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Abstract

Significant improvements in cognitive control occur from childhood through adolescence, supported by the maturation of
prefrontal systems. However, less is known about the neural basis of refinements in cognitive control proceeding from
adolescence to adulthood. Accumulating evidence indicates that integration between hippocampus (HPC) and prefrontal
cortex (PFC) supports flexible cognition and has a protracted neural maturation. Using a longitudinal design (487 scans), we
characterized developmental changes from 8 to 32 years of age in HPC-PFC functional connectivity at rest and its
associations with cognitive development. Results indicated significant increases in functional connectivity between HPC
and ventromedial PFC (vimPFC), but not dorsolateral PFC. Importantly, HPC-vmPFC connectivity exclusively predicted
performance on the Stockings of Cambridge task, which probes problem solving and future planning. These data provide
evidence that maturation of high-level cognition into adulthood is supported by increased functional integration across the

HPC and vmPFC through adolescence.
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Introduction

Executive functions (EF), including the ability to generate actions
that are planned and goal directed, necessitate integration
of function across circuitries supporting core processes of
cognitive function. Developmentally, core EF functions such
as working memory and cognitive control are present in
infancy (Diamond 1989; Johnson 1995), show significant growth
through childhood (Jones et al. 2003; Garon et al. 2008), and
refinement toward reliable engagement in their ability to
support higher-order cognition in adolescence (Luna et al. 2004;
Ordaz et al. 2013; Simmonds et al. 2017). For example, by early
adolescence, individuals can perform simple stimulus-response

learning, working memory maintenance, and response inhi-
bition, while precision, speed of processing, and reliability
of responses continues to improve into adulthood supported
by increased engagement of specialized brain regions (Ordaz
et al. 2013; Simmonds et al. 2017). Higher-order EF, which
we operationalize as processes that require the simultane-
ous engagement and integration of multiple core executive
processes, continue to mature throughout adolescence. Thus,
as requirements on EFs become more complex necessitat-
ing proactive response planning and flexibility, adolescent
immaturities in problem solving become evident. For example,
future planning that requires the simultaneous maintenance
of concurrent task goals and prior related experiences shows
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protracted development throughout adolescence into early
adulthood (Albert and Steinberg 2011; Decker et al. 2016). This
refinement in higher-order cognitive processes (reviewed in
detail in Murty et al. 2016) suggests that mechanisms linked
to these processes may be uniquely coming on-line through
adolescence.

The hippocampus (HPC) has been increasingly seen to be
involved in EF tasks through its connectivity with the prefrontal
cortex (PFC), and there is growing evidence for protracted mat-
uration of HPC-PFC circuits through adolescence. While PFC has
long been associated with cognitive control tasks, accumulating
research suggests that there is a role for the HPC in supporting
both working memory and EF during delayed match-to-sample,
including those encompassing memory-guided saccades (Ryan
and Cohen 2004; Olsen et al. 2009, 2013; Dudukovic et al. 2011;
Warren et al. 2011; Nauer et al. 2015), as well as spatial span
(SSP) (Spellman et al. 2015) tasks, although at least some of
these functions remain intact following hippocampal damage
(Cave and Squire 1992). HPC, and in particular its connectivity
with medial PFC, has also been linked to EFs related to future
planning and problem solving (Buckner 2010; Shohamy and
Turk-Browne 2013), suggesting that it may play a more general
role across different EFs.

Developmental changes in HPC-PFC physiology provide sup-
port for the hypothesis that cognitive development may be
linked to changes in this circuitry through adolescence. Several
white matter tracts, including the uncinate fasciculus, fornix,
and cingulum bundle provide pathways for hippocampal-PFC
integration. In particular, the uncinate fasciculus and ventral
cingulum bundle show protracted maturation through adoles-
cence and are among the last white matter tracts to mature
(Lebel et al. 2012; Simmonds et al. 2014; Olson et al. 2015; Tamnes
et al. 2018). Age-related changes in these structural pathways
have been linked to the development of a diverse array of EFs,
including mnemonic control (Wendelken et al. 2015), cognitive
control (Simmonds et al. 2014), emotion regulation (d’Arbeloff
et al. 2018), and more. Relatedly, task-based functional magnetic
resonance imaging (fMRI) has shown that interactions between
the HPC and PFC continue to strengthen into adolescence during
working memory maintenance and episodic memory retrieval
(Menon et al. 2005; Ofen et al. 2007, 2012; Finn et al. 2010;
Demaster and Ghetti 2013; Tang et al. 2017). Further, prelim-
inary research, particularly in animal models, has begun to
unpack how HPC-PFC integration during adolescence occurs.
Increased dopaminergic neurotransmission has been shown to
enhance plasticity and circuit integration across the HPC and
PFC (Gurden et al. 1999, 2000; Goto and Grace 2008; Fujisawa and
Buzsdaki 2011). Significant aspects of this modulation become
available during the periadolescent period (Tseng and O’Donnell
2005, 2007; Caballero et al. 2016), leading to enhanced HPC-
PFC functional integration through puberty. We have recently
proposed that the functional consequences of these develop-
mental increases in integration across the HPC and PFC is an
enhancement of the ability to use prior experience to guide
decision-making (Murty et al. 2016). However, direct evidence for
increased integration across the HPC-PFC and its consequences
on cognitive processes is lacking.

In this study, we investigated developmental changes in
HPC-PFC functional connectivity throughout adolescence into
adulthood and its contributions to cognitive maturation, using
a large, extended longitudinal cohort design fMRI study. Given
evidence for HPC-PFC circuits supporting refinement in higher-
order cognition and protracted maturation of this circuitry, we

hypothesize that this system may be playing a unique role in
supporting refinements in cognitive maturation into adulthood
(Murty et al. 2016). Thus, the goal of the current study was to
characterize developmental changes in interactions between
the HPC and PFC through adolescence into early adulthood, as
well as their associations with the development of simple and
higher-order EF. We assayed multiple HPC-PFC circuits at rest
during an fMRI acquisition in a sample of individuals ranging
in age from 8 to 32 sampled with up to 12 yearly visits in
an accelerated longitudinal cohort design. We hypothesized
that we would observe protracted maturation of HPC-PFC
connectivity, which would be associated with different aspects
of cognitive development. Given that anterior and posterior HPC
have different developmental trajectories and underlie unique
processes, we probed these separately. We first characterized
neurodevelopmental trajectories of connectivity across the
entire HPC with the dorsolateral PFC (dIPFC), ventrolateral
PFC (VIPFC), ventromedial PFC (vmPFC), and replicated these
findings in a large, independent, cross-sectional sample. Given
that the HPC has an anterior and posterior portion that differ
in their structure and connectivity and develop at different
rates (Gogtay et al. 2006; DeMaster et al. 2014), which may
have unique impact on adolescent cognitive development
(Poppenk et al. 2013), and that treatment of the HPC as a
unitary region (rather than considering its subregions) may
obscure developmental trajectories (DeMaster et al. 2014), we
further investigated whether these developmental trajectories
depended on HPC subregion. Next, we characterized how
connectivity across HPC-PFC circuits related to a battery of
cognitive tasks reflecting simple and higher-order EF. Finally, we
have previously suggested based on animal models (Caballero
et al. 2016) that the development of dopaminergic signaling
may provide the impetus for increased integration between
HPC and PFC (Murty et al. 2016). As such, we investigated
whether development of mesolimbic circuitry contributed to
HPC-PFC integration based on functional connectivity between
the ventral tegmental area (VTA), where dopamine is produced,
and PFC hypothesizing that it may account for the timing of
developmental changes in HPC-PFC functional connectivity
in adolescence.

Materials and Methods
Subjects

Data from 143 subjects were analyzed (78 females, ages 8.1-32.6,
mean age 18.7), with subjects completing 1-12 yearly visits. Each
visit comprised a neurocognitive battery, and MRI scan session
completed on different days. In total, participants completed 487
scans (mean 3.1 scans/subject, ranging from 1 to 10 visits), with
91 subjects returning for at least one follow-up visit, 74 with at
least 3 visits, and 54 with at least 4 visits (see Supplementary
Fig. 1). We have previously published the results of separate
developmental research inquiries on subsets of this data set
(Velanova et al. 2008; Hwang et al. 2013; Ordaz et al. 2013).
Participants were recruited from the local population and were
screened for psychiatric and neurological problems, medication
history, first-degree relatives with major psychiatric illness, and
MRI contraindications (e.g., metal in the body). Subjects return-
ing for follow-up visits that had been diagnosed with psychiatric
illness were excluded from further study, and previous data
were eliminated from the data set. The University of Pittsburgh’s
Institutional Review Board approved the study. Participants and
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their parents (for subjects under 18) gave informed consent, and
participants were compensated for their participation.

Behavioral Assessments

A behavioral visit was completed prior to each scan session,
typically within 2 weeks of the scan. Subjects completed a
number of neurocognitive assessments, including a battery of
CANTARB tasks (Luciana 2003) and eye movement tasks. Subjects
performed tasks assessing core EF, including working memory
(delayed match to sample [DMS], Spatial Span [SSP], memory-
guided saccade) and response inhibition (antisaccade task), as
well as higher-order EF that relies on integrating multiple core
executive processes (Stockings of Cambridge [SOC] task) (Asato
et al. 2006). We describe each of these briefly.

DMS was administered as part of the CANTAB battery. DMS
provides a measure of spatial working memory, in which sub-
jects must view and retain a complex visual scene, then after
a delay select the matching pattern. Performance was assessed
based on total proportion correct and latency of correct trials.

SSP was administered as part of the CANTAB battery. SSP
provides a measure of spatial working memory capacity, in
which subjects view a pattern of dots sequentially changing
color, after which they must reproduce the pattern in the correct
order. For SSP, our dependent variables were total errors and
maximum span length successfully reproduced.

Memory-Guided Saccade (MGS) was performed as an eye move-
ment task while subjects were in the scanner, which has pre-
viously been reported by our group (Montez et al. 2017; Sim-
monds et al. 2017). MGS provided an additional assessment of
spatial working memory. In this task, subjects were presented
and instructed to fixate a peripheral dot, then returned their
gaze to a central fixation mark. After a variable delay period,
subjects were prompted to return their fixation to the location
of the dot in the absence of any stimulus. We measured both the
mean accuracy error in the location of the MGS returning to the
initially fixated location, as well as latency to perform the MGS.

Anti-saccade (AS) was administered as an eye-movement task
during behavioral assessments in the lab (Luna et al. 2004). In
this task, subjects fixated a central mark, which disappeared
at an unknown time while a new mark was displayed in the
periphery. Subjects had to suppress an eye movement toward
the peripheral mark and instead make an eye movement to the
opposite side of the screen. Performance was assessed as the
percent of successful trials, and the latency to eye movement
onset, both derived from eye tracking data.

SOC was administered as part of the CANTAB battery.
In the SOC, subjects are presented a set of objects stacked
in adjacent columns, as well as a “goal” configuration of
the objects. Participants must move objects one at a time
to produce the goal configuration in as few moves as pos-
sible. We used the total number of problems solved in
minimum moves (i.e., the proportion of trials in which
subjects were able to generate an optimal solution) as the
dependent variable.

SOC provides four summary measures (initial and subse-
quent thinking time, number of moves per trial, and proportion
of trials solved in the optimal number of moves). We chose
not to use the “thinking time” metrics since subjects were not
given any specific instruction regarding how fast to respond,
and as such have extremely high intersubject variances. The
two performance metrics (mean moves and number of optimally
performed trials) are extremely highly correlated (r=0.91). We

choose to report performance based on the number of optimally
performed trials, since it better accounts for the fact that the
optimal number of moves varies across trials (between 2 and
5). See Supplemental Material for associations of performance
on these measures with age (see Supplementary Table 1 for
all measures and Supplementary Fig. 2 for the SOC task in
particular), and each other (see Supplementary Fig. 3).

MR Acquisition Parameters

Data were acquired on a Siemens 3 tesla MAGNETOM Alle-
gra fitted with a standard circularity-polarized head coil.
Importantly, the scanner was unchanged other than standard
maintenance through the duration of the 10-year project.
Subjects’ heads were immobilized using pillows placed inside
the head coils, and subjects were fitted with earplugs to
minimize scanner noise. Structural images were acquired
using a T1l-weighted magnetization-prepared rapid gradient-
echo (MPRAGE) sequence (repetition time [TR] = 1570 ms; echo
time [TE]=3.04 ms; flip angle, 8°; inversion time [TI] =800 ms,
voxel size =0.78125 x 0.78125 x 1 mm). Functional images were
acquired using a blood oxygen-level dependent (BOLD) signal
from an echoplanar sequence (TR, 1500 ms; TE, 25 ms; flip
angle, 70°; voxel size, 3.125 x 3.125 mm in-plane resolution) with
contiguous 4-mm-thick slices aligned to the subject’s anterior-
posterior commissure plane.

Region of Interest Selection

To avoid functionally defined regions stemming from studies of
adult functional connectivity, we used a priori anatomical defi-
nitions of the PFC in each hemisphere to determine the center of
mass for three PFC subregions we expected could reflect these
changes (see Fig. 1): vimPFC (conjunction of all regions from a
population vimPFC atlas (Mackey and Petrides 2014), excluding
the subgenual ACC), vIPFC (conjunction of BAs 44, 45, and 47) and
dIPFC (the middle frontal gyrus bordered by the superior frontal
and precentral sulci including BAs 9 and 46). For each region,
we placed a sphere on the defined center of mass, applied gray
matter, and hemispheric masks. Spheres were grown to include
approximately 200 voxels (resulting sphere radii 8.7-10.6 mm,
surviving voxels ranged between 189 and 210). Hippocampal
seed regions were defined anatomically in each hemisphere.
To investigate the relative contributions of anterior and poste-
rior HPC, two regions per hemisphere were derived from the
Harvard-Oxford by dividing the HPC into thirds (Staresina et al.
2011; Murty et al. 2017), while matching the total number of vox-
els in each region (136-147 voxels per HPC region; see Fig. 1). This
produced a central gap between the seeds, preventing signal
spread between the two regions and allowing us to functionally
isolate anterior and posterior time courses. This approach is
limited in its ability to fully characterize connectivity of the
hippocampal body per se, but rather is defined to focus on
the anterior and posterior extents, based on the functional
properties that have been associated with each. For our post-
hoc analysis investigating connectivity between the VTA and
vmPFC, the VTA region of interest (ROI) was characterized using
a probabilistic atlas of the VTA (Murty et al. 2014), thresholded
at a level of 50% overlap across individuals.

Data quality for ROIs was assessed by visual inspection of
each scan. We visualized the nonlinearly warped MPRAGE in
MNI space with the HPC seeds overlaid. We found a high degree
of alignment between the anatomical boundaries of the HPC
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Figure 1. Regions of interest for connectivity analyses. Correlations were computed between anterior and hippocampal seeds and three anatomically defined regions
of the PFC: ventromedial (vmPFC), ventrolateral (vIPFC), and dorsolateral (dIPFC) separately for each hemisphere.

and the edges of the atlas derived seed regions. A small number
of scans (n=8) were excluded due to registration errors, which
caused a significant misalignment between the ROIs and indi-
vidual anatomy.

Data Preprocessing

Structural MRI data were preprocessed to extract the brain from
the skull and warped to the MNI standard brain using both
linear (FLIRT) and nonlinear (FNIRT) transformations. Functional
images were processed using a pipeline designed to minimize
the effects of head motion (Hallquist et al. 2013). This included
4D slice-timing and head motion correction, wavelet despiking
(Patel et al. 2014), coregistration to the structural image and
nonlinear warping to MNI space, local spatial smoothing with a
5-mm Gaussian kernel based on the SUSAN algorithm, intensity
normalization, nuisance regression based on head motion (6
DoF motion estimates and their derivatives) and nongray matter
signal (white matter and CSF, and their derivatives), and band-
pass filtering between 0.009 and 0.08 Hz. Frame-wise motion
estimates were computed, and volumes containing frame-wise
displacement (FD)> 0.3 mm were censored from connectivity
computations. Subjects with more than 25% of TRs censored,
or a mean FD > 0.5 mm (before censoring), were excluded from
analyses. In total, 50 sessions were excluded based on these
criteria (10.2%), leaving 437 sessions in the final analyses. To
ensure that any residual motion effects were not driving age-
related findings, all analyses included mean FD as a covariate.

Functional data were extracted from the OFF periods of a
mixed block-event-related design (Ordaz et al. 2013), based on
a previously described method (Fair et al. 2007). Subjects per-
formed four block design runs, each of which followed an OFF-
ON-OFF-ON-OFF design, where ON periods consisted of either
a pro- or antisaccade task. Data from each OFF period were
extracted, excluding the 15 s following the preceding ON period.
This resulted in blocks of 27, 25, and 16 TRs respectively (40.5,
39.0 and 22.5 s). Across the four runs, this produced a total of
272 TRs, or 6:48 min of data.

Connectivity Analysis

For each ROI, time courses were extracted from each subject’s
data by taking the first principal component across all voxels
within the ROI from the preprocessed and head motion scrubbed
voxel-wise time courses. Pearson correlation coefficients were
computed between the four hippocampal seeds (left and right
hemispheres, anterior and posterior) and the six PFC seeds (left

and right vmPFC, vIPFC, dIPFC) and normalized using Fisher’s z
transformation, resulting in 24 separate connections. Age effects
were assessed using a generalized additive model (GAM; Wood
2017) applied to each ROI pair, including a smoothed fixed effects
of age and head motion (mean FD), a fixed effect of gender,and a
random effect of subject. This allows for assessing age effects in
a semiparametric manner, without assuming the shape of devel-
opmental trajectories (Wierenga et al. 2019). We performed sep-
arate GAM models for anterior and posterior HPC, in each case
including an age x ROI interaction to model smoothed effects
of age separately for connectivity to vmPFC, vIPFC, and dIPFC.
Age effects were corrected based on six comparisons (Bonfer-
roni significant at P < 0.0083). The smoothed head motion term
controls for nonlinear relationships between mean head motion
and connectivity strength, estimated simultaneously to any age
effects.

For connections showing significant age-dependent changes,
we performed an analysis to identify age intervals of significant
change based on the GAM model fit. In order to define specific
periods (age ranges) of age-related change, a posterior simula-
tion was performed based on the first derivative of the GAM
fit. Following established guidelines (Wood 2017) and related
previous work from our group (Simmonds et al. 2014), 10000
simulated GAM fits and their derivatives (generated at 0.1 year
age intervals) were computed from a multivariate normal distri-
bution, whose vector of means and covariance corresponded to
the fitted GAM parameters. Confidence intervals (95%) were gen-
erated from the resulting simulated derivatives. Significant peri-
ods of age-related change were identified as those ages when
this confidence interval did not include zero (P < 0.05). We note
the utilized posterior simulation method is more appropriate for
GAM models, compared with case-resampling approaches (e.g.,
bootstrap), which are likely to bias smoothing estimates (Wood
2017).

Replication Data

To confirm our results characterize resting-state fMRI, we repli-
cate our age-related changes in connectivity strength in a par-
allel, cross-sectional data set spanning a similar age range,
collected on a separate set of subjects at a separate site. We
used resting-state fMRI data from the Philadelphia Neurodevel-
opmental Cohort (PNC) (Calkins et al. 2015; Satterthwaite et al.
2016). Of the 9498 subjects who participated in the PNC study, 807
participated in a resting state fMRI scan and passed motion and
quality checking standards. Of these, we identified a subset of
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321 subjects (ages 10-22 years old, mean =15.9, 156 female) that
we considered to be typically developing according to criteria
similar to the inclusion criteria for our study. This was based on
the computerized structured interview data (GOASSESS), which
we used to compute DSM-IV diagnosis rankings. Similar to a pre-
vious publication (Calkins et al. 2015), subjects were considered
to have significant psychopathology if they endorsed symptoms
with frequency and duration of a DSM-IV psychiatric disorder,
along with significant distress or impairment (a rating of >5 on
a scale of 0-10) and were excluded from our sample. PNC resting
state data was acquired with a 3 x 3 x 3 mm voxel resolution,
with TR =3000 ms, TE =32 ms, and flip angle =90°. Acquisitions
lasted 6:15 min, producing 125 TRs per run. We repeated our pre-
processing pipeline, ROI definitions, time course extraction, and
correlation computations on the replication data as described
above. As in our main sample, we assessed significance of age-
related change using a GAM with a flexible effect of age assessed
for anterior and posterior HPC seeds separately.

Brain Behavior Relationship

To assess the relationship of connectivity to cognitive assess-
ments, we performed an additional mixed effects model for
each ROI pair (n=2), and behavioral outcome (n= 10, see above)
showing age-related changes. Given our interest in characteriz-
ing developmental effects, we limited this analysis to tasks and
connections showing age-related change within our sample. In
each case, we used the residuals from GAM models (described
above) fit separately to the connectivity and behavioral data,
effectively regressing out effects of age and gender, and in the
case of connectivity values, head motion. We then performed a
linear regression between connectivity and behavioral residuals
to determine if there was a significant relationship that could
not be accounted for by concurrent age-related change.

Results
Age-Related Changes in HPC-PFC Connectivity

Results of generalized additive mixed model fits to connectivity
data indicated that both anterior and posterior HPC connectiv-
ity to the vmPFC showed age-related increases (aHPC: F=9.79,
P=0.0018; pHPC: F=5.88, P=0.0026). No significant age-related
change in connectivity strength was observed for either the
aHPC or pHPC with the vIPFC or dIPFC (all P > 0.5 uncorrected).
Models including both ipsi- and contra-lateral connectivity sep-
arately confirmed these age effects with vmPFC (aHPC: F =28.6,
P=5.9E-7, pHPC: F=15.8, P=2.3E-8), indicating that age effects
were present for both left and right HPC, as well as both ipsi- and
contra-lateral connections. Results were consistent when we
regressed out the global signal and implemented ICA-AROMA as
additional preprocessing steps (aHPC: F=4.87, P=0.027; pHPC:
F=5.38,P=0.038, see Supplementary Fig. 6). There was no signif-
icant effect of gender on connectivity values for either aHPC or
PHPC (P > 0.4). We note that an exploratory, voxel-wise analysis
of HPC connectivity performed across the entire PFC confirmed
our findings of age-related increases in HPC-vmPFC connectivity
and revealed that while age-related changes were not unique
to vimPFC, there were relatively few regions showing age-related
increases, and none of these were directly adjacent to our dIPFC
or VIPFC regions, suggesting that the null results observed for
those regions cannot be accounted for by specific placement of
the ROIs (see Supplementary text and Supplementary Fig. 5).

Inspection of the age-related connectivity changes in
the HPC-vmPFC data suggested that increases were not
linear and instead were concentrated in specific periods
of development. To test this assertion, we computed the
derivative of the GAM model fit to identify time periods
in which there was significant age-related change (confi-
dence interval of the derivative did not include zero; see
Methods). Based on this, age-related change in pHPC-vmPFC
connectivity was identified between 12.3 and 18.6 years old,
while aHPC-vmPFC occurred later, from 17.6 to 20.7 years old
(see Fig. 2).

Given that our results are based on off-period connectivity,
we were interested in the extent to which these patterns of
age-related changes in HPC-vmPFC connectivity generalized
to a more typical resting state scan. Thus, we performed a
replication analysis using a normative subsampling of cross-
sectional data from the PNC cohort (Satterthwaite et al. 2014).
Replicating the above findings, connectivity to vimPFC from
both anterior (aHPC-vmPFC: F=8.34, P=0.004) and posterior
(pHPC-vmPFC: F=9.79, P=0.001) HPC showed significant age-
related increases (see Supplementary Fig. 7). These effects
also remained when global signal regression and ICA-AROMA
were included in the preprocessing pipeline (aHPC: corrected
F=5.24, P=0.022, pHPC: corrected F=6.13, P=0.014). As in our
longitudinal data, no significant age-related changes were found
for anterior or posterior HPC to either dIPFC or VIPFC in the
replication data set, either with or without GSR and ICA-AROMA
(all P > 0.08 uncorrected).

Brain-Behavior Relationship

For each of five tasks included in our behavioral battery, we
assessed whether there were significant age effects for its asso-
ciated measures based on GAM model fits (see Supplemental
Material, Table S1). We found significant age-related change
for DMS accuracy (P <0.0001) and latency (P < 0.0001), SSP span
length (P < 0.0001), error rate (P=0.001) and latency (P < 0.0001),
SOC performance (% optimal moves, P < 0.0001, see Supplemen-
tary Fig. 2), AS % correct (P <0.0001) and latency (P <0.0001),
and MGS % correct (P<0.0001) and latency (P <0.0001) after
correcting for multiple comparisons. Only SOC initiation latency
did not show a significant effect after Bonferroni correction
(corrected P=0.2).

For each connection that showed significant age effects
(anterior and posterior HPC to vinPFC), we assessed associations
between connection strength and behavioral performance
for each measurement in our cognitive battery. We found a
significant positive relationship between the pHPC-vmPFC
connectivity and performance on the SOC task (T=4.12,
P=4.7e-5, Bonferroni corrected significant based on 11 task
comparisons), a measure of higher-order EF (Fig. 3). To ensure
correlations were not present due to concurrent change with
age, we correlated residuals from the GAM models performed
independently for both connectivity and behavioral data. The
relationship between pHPC-vmPFC connectivity and SOC perfor-
mance remained significant when residualizing for age, gender,
and head motion (T=2.77, P=0.0059). No such relationship
was present for aHPC-vmPFC in SOC performance (T=1.84,
P> 0.05 uncorrected), and no other associations between either
posterior or anterior HPC-vmPFC connectivity and any other
behavioral measure in our study survived multiple comparison
correction, with or without controlling for age (P> 0.05, see
Supplemental Material, Table S2).
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regions of significant change in HPC-vmPFC connectivity based on the derivative of the GAM model fit. For individual data, see Supplementary Figure 4.

IS

£X S Ce v, e, . .

. o % st

N
.

o

'
N

'
£

SOC Optimal Responses Residual

SOC Optimal Responses Residual

N

N
.

o

'
N

'
S

-0 0.50

25 0.00 0.25
pHPC-vmPFC Conn. Residual

-0.50 0.5

-0.25 0.00 0.25
aHPC-vmPFC Conn. Residual
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Mediation of Age-Related Connectivity
by VTA Functional Coupling

Rodent models show that VTA neuromodulation enhances PFC-
HPC plasticity as well as circuit integration (Gurden et al. 1999,
2000; Goto and Grace 2008; Fujisawa and Buzsédki 2011) through
a processes that emerges in the periadolescent period (Tseng
and O’Donnell 2007). In order to assess the contribution of
putatively dopaminergic systems on developmental changes
in HPC-PFC connectivity, we investigated developmental
changes in connectivity to the VTA, where dopaminergic
cells originate. To test the hypothesis that signaling from
dopaminergic regions such as the VTA contributes to the
enhancement of HPC-PFC coupling, we assessed whether
VTA connectivity with the vmPFC was associated with the
age-related changes in PFC-hippocampal integration. Given
that typical mediation analyses based on the product of
coefficients (“a*b indirect effect”) are not readily available for
GAM models (Cerin et al, 2018), we assessed mediation based
on a joint significance test (MacKinnon and Luecken, 2008).
Consistent with a mediation of age-related changes in HPC-
vmPFC connectivity by VTA projections, there was a significant
association between age and VTA-vmPFC (F=4.09, P=0.0088;

see Supplementary Fig. 8) and a significant relationship between
VTA-vmPFC and HPC-vimPFC when controlling for age (aHPC:
F=37.4, P<0.0001; pHPC: T=57.4, P<0.0001). Furthermore,
when separately partialling out age, gender, and head motion
from both VTA-vmPFC and HPC-vmPFC connectivity separately
via GAM models, these connections remained significantly
correlated (aHPC: T=2.48, P=0.013; pHPC: T=4.56, P <0.0001).
There was no significant interaction with age for either model
(P> 0.05). Finally, a formal mediation analysis (based on the “a*b
indirect effect”) performed by approximating age-related change
as a linear effect, showed that for both anterior and posterior
HPC, VTA-vmPFC connectivity was a significant partial mediator
of the age-related changes (aHPC: unmediated age effect
t=2.8, mediated age effect t=1.8, P=0.0022; pHPC: unmediated
age effect t=3.7, mediated age effect t=2.5, P=0.0026; see
Supplementary Fig. 9).

Discussion

In the current study, we characterized the neurodevelopmental
trajectories of functional connectivity at rest between the ante-
rior and posterior HPC with multiple targets throughout the PFC.
Synthesis of prior work suggests that adolescence represents a
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unique period of development in which information processing
across these regions is refined (Murty et al. 2016). We found
increased functional connectivity of both the anterior and poste-
rior HPC that was specific to connections with the vimPFC during
rest throughout adolescence and into early adulthood. We then
replicated these findings in an independent rs-fMRI data set to
confirm that similar effects were seen in an extended, contin-
uous resting state as what we observed in the off-periods of
our block design data. Next, we found that age-related changes
in this circuit predicted individual differences in performance
on the SOC task. Finally, we found that age-related functional
connectivity of the VTA with the vimmPFC, a putative marker of
dopamine signaling, partially mediated the age-related changes
in HPC-vmPFC connectivity. Together, these findings support a
model of enhanced information processing across the HPC and
vmPFC during adolescence, which underlies a refinement of
complex EF.

Results from our data and the PNC indicated a protracted
maturation in functional connectivity of both the anterior and
posterior HPC with vimPFC, such that there was increased func-
tional connectivity of these regions as individuals approached
adulthood. Prior models of hippocampal function have sug-
gested a functional gradient across the long axis of the HPC, such
that more flexible integrative memory encoding is localized
to anterior portions (Preston and Eichenbaum 2013; Strange
et al. 2014). Within this framework, posterior HPC would support
the stable representation of task contexts, whereas, anterior
HPC may support effective updating of contextual informa-
tion to guide higher-order cognition. Developmental studies
of hippocampal structure have shown protracted maturation,
which varies significantly along the anterior-posterior long axis
(Gogtay et al. 2006; DeMaster et al. 2014). Our large, longitudinal
sample coupled with the GAM modeling approach allowed us
to characterize nonlinear patterns of development across HPC
subregions. Based on an analysis of age intervals showing devel-
opmental change, we found that both anterior and posterior
HPC connectivity to vinPFC exhibited increases in connectiv-
ity in early to mid adolescence, before reaching a plateau in
early adulthood. Interestingly, this analysis indicated sequential
maturation, with posterior HPC connectivity maturing earlier
than anterior. These connectivity findings are interestingin light
of structural neuroimaging studies within the HPC that show
differential maturation along the HPC long axis (Gogtay et al.
2006; DeMaster et al. 2014; Schlichting et al. 2017). These studies
find that the head and tail of the HPC show similar patterns of
development through adolescence, in contrast to the HPC body,
which dovetails with the similarity in age intervals of change
we observed between the anterior and posterior portions of the
HPC.

These findings are, on the surface, in contrast to prior stud-
ies showing that the development of associative memory is
associated with a greater reliance on the dIPFC in adulthood,
as well as increased HPC-dIPFC coupling (Menon et al. 2005;
Ofen et al. 2007, 2012; Demaster and Ghetti 2013). For example,
a recent study showed that adolescence was associated with
increased coupling between lateral PFC and medial temporal
lobe during memory retrieval, without any changes in coupling
between mPFC and medial temporal lobe (Tang et al. 2017).
Rather than contradict, however, we believe we extend these
findings by showing that HPC-vmPFC connectivity, which is
highly sensitive to task context (Huijbers et al. 2011), continues
to increase in task-free contexts. However, future work is needed
to understand in what contexts HPC connectivity with dIPFC

vs vimPFC supports behavior, and how these two networks may
interact.

Importantly, we found that greater HPC-vmPFC connectiv-
ity supported better SOC performance but not improvements
in other cognitive tasks that target core processes of working
memory and inhibitory control. The SOC task is a well-validated,
highly reliable neuropsychological test that probes individual’s
ability to plan future sequences of actions and their conse-
quences as they relate to complex problem solving (Luciana
2003). What may differentiate the SOC from these other tasks is
that the SOC engages multiple core processes to support a proac-
tive multistep response that requires sequential updating (Asato
et al. 2006), further supported by an association with fluid intel-
ligence generally beyond individual cognitive processes (Unter-
rainer et al. 2004; Zook et al. 2004). This interpretation falls
in line with previous research in adult samples, which have
shown increased HPC-vmPFC coupling predicting schema for-
mation (van Kesteren et al. 2010, 2014; Bein et al. 2014; Spalding
et al. 2015), memory-guided decision-making (Gluth et al. 2015;
Voss and Cohen 2017), sequence learning (Davachi and DuBrow
2015), the emergence of conceptual knowledge (Kumaran et al.
2009), and future planning (Campbell et al. 2018). Thus, the
HPC’s role in storing prior experiences (Davachi and DuBrow
2015; Gruber et al. 2016; Eichenbaum 2017), promoting working
memory maintenance (Leszczynski 2011) and simulating future
experiences (Addis et al. 2011; Mullally and Maguire 2014) may
make it particularly well suited for supporting SOC performance.
Although our battery of cognitive tasks rule out associations
with core cognitive components such as working memory and
response inhibition, further work with more extensive batteries
of cognitive tests are required to fully understand whether the
SOC associations we observe relate to specific cognitive func-
tions such as future planning (which itself likely requires the
integration of multiple cognitive functions) or to the processes
governing integration across core cognitive components gener-
ally. While connectivity of the vmPFC with both the anterior and
posterior HPC showed age effects and relationships with SOC
performance, it was only in the posterior HPC in which vmPFC
connectivity mediated the relationship between age and SOC
performance. In line with prior literatures detailing a functional
topography across the HPC (Eichenbaum 2017), this finding sug-
gests that maintenance of a stabile context representation could
be especially beneficial for SOC performance.

Finally, we investigated the role of engagement of dopaminer-
gic systems on the specificity of adolescent period development
of HPC-PFC FC. We have previously proposed that dopaminer-
gic signaling originating in the VTA and projecting to the PFC
plays a primary role in the developmental timing of HPC-PFC
maturation. Animal and human studies both show a peak in
dopaminergic signaling during adolescence, and rodent models
have shown that pubertal DAergic processing enhances HPC-
PFC integration (Caballero et al. 2016). To test this facet of our
model, we characterized functional coupling of the VTA, a source
of mesolimbic dopamine neurons, with the vmPFC, and charac-
terized how this circuit was related to HPC-vmPFC neurodevel-
opment. We found that VTA-vmPFC connectivity partially medi-
ated the relationship between age and HPC-vmPFC connectivity.
Prior work using PET and drug manipulations in humans have
shown that BOLD signal in the VTA is sensitive to dopaminergic
signaling (Diaconescu et al. 2010; Chowdhury et al. 2013; Jabbi
et al. 2013; Hadley et al. 2014; Rieckmann et al. 2015; Dubol
et al. 2018), and a recent optogenetic fMRI paper in rodents
supports the relationship between these two measures (Ferenczi
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et al. 2016; Lohani et al. 2017). Thus, our findings are consistent
with our predictions that dopaminergic neuromodulation may
underlie adolescent maturation of HPC-vmPFC circuits. Notably,
our fMRI measure of mesolimbic engagement did not measure
dopamine signaling directly, but rather functional properties of
this dopamine-relevant circuit. Thus, future work using direct
measures of dopaminergic signaling (i.e., PET, pharmacological
challenges) is needed to fully understand the role of mesolim-
bic engagement in stabilizing vmPFC-HPC circuitry throughout
adolescence.

While the current findings provide support that HPC-vmPFC
may underlie developmental gains in higher-order cognition,
future research is necessary to incorporate our findings into
the broader literature. First, future planning and problem solv-
ing have mainly been associated with engagement of lateral
PFC, rather than vmPFC (Goldman-Rakic 1995; Miller and Cohen
2001; Badre 2008). Although a few studies have implicated the
vmPFC during tasks like the SOC (Nagano-Saito et al. 2009;
Spreng et al. 2010), most studies have focused on engagement
of fronto-parietal networks (Fincham et al. 2002; Cazalis et al.
2003; Wagner et al. 2006). Similarly, developmental research has
also highlighted dIPFC maturation and network integration in
relationship to cognitive development (Klingberg et al. 2002;
Luna et al. 2015; Cohen et al. 2016; Crone and Steinbeis 2017).
This prior work mostly characterized the dIPFC during task-
related activation rather than resting state and did not charac-
terize HPC connectivity. We propose that information process-
ing across the HPC-vmPFC may provide foundational support
for dIPFC performance-related increases in developmental dif-
ferences; however, these interactions have yet to been tested.
Second, prior functional neuroanatomical studies suggest that
functional connections of aHPC with vmPFC are more promi-
nent than pHPC. In our study, however, we found that while
both circuits showed significant developmental changes, behav-
ioral changes were more strongly associated with pHPC. This
is likely to reflect a multisynaptic pathway, implicating other
regions both in and around the HPC, and the implementation of
causal effective connectivity techniques and/or animal models
will be necessary to disambiguate the precise role of pHPC-
vmPFC circuit maturation. Finally, limitations in study design
may limit the scope of results we were able to detect. Assessing
functional connectivity from single, short duration (<10 min)
scan sessions is prone to low reliability (Noble et al. 2017),
which makes longitudinal assessment difficult. Furthermore,
our accelerated cohort design means that some subjects with
a small number of scans (including a single scan session) are
included along with the long longitudinal subjects, and sample
biases in which subjects were able to stay in the study could
affect the statistical inferences. Thus, while the larger sample
size included in our study, as well as the independent replication
sample, provide increased confidence in these results, valida-
tion will be important as methods and approaches continue to
improve.

In sum, the present study characterizes neurodevelopmental
trajectories of increased functional coupling of the HPC to
vmPFC, which support the development of higher-order EF.
These findings provide support for our recently proposed
theoretical model, the Experience-Driven Adaptive Cognition
model (Murty et al. 2016), in which we propose that increased
engagement of dopaminergic systems drives information
seekingin adolescents, that can subsequently be used to support
goal-oriented behavior. This research shows circuit develop-
ment consistent with this model and provides the foundation

for future research characterizing neurodevelopmental models
of hippocampal-guided decision-making. These results provide
novel insight into the nature of development that is specific to
the adolescent transition to adult-level cognitive processing, and
further extends previous models to include the HPC as critical
developmental node facilitating executing functions.
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