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The striatum codes motivated behavior. Delineating age-related differences within striatal
circuitry can provide insights into neural mechanisms underlying ontogenic behavioral
changes and vulnerabilities to mental disorders. To this end, a dual ventral/dorsal model
of striatal function was examined using resting state intrinsic functional connectivity (iFC)
imaging in 106 healthy individuals, ages 9-44. Broadly, the dorsal striatum (DS) is con-
nected to prefrontal and parietal cortices and contributes to cognitive processes; the ventral
striatum (VS) is connected to medial orbitofrontal and anterior cingulate cortices, and con-
tributes to affective valuation and motivation. Findings revealed patterns of age-related
changes that differed between VS and DS iFCs. We found an age-related increase in DS iFC
with posterior cingulate cortex (pCC) that stabilized after the mid-twenties, but a decrease
in VS iFC with anterior insula (alns) and dorsal anterior cingulate cortex (dACC) that per-
sisted into mid-adulthood. These distinct developmental trajectories of VS vs. DS iFC might
underlie adolescents’ unique behavioral patterns and vulnerabilities to psychopathology,

and also speaks to changes in motivational networks that extend well past 25 years old.
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

The basal ganglia, at the intersection of the midbrain
and forebrain, are implicated in a wide range of motor,

cognitive, and affective functions that are subserved by
cortical-striatal-thalamic-cortical loops (Alexander et al.,
1986; Haber, 2003; Selemon and Goldman-Rakic, 1985).
Accordingly, the striatum, the major input component
of the basal ganglia, receives connections from all corti-
cal regions in a parallel, segregated fashion. Five parallel

* Corresponding author at: Head of Neurodevelopment of Reward Sys-
tems, Emotional Development and Affective Neuroscience Branch (EDAN),
Section on Neurobiology of Fear and Anxiety (NFA), National Institute of
Mental Health/NIH, 15K North Drive, Bethesda, MD 20892, USA.

Tel.: +1 301 402 9355; fax: +301 402 2010; mobile: +1 301 675 4525.
E-mail address: ernstm@mail.nih.gov (M. Ernst).

http://dx.doi.org/10.1016/j.dcn.2014.08.011

networks were originally proposed in the classic paper
by Alexander et al. (1986); more recent accounts add the
notion of a functional gradient within the striatum (Haber,
2003). Specifically, a ventral to dorsal schema has been
linked with an affective/motivational to cognitive/motor
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gradient with relevance to various aspects of behaviors
(e.g., learning, reward responses, goal-directed or habit-
ual actions) (Fareri et al., 2008; Haber, 2003; Liljeholm
and O’Doherty, 2012; O’Doherty et al., 2004; Voorn et al.,
2004). Anatomically, the ventral striatum typically includes
the nucleus accumbens (NAcc) and ventral regions of the
caudate nucleus and putamen, and the dorsal striatum
includes the dorsal regions of the putamen and caudate
nucleus.

The striatal functional gradient is reminiscent of the
dual neural systems model of adolescent behavior, which
focuses on the interaction between cognitive and moti-
vational neural systems that influence overt behavioral
patterns (Casey et al., 2008; Hardin and Ernst, 2009;
Luciana et al., 2012; Steinberg, 2010). Dual neural systems
models have been formulated to account for risk-taking
and sensation-seeking behaviors, which are particularly
prominent and often worrisome in adolescence (Minino,
2010; Spear, 2000; Steinberg et al., 2008). These mod-
els theorize that different developmental trajectories of
the cognitive and motivational networks are responsi-
ble for these behaviors (Casey et al., 2008; Galvan et al.,
2006; Harden and Tucker-Drob, 2011; Luciana et al., 2012).
Specifically, recent formulations suggest that a strong neu-
ral responsivity of the motivational system together with
a progressively maturing cognitive system in adolescence
sets up a dynamic state that leaves emotions and associated
motivational drives insufficiently modulated by cognitive
control (Ernst et al., 2006; Luciana et al., 2012; Steinberg,
2010). This dual-system model suggests that the transition
from adolescence into adulthood might be marked by dis-
tinct ontogenic changes in ventral versus dorsal striatum.

A convincing literature from the fields of psychology and
neuroimaging provides support for the dual-system the-
ory, both at a behavioral (Harden and Tucker-Drob, 2011;
Steinberg et al., 2008; Urosevic et al., 2012) and a neural
level (Chein et al., 2011; Ernst et al., 2005; Galvan et al.,
2006; Somerville et al., 2010; Van Leijenhorst et al., 2010;
but see Bjork et al., 2004, 2010). For example, the ven-
tral striatum, a key component of the motivational system,
has been shown to be activated by reward contexts more
strongly in adolescents than in adults (Chein et al., 2011;
Ernst et al., 2005; Galvan et al., 2006; but see Bjork et al.,
2004, 2010). In contrast, during decision-making (but not
necessarily in other tasks, such as inhibitory control tasks,
e.g., Ordaz et al., 2013), prefrontal cortical regions have
been shown to be less activated in adolescents than in
adults (Eshel et al., 2007; Galvan et al., 2006; Somerville
et al.,, 2010). The greater activity of the ventral striatum
together with the lower activity of the prefrontal cor-
tex during reward-related decision-making in adolescence
theoretically sets the stage for risk-taking behaviors. More-
over, from a behavioral standpoint, the transition from
adolescence to adulthood witnesses a shift in this bal-
ance, characterized by decreasing motivational drives from
an over-exuberant state and increasing cognitive control
to reach maturation (Luciana and Collins, 2012; Luciana
et al., 2005; Luna et al., 2004; Urosevic et al., 2012).
However, existing studies only partly resonate with the
neural systems framework, in the sense that they capture
local age-related differences (regional activations), while

failing to reveal how the networks themselves (i.e., collec-
tion of functionally connected nodes) work in concert to
contribute to different patterns of information processing
in adults vs. adolescents. In addition, neuroimaging stud-
ies of reward processes that have compared adolescents
to adults have not shown clear distinctions between the
contributions of ventral vs. dorsal striatum to age-related
differences in reward processes (see review, Richards et al.,
2013). We now have the methodology and analytic meth-
ods to examine and dissociate these networks using resting
state intrinsic functional connectivity (iFC; Raichle et al.,
2001).

The present study examines age-related differences in
ventral striatal (VS) iFC and dorsal striatal (DS) iFC. This
approach permits us to define and contrast the VS iFC and
DS iFC networks, which are broadly linked to motivation
and cognitive function, respectively (Haber, 2003), and to
examine the influence of age on these systems. Resting-
state iFC reflects phasic activity coupling between regions
in an idle state. It is thought to provide a measure of both
the history of use of a connection (more use may strengthen
iFC; Buckner and Vincent, 2007) and the network’s readi-
ness to respond when challenged (Deco et al., 2011).
Accordingly, we would expect generally a more strongly
linked motivation network and a less strongly linked cog-
nitive network in adolescents compared to adults.

In this study, we examined iFC of the VS and DS across
the whole brain in a sample of 106 healthy individuals
spanning the ages of 9-44 years. In keeping with the extant
literature, we expected to observe a segregation of func-
tional connections for each striatal region regardless of age,
such that DS would be more strongly connected with higher
cortical association areas in the frontal and parietal lobes,
while VS would be more strongly connected with the ven-
tral prefrontal cortex (PFC), the amygdala, midbrain, and
anterior cingulate cortex (Choietal.,2012; Di Martino etal.,
2008).Based on a dual neural systems model (Luciana et al.,
2012; Steinberg, 2010) and strong evidence of a decline
in VS activation and associated behaviors from adoles-
cence into adulthood (Urosevic et al., 2012), we expected
decreasing VS iFC and increasing DS iFC in the transition
from adolescence to adulthood. The age at which stri-
atal connectivity changes stabilize is assumed to be in the
mid-twenties, given recent structural findings as observed
throughout the brain (Giedd et al., 1999; Giorgio et al.,
2008; Lebel and Beaulieau, 2011), but no studies have yet
reported on striatal iFC in the transition from adolescence
to early adulthood and into mid-adulthood.

2. Methods
2.1. Participants

One hundred sixty-six healthy participants (75 males,
91 females; 8.5-44.8 years old) completed resting state
fMRI scans (with identical parameters) within the con-
text of multiple studies at the same research institution.
Clinical assessments using psychiatric interviews (for
minors: the Kiddie Schedule for Affective Disorders and
Schizophrenia, KSADS; Kaufman et al., 1997; for adults:
the Structured Clinical Interview for DSM-IV, SCID; First
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Table 1
Demographics of the whole sample and 3 age groups.
Full sample 9-19.0 19.1-24.9 25+

Males/females 4264 11/16 18/30 13/18
Age range 9.17-44.17 9.17-18.92 19.00-24.67 25.00-44.17
M(SD) 22.77(6.07) 15.29(2.82) 22.42(1.44) 29.57(4.73)
IQ? range 91-139 96-134 91-136 93-139
M(SD) 117.95(10.23) 114.81(10.31) 118.67(9.73) 119.51(10.66)

2 ]1Q data not collected for 3 participants in the 19-24 age group.

Count
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Fig. 1. Age distribution across the whole sample. Each bar represents a
1-year interval.

et al., 2002), medical history, and physical exams con-
firmed that all participants were without histories of
psychiatric or medical illnesses and were not taking any
psychotropic medications. Adult participants and parents
of minor participants provided informed consent, and
minor participants provided informed assent for the study.
The original recruitment studies, as well as the combination
of data for purposes of the current study, were approved by
the Institutional Review Board of the National Institute of
Mental Health.

After fMRI preprocessing and motion-related quality
control procedures (see below), 106 participants (42 males,
64 females; 9.17-44.17 years old) were retained for func-
tional connectivity analyses. Table 1 describes the final
sample, and Fig. 1 represents a histogram of the age dis-
tribution.

2.2. MRI acquisitions and preprocessing

During resting state scans (6 min in duration), partic-
ipants were instructed to remain still and to keep their
eyes open; a white central fixation cross was projected on
a black background for the duration of the scans. As the
resting state scans were collected in the context of several
different research protocols, some participants completed
their resting state scans immediately after having per-
formed a cognitive task (N=73, 25 male, 48 female), and

others after a structural scan or at the outset of the scanning
session (N=30, 16 male, 14 female). To examine whether
scan context had an effect upon striatal iFC profiles (i.e.,
had cognitive task “carryover” effects), we conducted vox-
elwise t-test analyses to compare these two groups and
found no statistically significant group differences (data not
shown). Thus, the factor of scan context is not included in
the following analyses.

Data were collected at the NeuroMagnetic Resonance
Center of the National Institutes of Health on three dif-
ferent General Electric (Waukesha, WI) Signa 3T scanners,
with the same acquisition parameters: 180 single-shot
EPI volumes; TR=2000ms; TE=30ms; flip angle=90,
36 slices, matrix=64 x 64; FOV=192mm; acquisition
voxel size=3 mm x 3 mm x 4 mm. T1-weighted anatomi-
cal images were also collected using the same parameters
across scanners: SPGR, TE/TI=min full/725 ms, receiver
bandwidth =31.25, flip angle = 6; 124 slices, FOV =256 mm,
voxel dimensions 0.86 mm x 0.86 mm x 1.2 mm.

Image preprocessing was carried out using compo-
nents of AFNI (http://afni.nimh.nih.gov/afni/) and FSL
(www.fmrib.ox.ac.uk). The procedures were similar to
those outlined by the 1000 Functional Connectomes
Project (http://www.nitrc.org/projects/fcon_1000/), but
with modifications unique to this study. This approach is
akin to those described in Di Martino et al. (2008) and
Roy et al. (2009) (see Supplemental Table S1 for processing
and analysis summaries). Preprocessing steps included (1)
removal of the first four volumes to allow for steady state
magnetization, (2) slice time correction for interleaved
acquisitions with FSL’s slicetimer, (3) 3D motion correc-
tion with AFNI’s 3dvolreg, (4) timeseries outlier despiking
with AFNI’s 3dDespike, (5) non-brain removal using FSL’s
BET (Smith, 2002), (6) spatial smoothing using a Gaussian
kernel of FWHM 6.0 mm, (7) grand-mean intensity scal-
ing, (8) highpass temporal filtering (Gaussian-weighted
least-squares straight line fitting, with sigma=100.0s), and
(9) Gaussian low-pass temporal filtering (HWHM =2.8s).
Linear registration of functional to structural scans was car-
ried out using FLIRT (Jenkinson et al., 2002; Jenkinson and
Smith, 2001), and nonlinear registration to MNI-152 2 mm
isotropic space was conducted with FNIRT (Andersson
etal., 2007a,b).

2.3. Seed definitions, nuisance regressor masks, and
timeseries extraction

Six striatal spherical seeds (3 mm radii) were created for
each hemisphere following the procedures outlined by Di
Martino et al. (2008), with centering coordinates adjusted
accordingly for MNI-152 2 mm space (see Table 2). The
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Table 2

Seed center coordinates in MNI-152 2 mm standard space.
Seed X Y Z
Left dorsal caudate -12 14 8
Right dorsal caudate 14 14 8
Left dorsal caudal putamen -28 0 2
Right dorsal caudal putamen 28 0 2
Left dorsal rostral putamen -24 8 6
Right dorsal rostral putamen 26 8 6
Left ventral rostral putamen -20 12 -4
Right ventral rostral putamen 20 12 -4
Left ventral caudate -8 8 -8
Right ventral caudate 10 8 -8
Left nucleus accumbens -10 14 0
Right nucleus accumbens 10 14 0

seeds included three dorsal seeds within the dorsal cau-
date, dorsal caudal putamen, and dorsal rostral putamen,
and three ventral seeds within the ventral rostral putamen,
ventral caudate, and nucleus accumbens (NAcc). Similar to
Di Martino et al. (2008), two masks for obtaining nuisance
regressor values were created from the Harvard-Oxford
Subcortical Structural Atlas. For this study, a ventricular CSF
mask was created from atlas voxels with a 75% or greater
chance of being classified as belonging to lateral ventri-
cles, and a core WM mask was created from atlas voxels
with a 95% or greater chance of being classified as WM.
A third nuisance regressor for global signal (Biswal et al.,
2010) was calculated as the grand mean of the whole-brain
signal. Individual timeseries values were obtained using
FSL’s fslmeants. Global signal timeseries calculations were
performed in native space. Timeseries for the six bilateral
striatal seeds, CSF mask, and WM mask were created for
each subject by FNIRT-based dewarping of the standard-
space masks into the native dimensions of the BET-applied
fMRI volumes.

2.4. Excess motion correction procedures

Determinations for removal or correction for excess
head motion were made following the procedures and rec-
ommendations outlined by Power et al. (2012). First, any
subject with overall root mean squared (RMS, as output by
3dvolreg) motion greater than 2 mm was removed from fur-
ther analyses. Then, three translational and three rotational
displacement estimates obtained from 3dvolreg were com-
bined into Power et al.’s summary framewise displacement
(FD) parameter for each volume of each subject’s scan.
Calculations were performed in R (R Development Core
Team, 2012) as an adaptation of the MATLAB code used
by Power et al. (2012). Any volume containing or imme-
diately adjacent to a volume with FD >0.30 was flagged as
contaminated by excess motion, and subjects with less than
150 uncontaminated volumes remaining (i.e., subjects with
less than 5 aggregate minutes of data) were removed from
further analyses. After the RMS- and FD-based corrections,
data from 60 subjects were discarded. Compared to the
analyzed sample, the dropped participants were younger
than the kept participants (dropped M(SD): 18.52(7.19)
years, kept: 22.76(6.06) years, t(164)=4.05, p<0.0001).
Overall, this study suffered 38.4% data loss (60 of 166 sub-
jects outright, plus a portion of volumes from retained

subjects) from excessive head motion, which is similar to
data loss values reported by Power et al. (2012).

2.5. Functional connectivity regressions

FSL's FEAT was used for multiple regression analy-
ses for seeds in each hemisphere, obtaining simultaneous
parameter estimates for each hemisphere’s striatal seeds
while statistically controlling for signal changes within
the CSF, WM, and global nuisance masks, as well as
for signal changes temporally aligned with the transla-
tional and rotational head motion estimates. Additionally,
covariates defining the motion-contaminated volumes (as
determined by FD calculations) to be “censored” during
regression were added on a subject-by-subject basis, with
one additional regressor per contaminated volume. Thus,
each subject’s GLM for each hemisphere had a minimum
of 15 parameters (6 seed timeseries, 3 BOLD-based nui-
sance covariates, and 6 motion-based nuisance covariates),
with the potential for additional TR-censoring regressors.
At the first level of analysis (iFC estimations for each hemi-
sphere’s seeds), correction for time series autocorrelation
(pre-whitening) was carried out with FSL’s FILM (Woolrich
et al.,, 2001) before all connectivity parameters were esti-
mated.

Because the goal of this study was to examine devel-
opmental aspects of dorsal vs. ventral striatal circuits, the
six striatal connectivity parameter estimates derived in
the first-level multiple regression were combined subse-
quently in a second-level, within-subject analysis to obtain
aggregate fixed-effect estimates for the DS and VS seed
regions, as well as DS vs. VS contrasts. This second-level
analysis included combinations and contrasts of first-
level parameter estimates that assessed mean connectivity
effects across the three dorsal seeds (dorsal caudate, dorsal
caudal putamen, dorsal rostral putamen); mean connec-
tivity effects across the three ventral seeds (NAcc, ventral
caudate, ventral rostral putamen); and difference values
for dorsal vs. ventral mean connectivity effects (mean dor-
sal connectivity greater than mean ventral connectivity, or
vice versa). All contrasts combined parameter estimates
across hemispheres, given that prior iFC and functional
imaging findings indicated similar connectivity patterns
for the left and right hemispheres (Di Martino et al., 2008;
Postuma and Dagher, 2006).! Thus, each subject produced
three main statistical maps of interest for entering into the
group-level analyses: (1) iFC values for bilateral DS, (2) iFC
values for bilateral VS, and (3) iFC difference-values for
bilateral DS vs. bilateral VS.

Group-level mixed effects regressions estimating group
mean effects for DS iFC, VS iFC, and [DS vs. VS] iFC were
carried out with FSL’s FLAME and included a dummy-coded
scanner variable (representing which scanner was used
to collect the data) as a nuisance covariate of no interest.
To examine linear and quadratic developmental trends,

1 In separate follow-up analyses (not shown), direct comparisons
within this dataset of left and right hemisphere iFC profiles similarly
showed that laterality effects were almost exclusively confined to the
seeds themselves and immediately adjacent voxels.
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additional group mean analyses of the effects of age upon
iFC values were carried out with the inclusion of age
(linear regression) and age-squared (quadratic regression)
covariates. In the linear analysis, the age vector was forced
to be orthogonal to the group mean of connectivity. In
the nonlinear analysis, the age-squared vector was forced
to be orthogonal to both the group mean and to the
linear age vector.? Correction for multiple comparisons
was carried out with cluster-wise thresholding (Worsley,
2001). We used a height threshold of Z> 2.3 together with a
corrected, whole-brain, clusterwise probability threshold
of p<0.025 (i.e., p<0.05, two-tailed). However, for the sake
of clarity, we present the findings of the iFC analyses of
DS, VS, and DS vs. VS] effects at a higher threshold (height
threshold Z>5; cluster threshold p<0.025) to highlight
the strongest regional peaks otherwise hidden among
the highly expansive maps of statistically significant iFC
values across the whole brain. However, the age-related
analyses are presented at the pre-selected threshold of
Z>2.3 and p<0.025, as the resultant maps readily cohered
into discrete clusters. These analyses provided thresholded
Z-score maps of the voxels with significant iFC to the DS
and VS seeds, voxels with differential iFC relationships
to the DS and VS seeds, and parameter estimates for the
effects of age upon striatal iFC profiles.

To further investigate potentially meaningful nonlinear
age effects in the regions that were significant in the
whole-brain linear age-related analysis, mean iFC values
were extracted from anatomically defined regions of
interest (ROI) that were represented within the age-iFC
voxelwise maps. These extracted iFC values were analyzed
using the Statistical Package for the Social Sciences (SPSS),
version 22.0. As will be described, four ROIs showed
significant age effects in the whole-brain analysis. Each
ROI mask (e.g., dorsal anterior cingulate cortex (dACC), left
and right anterior insula (lalns; ralns), posterior cingulate
cortex (pCC)) was defined by selecting voxels with at
least a 50% probability of being classified as the region
in question based on FSL atlases. The cingulate mask was
further restricted to the dorsal aspect by removing voxels
inferior to Z=12, and the insula mask was restricted to the
anterior aspect by removing voxels posterior to Y=4. Data
extraction was performed via FSL’s featquery. We then split
the sample into three broad age groups to attempt to detect
distinct patterns within the age-iFC relationship as a func-
tion of age group (Group 1 (n=27): children/adolescents
<19y.0., Group 2 (n=48): young adults 19.1-24.9y.0., and
Group 3 (n=31): adults 25.0-44.2y.0.) (see Table 1 for
each age group’s demographics). For completeness, we
conducted ANCOVAs, controlling for scanner, to assess
group differences in iFCs. Furthermore, within each group,
we examined the linear vs. quadratic relationships of
the significant iFC clusters that were identified in the
whole brain analyses of age-iFC correlations. Finally,
we conducted exploratory analyses that are reported in

2 Follow-up analyses of sex differences (not shown) upon mean iFC
and age-related iFC values were conducted, and no statistically signifi-
cant differences between males and females were identified. Accordingly,
sex effects are not further considered within the analyses.

the supplemental material. These exploratory analyses
describe mean iFC values across a finer age binning of
the sample. Results of these 5-group analyses must be
tentatively interpreted because the age distribution across
the whole sample is suboptimal for such an approach. But,
given our strong hypothesis of unique ontogenic changes
in adolescence, we opted for running these additional
analyses. Five age groups were thus created: early adoles-
cence (9-13.9y.0., n=8), mid-adolescence (14-17.9y.0.,
n=12), late adolescence (18-24.9y.0., n=55), early adult-
hood (25-28.9y.0., n=20), and early- to mid-adulthood
(29-44y.0., n=11). The supplemental material shows the
statistical group comparisons (Supplemental Table S3)
and plots of mean iFC for these 5 groups (Supplemental
Figure S1), within each significant cluster from the linear
age-related whole-brain analyses.

3. Results

We first present DS iFC, VS iFC and [DS vs.VS] iFC across
the whole sample, and then the influence of age on DS iFC
and VS iFC patterns.

3.1. General patterns of DS iFC (Fig. 2A; Supplementary
Table S2)

As expected, positive DS connectivity was observed
bilaterally with the prefrontal and frontal motor cortex,
anterior cingulate cortex (ACC), as well as the dorsal stri-
atum itself. Positive DS connectivity was also observed
within the brainstem and cerebellum. Negative DS connec-
tivity was observed with ventral PFC, NAcc, precuneus, and
occipital cortex.

3.2. General patterns of VS iFC (Fig. 2B; Supplementary
Table S2)

Positive VS connectivity was observed with ventral PFC,
lateral and superior frontal regions, including premotor
cortex, ACC, insula, as well as the entire striatum itself.
Positive VS iFC also emerged within brainstem and cere-
bellar regions. Negative VS iFC values were observed with
the precuneus, parietal, occipital and temporal regions.

3.3. Unique patterns of DS iFC vs. VS iFC (Fig. 2C; Table 3)

As expected, medial PFC regions (ventral PFC and
ACC) commonly involved in emotion and conflict were
connected more strongly with VS than DS, whereas
regions implicated in motor and cognitive/attention func-
tion (frontal motor strip and parietal cortex) were more
strongly connected with DS than VS (Fig. 2C, Table 3). Gen-
erally, these differential connectivity patterns for VS and
DS cohere with past findings.

3.4. Impact of age on striatal iFC (Fig. 3; Table 4)

3.4.1. Impact of age on DS iFC

The only cluster where age was related to DS iFC was
in the posterior cingulate cortex (pCC, peak significance
at 6, —20, 44), extending anteriorly into the middle cingu-
late cortex and posteriorly into the precuneus. Within the
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Fig. 2. Striatal iFC patterns. Panel A shows the map for DS iFC (blue = negative iFC; yellow = positive iFC; clusterwise thresholded at Z> 5, p<0.025). Panel
B shows the map for VS iFC (blue = negative iFC; yellow = positive iFC; clusterwise thresholded at Z>5, p<0.025). Panel C shows the map for the DS vs.
VS contrast (red, VS > DS iFC; green, DS > VS iFC; clusterwise thresholded at Z> 5, p <0.025). This thresholding across all panels is for visualization only; all
analyses were conducted using a clusterwise threshold of Z>2.3 and p <0.025 as described in the text.

whole brain analysis, the correlation with age was positive,
indicating greater DS-pCC iFC with increasing age (Fig. 3A).
No quadratic trends were observed.

Based on this result, mean regional iFC values within
an anatomically defined pCC mask were extracted from

each subject. To better characterize the age-iFC associ-
ation we compared DS-pCC iFC values across three age
groups (Group 1 - children/adolescents <19y.0., Group 2
- young adults between 19.1 and 24.9y.0., and Group 3
- adults older than 25.0y.0.) using a univariate ANCOVA,
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Table 3

89

Peak values across anatomical areas that are well represented within statistical maps from the contrast of DS iFC vs. VS iFC. Coordinates are in MNI-152
2 mm standard space. Only clusters significant at Z>5, p<.025 are presented here despite less stringent thresholding in the analyses. Abbreviations: DS,
dorsal striatum; VS, ventral striatum; SMA, supplementary motor area; vmPFC, ventral medial prefrontal cortex; iFC, intrinsic functional connectivity.

Cluster Voxels Region X Y Z Peak Z-stat
DS iFC> VS iFC
Right putamen 28 0 4 14.26
Right caudate 14 14 12 6.99
1 3194 Right central operculum 42 -2 12 7.61
Right parietal operculum 44 —24 16 6.17
Left putamen -30 -2 6 13.51
2 2592 Left central operculum -48 -6 10 7.73
Left SMA -2 -10 50 6.65
3 844 Right SMA 6 -10 50 6.61
Left precentral gyrus -14 -18 64 5.94
VS iFC > DS iFC
Right nucleus accumbens 10 8 -8 19.00
Left nucleus accumbens -8 8 -8 17.81
Right caudate 10 14 0 18.23
Left caudate -10 14 0 18.53
Right putamen 20 14 -4 15.67
1 7516 Left putamen ~18 12 —4 16.63
Right vmPFC 14 40 -10 8.04
Left vmPFC -12 50 -18 5.51
Right subgenual cingulate 12 32 -6 7.69
Left subgenual cingulate —6 32 -6 7.96

controlling for scanner. As expected, age group was a sig-
nificant predictor of DS-pCC iFC (F (2,101)=4.36, p=.02,
np> =.08). Follow-up contrasts using the LSD method for
comparison of means indicated that children/adolescents

(<19y.0.) had significantly lower iFC values than young
adults (19.1-24.9y.0.)(p=.01)oradults (>25y.0.) (p =.009).
The two latter groups did not differ from one another indi-
cating that DS iFC to the pCC levels off in young adulthood

Fig. 3. Age-related changes in striatal iFC. Panel A shows positive correlations between age and DS iFC in red. Panel B shows positive (red) and negative

(blue) age correlations with VS iFC. Both maps clusterwise thresholded at Z> 2.3, p<0.025.
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Table 4
Peak values across anatomical regions that are well represented within the statistical maps of age-related changes in striatal iFC. Coordinates are in MNI-152
2 mm standard space. Abbreviations: STG, superior temporal gyrus; iFC, intrinsic functional connectivity.

Cluster Voxels Region X Y z Peak Z-stat

Dorsal striatum
Age-iFC positive correlations

Posterior cingulate cortex 6 -20 44 3.79
1 785 Cingulate gyrus -8 -14 30 3.37
Precuneus -14 —48 50 3.15
Ventral striatum
Age-iFC negative correlations
1 1417 Dorsal anterior cingulate -2 24 26 -3.86
Paracingulate gyrus 0 16 48 —3.88
Right insula 42 8 -2 —4.90
Temporal pole 42 6 -18 -345
2 2077 Orbitofrontal cortex 48 22 -12 -3.78
STG (planum polare) 44 -14 -10 —4.12
Planum temporale 58 -30 18 -3.57
Left insula —40 -4 -8 —4.64
3 3175 Temporal pole —38 14 —28 —4.31
Orbitofrontal cortex -40 22 -12 —-4.26
STG (planum polare) —46 -16 -8 —-4.13
Age—iFC positive correlations
Brain stem -22 -36 -38 3.93
-6 —-40 —42 3.63
1 1460 Cerebellum 10 _50 —44 3.81
-10 -58 —44 3.46
(19.1-24.9 years) (see Fig. 4A). Second, because each age analyses revealed no significant linear or quadratic asso-
group is broad, for each age group separately, we con- ciations within each of the three age groups, indicating no
ducted linear and quadratic regression analyses on the evidence of developmental changes in DS-pCC iFC within
association of DS-pCC mean iFC values with age. These these more restricted age ranges (Table 5; Fig. 4A).
Panel A
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Fig. 4. Patterns of age and iFC relationships across three age groups (children and adolescents 9-18y.0., young adults 19-25y.0., and adults >25y.0.).
Panel A: DS-pCC, Panel B: VS-dACC, Panel C: VS-left alns, Panel D: VS-right alns. Values represent mean extracted Z-stat values (+1 standard deviation)
from clusters where age exerted a significant influence on iFC. Significant group differences are described in the text. Abbreviations: DS =dorsal striatum,
VS =ventral striatum, pCC = posterior cingulate cortex, dACC=dorsal anterior cingulate cortex, alns = anterior insula.
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Table 5

Age and iFC partial correlations within each age group. For linear effects, the partial correlations controlled for scanner. For quadratic effects, the partial
correlations controlled for scanner and for the linear effect of age. Abbreviations: DS, dorsal striatum; VS, ventral striatum; pCC, posterior cingulate cortex;

dACC, dorsal anterior cingulate cortex; alns, anterior insula.

Age group Age term DS-pCC VS-dACC VS-right alns VS-left alns

Ages 9-19 Linear .26 12 23 -11
Quadratic 12 -.10 -.22 -.11

Ages 19.1-24.9 Linear .03 .09 A1 22
Quadratic .15 .05 —.06 -.03

Ages 25+ Linear .05 —41 —44 —54"
Quadratic .00 -.28 .07 -.30

" p<.05.

" p<.01.

3.4.2. Impact of age on VS iFC

In contrast to the single cluster observed for the age
effects on DSiFC, three clusters showed significant negative
age-related associations with VS iFC: the dorsal anterior
cingulate cortex (dACC) extending into paracingulate and
supplementary motor area, (peak significance at 0, 16, 48),
and the bilateral anterior insula (alns) (left and right peak
significance at —40, —4, —8 and 42, 8, —2) extending anteri-
orly into the lateral orbital frontal cortex and laterally into
superior temporal gyrus as well as into the temporal pole.
In addition, VS iFC with brainstem and cerebellar regions
increased with age (Fig. 3B; Table 4). No quadratic trends
were observed within the whole-brain analysis.

Mean regional VS iFC values within anatomically
defined dACC, left alns, and right alns masks were extracted
from each subject and examined to further characterize
the age-VS iFC association. As for the DS iFC analy-
ses, we conducted additional analyses using three age
bins. First, as expected ANCOVAs revealed a signifi-
cant main effect of age group on VS connectivity for
each cluster: VS-dACC (F(2,102)=5.60, p=.005, y% =.099;
VS-leftalns F(2,102)=9.56,p=.000, 1,2 =.16; VS-right alns
F(2,102)=8.25,p=.000, np? =.14) (Fig. 4B-D). Using the LSD
procedure, both the children/adolescents and young adults
showed significantly higher VS-dACC iFC than the adult
group, and did not differ from each other. This pattern sug-
gests that shifts in VS-dACC iFC take place between early
adulthood and middle adulthood after remaining relatively
stable through adolescence. Regarding the anterior insula,
VS-left alns iFC differed significantly across all age groups.
The children/adolescents showed higher VS-left alns iFC
than the young adults (p =.023) or the adults (p <.001), and
VS-left alns iFC in the young adults was higher than in the
adult group (p=.011). A similar pattern was found for the
right alns: children/adolescents showed higheriFC than the
young-adult group (p=.02) or the adult group (p=.000),
and the young-adult group showed higher iFC than the
adult group (p=.03).

We also conducted linear and quadratic regression anal-
yses on the association of VS-dACC, VS-left alns, and
VS-right alns iFC with age for each age group separately to
assess whether quadratic trends might have been obscured
in the whole-brain analyses within age ranges of interest.
Partial correlations, controlling for scanner, are presented
in Table 5; the examination of quadratic effects controlled
for the linear effect of age as well as scanner. Within the
broad range of adolescence (individuals aged 9-19.0 years)

as well as within young adults (19.1-24.9y.0.), there were
no linear or quadratic effects of age observed for any of the
ROIs. However, in adults older than 25 y.o., there were lin-
ear declines in VS-dACC iFC as well as linear declines in
VS-right alns iFC.

3.4.3. Exploratory analysis using five age bins
(Supplemental Material)

The five age bins covered early adolescence
(9-13.9y.0.), mid-adolescence (14-17.9y.0.), late adoles-
cence (18-24.9y.0.), early adulthood (25-28.9y.0.), and
early-mid adulthood (29-44y.0.). As presented in the
supplemental material (Figure S1), visual examination
of the 5-age-bin iFC means suggested linear age-iFC
relationships for the DS-pCC and the VS-left alns clusters,
but non-linear peaks at mid-adolescence (14-17.9y.0.) for
the VS-right alns and VS-dACC clusters.

4. Discussion

The goal of this resting state fMRI study was to exam-
ine the impact of age on striatal iFC over a period spanning
early adolescence into mid-adulthood. Findings are two-
fold. First, they characterize the iFC of divisions defining
aspects of the dorsal-ventral functional dichotomy of the
striatum, and second, they reveal differing age-iFC effects
within this dichotomy. The age effects provide important
novel data informing the dual neural systems model of ado-
lescent motivated behavior.

Withrespect to the first set of findings, striatal iFC across
the whole sample cohered with other reports in adults on
iFC patterns for the ventral striatum (VS) and dorsal stri-
atum (DS) (Barnes et al., 2010; Choi et al., 2012; Di Martino
et al., 2008). In line with the proposal of a dorsal-ventral
striatal functional dichotomy (e.g., Fareri et al., 2008), these
resting state studies in adults showed the DS to be more
strongly connected with higher cortical association areas in
frontal and parietal cortices, and the VS to be more strongly
connected with ventral PFC, amygdala, midbrain, and ante-
rior cingulate regions. Here, we showed that the direct
comparison of DS iFC with VS iFC confirmed a preferential
link of VS to ventral PFC, a region associated with stimulus
value coding, emotion processing, and emotion regulation,
and of DS to premotor/motor and parietal cortices, regions
associated with motor and cognitive processes. This striatal
iFC pattern parallels animal and human studies, broadly
supporting a role of VS in motivation and emotion, and DS
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in motor and cognitive processes (see review, Fareri et al.,
2008).

Based on the dual neural systems model of motivated
behavior in adolescence, according to which behavioral
patterns evolve from two distinct maturational trajecto-
ries of motivation and cognitive function (Casey et al.,
2008; Luciana et al., 2012; Steinberg, 2010), we predicted
that age would differently affect VS iFC and DS iFC, i.e.,
our second set of findings. In line with predictions, age
differentially impacted VS iFC and DS iFC, both qualita-
tively (location of the target regions), and quantitatively
(direction of age effects). Qualitatively, age influenced VS
iFC with bilateral anterior insula (extending into orbital
frontal cortex) and dACC (extending into supplementary
motor area), and DS iFC with pCC (extending into pre-
cuneus). Quantitatively, increasing age was associated with
decreased VS-alns and VS-dACC iFC, but with increased
DS-pCCiFC.

In addition, exploratory analyses, which are presented
in the supplemental material (Figure S1, Table S3), exam-
ined extracted regional iFC values according to 5 age groups
to tentatively provide a finer representation of age-related
changes with age. These exploratory analyses suggested
that for VS-right alns and VS-dACC, there is peak iFC
strength (at least nominally; Figure S1) in the 14-17y.o.
group, a finding that could possibly be followed in future
work to examine quadratic effects in the adolescent period.
However, because these findings are tentative, we will dis-
cuss the results according to the whole brain findings of
linear associations between age and iFC. Accordingly, the
main finding is that VS iFC appears to be high, but DS iFC
appears to be low, in adolescents (before age 19y.0.) com-
pared to adults.

Regarding VS connectivity, the progressively decreasing
VS iFC with age in insula and dACC suggests that VS-insula
and VS-dACC circuits occupy an important position in
the neural (and thus behavioral) repertoire of youths. In
other words, based on the putative notion that an iFC net-
work represents the amount of prior use of this network
and its readiness to be activated when challenged, and
together with previous work (Cho et al., 2013a,b), we rea-
son that communication of VS with insula and dACC serves
a unique function in adolescents. Regarding the insula, we
recently examined this region in a reward-task-based fMRI
study, in which we compared adults with adolescents on
a directional connectivity analysis (dynamic causal model-
ing, DCM) (Cho et al., 2013a,b). The task was the monetary
incentive delay task developed by Knutson et al. (2001)
to probe striatal function. We modeled a 3-node neural
network, encompassing the NAcc of the VS, insula and thal-
amus. Findings revealed that the insula was significantly
involved in the DCM model in response to gains in adoles-
cents, but not in adults, supporting the proposal of a unique
role of this region in adolescence. Connections between
insula and VS are unidirectional projections from insula
into VS. Thus, information processed by the insula, i.e.,
somatovegetative autonomic signals (Craig, 2009; Paulus
and Stein, 2006), is transferred to and used by the VS to code
stimulus value and inform actions to be taken. A tighter
connection between VS and insula during adolescence
might reflect the higher dependence of motivated behavior

on aspects of stimulus salience related to physical arousal.
This interpretation is consistent with the description of the
more intense emotion and motivational drives experienced
by adolescents relative to adults (Cauffman et al., 2010;
Crone and Dahl, 2012; Steinberg, 2010; Urosevic et al.,
2012).

Similarly, the tighter iFC link between VS and dACC
in adolescence suggests that information from VS may
shape responsivity of dACC. Information processed by dACC
may then loop back to VS and DS (in a spiraling way
as described by Haber, 2003), but also be transferred to
other regions of cognitive (dorsolateral PFC) and motor
control (motor/premotor cortex) (Sallet et al., 2013). Con-
ceivably, this schema might underlie a stronger influence of
motivational processes generated at the VS level on exec-
utive control and behavioral responses. A similar model
has been advanced by Pessoa (2009), who proposed a cen-
tral role of the anterior cingulate in integrating emotion
and motivation signals with executive control processes
to generate appropriate behavioral responses. The partic-
ularly strong VS-dACC link in adolescence suggests that
emotion/motivation, carried by VS, tightly influences dACC
activity, which may be implicated in the propensity of ado-
lescent behavior for impulsivity and risk-taking (Steinberg,
2010; Crone and Dahl, 2012). Finally, the reduction in VSiFC
strength with age seems to continue beyond the age of 25
years (Fig. 4B), suggesting that motivational networks con-
tinue to evolve well into what has generally been construed
as young adulthood.

At the same time, increasing age was associated with
higher DS iFC with the pCC. The DS-pCC connection in
the context of cognitive maturation is highly relevant,
and might point to both increased automaticity with age
(Packard and Knowlton, 2002), and self-referential cog-
nitive activity (Johnson et al., 2002; Kelley et al., 2002;
Vogt et al., 2004). Indeed, adolescents tend to be less
prone to stop and reflect when facing emotional situa-
tions, and more likely to engage automatically in reactive
behavior. In addition, this strengthening of DS-pCC with
age seems to taper down after age 19 years suggesting
some stabilization of cognitive/motor networks into young
adulthood. Collectively, however, this inferential interpre-
tation of the weaker DS-pCC iFC in younger individuals is
highly speculative and will need to be supported by behav-
ioral correlates in future work.

Surprisingly, DS-dorsolateral PFC and DS-parietal iFC
were not influenced by age in the whole-brain analysis. In
fact, findings were still negative (iFC was not modulated
by age) when we conducted exploratory ROI-based analy-
ses of the dorsolateral PFC and inferior parietal cortex (data
not shown). We would have expected that these networks,
thought to support cognitive processes, such as reversal,
inhibition, working memory, and attention, would show
increased coupling with age, reflecting the age-related
improvement in these functions. The present findings sug-
gest that this is not the case. The age-related refinement
of these functions might lie in the increased efficiency of
local processing (e.g., at the dorsolateral PFC level) rather
than improved coupling of the networks, which might be
better captured with task-based activation studies. This
is an important question both for our understanding of
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ontogenic changes, but also of the clinical significance of
iFC measures.

Similarly, we were surprised that the amygdala did
not emerge in the age-related iFC analyses as a region of
interest. VS activity would be modulated by the amygdala,
itself under the control of cortical inputs (Ernst and Fudge,
2009). This finding may be particularly important for emo-
tion regulation and impact on behavioral responses during
development (Hulvershorn et al., 2014). While the primary
VS as well as DS iFC maps do extend into portions of the
amygdala, the VS-age clusters that covered the insula did
not approach or encompass the amygdala region. Likewise,
no age findings were evident in extracted ROI data for the
amygdala (post hoc analysis; data not shown).

Collectively, the present findings can also be viewed
through the lens of the canonical resting state networks
(Damoiseaux et al., 2006; Fox et al., 2005; Laird et al.,
2011; Smith et al., 2009), particularly the salience network
(Menon and Uddin, 2010) and the default mode network
(DMN; Raichle et al., 2001), of which insula and pCC are
major hubs, respectively. From this perspective, adoles-
cents are expected to show a stronger VS connection to the
salience network, but weaker DS connection to the DMN
network. These network dynamics need to be tested more
closely using longitudinal designs and corroborated with
behavioral measures.

Several limitations of the current study require men-
tion. First, data were obtained from 3 different scanners.
However, four factors mitigate this limitation: (1) age was
distributed similarly across the 3 scanners; (2) all three
scanners were of the same field strength (3T), design model
(General Electric Signa), and site of manufacture (Wauke-
sha, WI, USA); (3) the same acquisition sequence was used
in all three scanners; and (4) a covariate was used in all
group-level GLMs to regress potential systematic signal
change related to scanner. A second limitation relates to the
38% of the sample who were removed because of motion
artifacts. While these exclusions likely increase the reli-
ability of our findings within this sample, the findings may
not fully generalize to individuals with physical or psycho-
logical characteristics that impact their abilities to remain
still in the scanner. Third, age was not equally distributed
across the whole sample, showing fewer subjects at both
ends of the 9-44y.0. age range. This limitation might have
prevented us from detecting stronger quadratic relation-
ships between age and striatal iFC. It will be important
to replicate the present work in samples that are well
populated with younger and older subjects, providing a
uniform distribution of age across the sample. Of course,
the gold standard would be to conduct a large longitu-
dinal study of healthy subjects. Fourth, study hypotheses
were based on models of neural development and striatal
function that highlight broad dorsal/ventral distinctions
in the striatum. Thus, we did not include more detailed
analyses of dorsomedial and dorsolateral striatal circuits
involved in habitual vs. goal-directed actions, and which
may also exhibit unique age-related changes. This is an
area for future investigation. Finally, we lacked behavioral
measures to further validate our hypotheses regarding the
impact of these intrinsic connectivity patterns on behav-
ioral readiness, particularly with respect to age-related

distinctions in reward processing and executive function-
ing.

Despite these limitations, our findings do support theo-
retical views implicating changes in corticostriatal function
to explain the behavioral transformations occurring dur-
ing adolescence. While differences in iFC maps of VS and
DS underlie the functional segregation of these two striatal
subdivisions, the different effects of age on both regional
iFC networks also provides a foundation for understanding
behavioral changes with age, in addition to vulnerability
to psychopathology. In addition, these findings are based
on task-independent activity, which suggests hard-wired
endogenous neural interregional dynamics that evolve
with age. Taken together, these data provide important
insights into the development of intrinsic connectivity pat-
terns and maturation of behaviors subserved by discrete
striatal networks.
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