ¼ 0.04, t(146) ¼ 2.11, P ¼ 0.04).
To examine specificity of the mPFC-amygdala connectivity,
we also examined whether mPFC-VS connectivity predicted
d-prime. Including age and scanner as covariates, mPFC-VS
connectivity in response to emotional cues was not significantly
predictive of d-prime (B ¼ 0.01, t(146) ¼ 1.62, P ¼ 0.11), although was in the same (positive) direction as the mPFCamygdala association.

Imaging results: mediation of cortical-subcortical
connectivity on subcortico-subcortical connectivity
on behavior
We explicitly examined if cortical-subcortical connectivity
mediated the effect of subcortico-subcortical connectivity on
behavior regardless of age. We performed a Sobel mediation
test in which amygdala-VS connectivity to emotional cues was
the independent variable, d-prime to emotional cues was the
dependent variable and mPFC-amygdala connectivity to emotional cues was the mediator. Mediation was calculated two

A. S. Heller et al.

|

1915

A

y = -7

z = 20

B

C

mPFC-amygdala
connectivity

a = 0.24 (0.08)

medial PFC − Amygdala Connectivity

0.4

r = 0.17

Amygdala-VS
connectivity

b = 0.74 (0.6)

c’ = -2.39 (0.52)
c = -2.22 (0.49)

Cognitive
Control to
Emotional Cues

0.0

Age Group
Child
Adolescent
Adult

−0.4

Gender
Female
Male

−3

−2

−1

0
D−Prime

1

2

Fig. 3. Cortical-subcortical connectivity predicts cognitive control to emotional cues. (A) Localization of mPFC-amygdala connectivity. The same amygdala ROI used in
Figure 2 is used here to examine the effects of cortical-subcortical connectivity with behavior; (B) mPFC-amygdala connectivity is associated with enhanced cognitive
control to emotional cues controlling for connectivity to calm cues; (C) A model of how cortical-subcortical connectivity between the medial PFC and amygdala mediates the relationship between subcortical-subcortical connectivity and cognitive control. Subcortical-subcortical connectivity is associated with less cognitive control
(Figure 2), whereas greater cortical-subcortical (medial PFC-amygdala) connectivity is associated with better cognitive control. Values represent beta values.

ways, first was with no covariates included and second with
covariates including connectivity to calm cues, behavior to calm
cues, age and scanner type. In both instances, the mediation
was significant: MPFC-amygdala connectivity significantly
mediated the association between amygdala-VS connectivity
and d-prime in response to emotional cues, controlling for
age (Sobel test ¼ 2.15, P ¼ 0.03; Figure 3C). This provides further
evidence for an effect of subcortical connectivity on motivated
behavior that is regulated in part by cortical-subcortical
connectivity.

Discussion
Marked changes in the capacity to override motivated behaviors
occur during adolescence. A unidirectional subcorticosubcortical pathway from the amygdala to the VS modulates
cue-triggered motivated behaviors in adult rodents (Stuber et al.,
2011). However, our understanding of the interaction between
these two brain regions during development in humans has not
been well characterized. In the current study, we examined how
engagement of this subcortico-subcortical circuit changes
across development, how activity in this circuit impacts cognitive control to emotional triggers, and how pre-frontal

modulation of this circuit may help to regulate emotional cognitive control.
We build on existing research indicating that corticalsubcortical neural circuits undergo dramatic functional changes
across development (Steinberg, 2005; Ernst et al., 2006; Casey
et al., 2008). In a large sample, we show that the magnitude of
subcortico-subcortical connectivity in response to emotional
cues decreased with age. Greater amygdala-VS connectivity was
associated with poorer behavioral performance and cognitive
control, regardless of age, to emotional cues but not neutral
cues. In line with a role for engagement of cortical-subcortical
networks in behavioral regulation, medial PFC-amygdala connectivity predicted better cognitive control in response to emotional cues. Importantly, the impact of subcortical-subcortical
connectivity on behavior was mediated by magnitude of engagement of cortical-subcortical circuitry.
Developmental changes in motivated actions involve the
refinement of multiple circuits that change in hierarchical
and dynamic ways (Casey et al., 2016). The development of
subcortico-subcortical and cortical-subcortical networks may
have complimentary roles in motivated behavior across development. Previous work suggests that subcortical regions
may functionally sensitize during adolescence (Monk et al.,
2003; Galvan et al., 2006; Guyer et al., 2008; Geier et al., 2009;
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van Leijenhorst et al., 2010). These subcortical regions are regulated by the PFC (Hare et al., 2008; Somerville et al., 2011; Gee
et al., 2013a). Here, we show how moving away from examination of isolated subcortical regions and towards connectivity
within these subcortical circuits across development may provide a basis for changes in cognitive control to emotional cues
that are modulated by cortical inputs.
Significant cortical reorganization occurs during development. At rest, this reorganization occurs as a change from a
preponderance of short, local connections to long-range connectivity as individuals enter adulthood (Dosenbach et al., 2010;
Di Martino et al., 2014). The emergence of a greater proportion of
long-range connections may enhance cognitive control when
emotional stimuli are present. Many studies examining connectivity over development have mapped these functional
interactions using resting-state fMRI. Complementing these
resting state fMRI studies are investigations requiring individuals to respond to salient stimuli. These paradigms challenge
neural systems with emotional cues. These task-based paradigms also permit experimental control, an understanding
of how neural circuits mature over development in response to
salient stimuli, and ground patterns of connectivity to taskrelated behavior. Studies examining the development of cortical
and subcortical connectivity at rest (e.g. Gee et al., 2013b;
Gabard-Durnam et al., 2014; Fareri et al., 2015; Van
Duijvenvoorde et al., 2015) show similar, but not identical patterns of results and suggest that resting state reveals an important, but incomplete picture of neural development. This study
highlights the utility of a task-based approach that examines
changes in functional connectivity over development.
It is important to note that inferring directionality of connectivity effects and distinguishing between inhibitory and excitatory influences using fMRI are not possible. Some evidence
from fMRI studies has suggested that both negative (Hariri et al.,
2003; Kim et al., 2003; Hare et al., 2008) and positive (Milad et al.,
2007; Delgado et al., 2008; Linnman et al., 2011) corticalsubcortical connectivity likely reflect cortical influences on subcortical structures. Nonetheless, imaging methods in humans
are inherently correlational and therefore we are unable to determine for certain whether the circuit level effects described
here are cortical-to-subcortical or subcortical-to-cortical, or excitatory or inhibitory in nature. As such, we cannot conclude
the directionality in which these circuits are impacting individual differences in behavior. Future work, particularly using
approaches that allow for causal inferences, is needed to further
elucidate the nature of cortical-subcortical changes as well as
subcortico-subcortical connectivity in development and its associations with behavior.
Another primary limitation of the current study is that it is
cross-sectional with no longitudinal data. As such, we are unable to identify precisely how maturation of these pre-frontal,
amygdalar and striatal circuits is involved in affective processing, and behavior. For example, does the temporal course of engagement of these regulatory circuits precede, follow, or emerge
concomitantly with the behavioral phenomena? Nascent and
ongoing large-scale longitudinal studies such as the Adolescent
Brain and Cognitive Development and Lifespan Human
Connectome Projects are two such projects that will be able to
test exactly these types of questions. A second limitation is
that data was acquired from two separate scanners. That data
from these two scanners was acquired at different points in
time may have increased noise in our data simply by virtue
of technological improvements having arisen when the
newer (Siemens) scanner was installed with newer sequences.

That said, there were no behavioral differences between sites
and we attempted to account for this potential limitation by
controlling for scanner in all analyses.
The present study examined the development and behavioral consequences of functional interactions within subcortical
regions and between pre-frontal and subcortical regions.
We demonstrate, in addition to developmental changes in
subcortico-subcortical circuitry, that heightened connectivity between the amygdala and VS is predictive of poorer cognitive control to emotional stimuli across age. These findings are
complemented by findings that enhanced cortical-subcortical
functional connectivity is associated with greater cognitive control and that the association between subcortico-subcortical connectivity and cognitive control is mediated by corticalsubcortical connectivity. Overall, the findings suggest that traditional, valence-based accounts of subcortical functioning,
assessing the role of the amygdala and VS independently, do not
fully capture the dynamic functional changes that occur across
development (Casey et al., 2016). Changes in functional maturation of subcortical-subcortical and cortical-subcortical interactions complement one another and simultaneously contribute
to behavioral responses to emotional stimuli. Examining functional connectivity within and between these networks across
development and grounding these associations with specific
measures of task-related behavior will facilitate characterization
of the neural development pertaining to cognitive control.
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