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Abstract: Neuroimaging studies have shown that task demands affect connectivity patterns in the
human brain not only during task performance but also during subsequent rest periods. Our goal was
to determine whether ongoing connectivity patterns during rest contain information about both the
current rest state, as well as the recently terminated task. Our experimental design consisted of two
types of active tasks that were followed by two types of low-demand rest states. Using this design, we
examined whether hippocampal functional connectivity during wakeful rest reflects both features of a
recently terminated task and those of the current resting-state condition. We identified four types of
networks: (i) one whose connectivity with the hippocampus was determined only by features of a
recently terminated task, (ii) one whose connectivity was determined only by features of the current
resting-state, (iii) one whose connectivity reflected aspects of both the recently terminated task and
ongoing resting-state features, and (iv) one whose connectivity with the hippocampus was strong, but
not affected by any external factor. The left and right hippocampi played distinct roles in these net-
works. These findings suggest that ongoing hippocampal connectivity networks mediate information
integration across multiple temporal scales, with hippocampal laterality moderating these connectivity
patterns. Hum Brain Mapp 36:519–537, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

In recent years, neuroimaging studies have begun to
reveal a general organizing principle of intrinsic brain activ-
ity where prior experiences directly influence subsequent
resting-state activity (post-task rest; PTR). Effects of prior
experiences on PTR have been linked to learning processes
[e.g., Albert et al., 2009; Lewis et al., 2009], the content of
recent experiences [e.g., Hasson et al., 2009], and to recov-
ery from physical or cognitive effort [e.g., Barnes et al.,
2009; Peltier et al., 2005]. It is well established that the hip-
pocampal formation (HF) is vital to the consolidation of
prior experiences [e.g., Eichenbaum et al., 2007; Milner and
Penfield 1955; Scoville and Milner, 1957], and its role dur-
ing PTR has been recently examined. Post-task connectivity
of the HF has been shown to be contingent on the prior
task characteristics [e.g., Tambini et al., 2010] and HF activ-
ity in short post-stimulus rest periods of �10 s predicted
memory for the preceding stimulus [Ben-Yakov and Dudai,
2011]. All these studies suggest that the HF is a pivotal
structure in understanding PTR dynamics. However, in
everyday experience, a cognitive task is often not immedi-
ately followed by a period of complete rest. Instead, it may
be followed by different types of contexts that could poten-
tially alter PTR processing mediated by the HF. The main
goal of the current work was to identify brain regions
whose functional connectivity with HF during rest varies as
a function of prior task demands while additionally deter-
mining whether such connectivity is influenced by ongoing
subtle attentional demands during rest.

Although the majority of studies investigating HF con-
nectivity or activity during rest have used tasks involving
explicit memory encoding paradigms [e.g., Tambini et al.,
2010; Wegman and Janzen, 2011; Wig et al., 2008], two
recent studies show that even passive experiences without
explicit memory requirements can influence hippocampal
PTR activity. After viewing brief movie scenes, PTR Blood
oxygenation level dependent (BOLD) response in the right
HF was higher for later remembered versus forgotten
scenes [Ben-Yakov and Dudai, 2011]. In another study
[van Kesteren et al., 2010], PTR functional connectivity
between a collapsed bilateral HF regressor and the ventro-
medial prefrontal cortex (vmPFC) was higher during sub-
sequent rest for individuals who reconstructed the plot
line from scrambled film-clip sequences compared to those
who saw the film-clips in their correct sequence. This sug-
gests that sorting or reordering a complex narrative
schema continues to engage a HF–vmPFC circuit even
after the stimuli are no longer present.

To develop a more comprehensive understanding of the
role of HF connectivity networks during post-task process-
ing, we considered work by Barnes et al. [2009] showing
gradual recovery of endogenous oscillation characteristics
during PTR, and recent animal work showing that
when switching to a new context, the HF is not only con-
solidating or replaying terminated experiences but also is
concurrently processing features of the new, current con-

text [Jadhav et al., 2012; Karlsson and Frank, 2009].
We intended to understand whether human HF functional
connectivity networks also show sensitivity to features of
both ongoing and recent contexts. To address this issue,
we investigated HF connectivity after participants engaged
in two tasks with different levels of attentional demand,
while simultaneously manipulating the attentional
demands of the current experience. Some aspects of HF-
connectivity (in the present) may be related to prior-task
characteristics, that is, connectivity of some regions could
track features of the recently terminated experience rather
than features of the present. Other aspects of HF-
connectivity may reflect features of the immediate, ongoing
context, with a more limited temporal constant (i.e., a
steeper decay). Further connectivity patterns might also
reflect interactions between ongoing demands and prior
task, thus indicating sensitivity to both temporal scales.

To study these questions, we constructed an experimen-
tal paradigm that manipulated both the demands of the
prior tasks and the features of subsequent rest or rest-like
states (Fig. 1). Task demands were simple, requiring no
specific learning or memory processes, but rather created
environments of attentive and passive monitoring of stim-
uli, which were then followed by a period of more or less
passive rest (PR). Specifically, in the task stage participants
heard a series of tones for 5 min while either performing
an attentive auditory monitoring task necessitating detec-
tion of changes in the transition-probability structure that
existed between auditory tones (attentive task; AT) or per-
formed an easier visual monitoring task (passive task; PT).
After performing either of these tasks, the audio was
switched off and participants either rested in silence for 5
min while observing a fixation cross (PR) or rested while
monitoring a fixation cross for very infrequent changes
(attentive rest; AR). In this way, by orthogonally manipu-
lating prior-task demands and current-rest demands, we
intended to answer two related theoretical questions relat-
ing to organizing principles of hippocampal PTR patterns:
(1) How does functional connectivity of the HF during rest
change with different levels of attentional demands during
rest and (2) how do these connectivity patterns interact
with different levels of attentional demands from the prior
task. We addressed these questions by examining both

Figure 1.

Study design and epochs of resting-state data analysis.
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whole brain HF connectivity patterns, and HF connectivity
patterns within functional regions of interest (fROIs) inde-
pendently defined from a separate resting-state scan col-
lected for these participants.

It is important to note that prior work on HF resting-state
connectivity, both during task and rest, has typically
assumed similar functions for the HF bilaterally and not
accounted for the potential laterality differences in HF con-
nectivity. This is seen, for example, in the collapsing of left
and right HF seeds to examine HF connectivity [e.g., van
Kesteren et al., 2010], or selecting one side as representative
[e.g., Andrews-Hanna et al., 2010; Buckner et al., 2008;
Kahn et al., 2008; Tambini et al., 2010; Vincent et al., 2006].
This is surprising given prior literature demonstrating the
lateralization of HF function and functional connectivity
with regard to cognitive tasks. For example, Schott et al.
[2013] recently found that the left and right HF play funda-
mentally different roles in networks mediating online
encoding to memory. Lesion-based studies have suggested
a similar functional divergence between the left and right
HF [Bonelli et al., 2010; Powell et al., 2005; Powell et al.,
2007; Weber et al., 2007]. Also, whereas some brain regions
(e.g., cingulate gyrus) are highly synchronized during rest
(Pearson’s r exceeding 0.85; Stark et al., 2008] the functional
connectivity between the left and right HF is more moder-
ate [Stark et al., 2008, mean correlation (Pearson’s r) 5 0.69;
Salvador et al., 2005, mean correlation 5 0.22]. Furthermore,
the two HF have different features (clustering coefficient
strength) when considered from a graph-theoretical per-
spective [Supekar et al., 2008]. For these reasons, we treated
the left and right hippocampi as distinct regions.

Recent work has questioned using only anatomically
defined seed regions in HF resting state functional connec-
tivity (rsFC) analyses, arguing that rsFC networks may be
more accurately described using functionally defined seed
regions [see Kahn et al., 2008]. To address this issue, we
also functionally partitioned both the left and right hippo-
campi into anterior and posterior regions by identifying
these regions’ connectivity with functionally-defined ante-
rior and posterior memory networks (see Methods).

We conducted an independent resting-state scan to define
areas that are core nodes of the hippocampal connectivity
network, which identified the typical HF resting-state net-
work. We were particularly interested in the superior fron-
tal gyrus (SFG), posterior cingulate cortex (PCC), vmPFC,
the anterior temporal cortex, and the angular gyrus (AG). It
has been well demonstrated that functional connectivity
within these regions, which constitute nodes of the default
mode network (DMN), is sensitive to ongoing task
demands and is stronger during rest than during cognitive
tasks [e.g., Fransson, 2006; Hasson et al., 2009]. It has also
been shown that functional connectivity of the AG and pre-
cuneus during rest varies as function of prior task [Hasson
et al., 2009]. There is, therefore, reason to think that these
nodes of the DMN may be involved in coding both features
of past experience and concurrently ongoing experience.
The role of the prefrontal regions was of particular interest

since it has recently been shown [Hyman et al., 2012] that
PFC neurons differentiate between environments, and do so
more strongly than HF neurons. The HF-vmPFC circuit is
also involved in coding for contextual sequences [van Kes-
teren et al., 2010]. We, therefore, expected that after change
from a task context to a rest context, the HF’s connectivity
with SFG or vmPFC might differ as a function of both the
current context and the prior task.

We expected that a strong impact of prior task would be
evident immediately upon switching from one context to
another. There is strong evidence in recent work showing
that dynamics of fMRI connectivity patterns within short
time windows (�30–60 s) can reveal connectivity patterns
not observable when quantifying connectivity over time
periods used in typical functional connectivity analyses (�
5 min or more, see e.g., Hutchison et al., 2013b]. Connec-
tivity matrices constructed from time series as short as
30 s can accurately classify participants’ engagement in
different sorts of internal cognitions [Shirer et al., 2012],
and even �10 s resting-state HF BOLD data was predictive
of memory for immediately preceding tasks [Ben-Yakov
and Dudai, 2011]. Taken together with the work of Barnes
et al. [2009], which showed that immediate post-task
BOLD dynamics are most different from the modal
resting-state profile [see especially Barnes et al., 2009, their
Fig. 2E], and that those dynamics recover over the course
of minutes, we therefore hypothesized that immediately
after a transition from a task context to a rest context, the
HF’s connectivity with SFG or vmPFC would differ as a
function of the current context, the prior task, or both.

METHODS

Participants

Sixteen healthy right-handed participants (8 F, Mean age
25.23, SD 3.49) with normal or corrected to normal vision
were recruited from the surrounding community to partici-
pate in the experiment. Participants were interviewed by
medical staff prior to beginning the study and were screened
for history of psychiatric or neurological disorders, substance
abuse, or use of psychoactive medications. The protocol was
approved by the University of Trento’s Ethics Committee
and all participants provided written informed consent. All
participants were compensated at rate of 15 Euro per hour
for their time. Data from one participant were excluded
from the analysis due to excessive head motion. Data from
two other participants were of low quality for one of the
four functional sessions as evident in low temporal signal-to-
noise ratio, and due to the repeated measures design, they
were excluded from all analyses as well.

Stimuli and Tasks

The experiment consisted of four runs in total each
beginning with 5 min of auditory stimulation followed by
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5 min of rest. The four runs consisted of two tasks fol-
lowed by two types of rest periods. In the passive task
(PT), participants listened to an auditory series of four
tones while observing a central fixation cross, and pressed
a button with the right hand when the central fixation
cross was rotated �45� (the fixation cross rotated, on aver-
age, 2 times per min). In the attentive task (AT), partici-
pants were presented with the same auditory series, but
were asked to observe a central fixation cross while listen-
ing to these series and to press a button with the right
hand when they perceived a change in statistical regular-
ity. Behavioral and neuroimaging data for these two audi-
tory tasks have been reported elsewhere [Tobia et al.,
2012], indicating that the attentive task was associated
with higher arousal as seen in higher heart rate. Each of
these two tasks could be followed by one of two types of
silent episodes: (a) a “passive rest” (PR) epoch that con-
sisted of observing a central fixation cross in silence, or (b)
an “attentive rest” (AR) epoch that consisted of observing
a central fixation cross in silence, and pressing a button
with the right hand when the central fixation cross was
rotated �45� (the fixation cross rotated, on average, 3
times per min). The nomenclature of “attentive” and
“passive” pertains to the relative demands in the auditory
and silent stages of the study; the passive task still
demanded infrequent behavioral responses. The task-rest
conditions were rotated across participants so that there
was no relation between experimental condition and its
position in the experiment.

In addition to the main study, all participants were
scanned in a separate 5 min resting-state scan (independ-
ent resting state, IRS) at the beginning of the session, dur-
ing which they were asked to focus on a fixation cross in
the center of the screen. This IRS scan was used to define
fROIs for the analysis of the main study.

Image Acquisition

A 4T Bruker/Siemens scanner was used to acquire a sin-
gle 3D, T1-weighted MPRAGE (TR/TE 5 2,700/4 ms,
1 mm3 voxel, matrix 256 3 224 3176), and 415 BOLD echo
planar imaging (EPI) volumes for each experimental run
(TR/TE 5 1,500/34 ms, matrix 64 3 64, with 25 AC–PC
parallel slices, voxel size 4 3 4 3 4 mm with 0.8 mm gap).
The IRS scan consisted of 215 volumes and was acquired
using the same protocol. Cardiac and respiratory data
were recorded using a photoplethysmograph from the left
index finger and a pneumatic belt strapped around the
upper abdomen, both sampled at 50 Hz to obtain paired
time series for each fMRI dataset.

Preprocessing of fMRI Data

Data preprocessing was conducted using AFNI [Cox,
1996]. Anatomical images were aligned to functional EPI
data. The raw time series were corrected for physiological

noise effects following the image-based method for retro-
spective correction of physiological effects [RETROICOR:
Glover et al., 2000]. The specific physiological noise correc-
tion implementation used AFNI’s retrots.m routine that
creates slice-based physiological regressors. The first 15
volumes of each run were removed to allow for magnet-
ization equilibration prior to subsequent analyses. These
were followed by 200 functional volumes of auditory pre-
sentation, followed by 200 volumes of silence. These last
200 volumes of each run corresponded to the silence (rest)
conditions and were the ones underlying all subsequent
analyses. For the analysis of the IRS scan, we removed the
first 15 volumes and analyzed the remaining 200 volumes.

After physiological noise removal, preprocessing of func-
tional images included correction for slice acquisition time,
volume registration to the first image in the scanning ses-
sion, and despiking to suppress outliers. Prior to analysis of
functional connectivity, in addition to physiological noise
removal, several other nuisance sources of variance were
removed from the times series, including linear and polyno-
mial trends (fourth order), the six head motion parameters
derived during functional volume registration, variance
related to motor (button-press) responses that was removed
via a finite impulse response model, and white matter, cere-
brospinal fluid, and out-of-brain voxel variance, removed
via seed voxels in the respective regions. Data were then
smoothed with a 6 mm (FWHM) Gaussian smoothing kernel
to increase the temporal signal-to-noise ratio of the time
series. After smoothing the residuals, functional connectivity
maps were created using the residual time series as the pre-
dicted variable in a multiple regression, and using the varia-
bles of interest (left and right HF time series) as predicting
variables (see Definition of Hippocampal ROIs section for
definition of HF seed ROIs). Time series of the ROIs corre-
sponding to HF resting-state connectivity were created by
averaging time series of all vertices in the region. Then, the
Beta coefficients of the preprocessed time series were pro-
jected to the two-dimensional cortical surface space using
SUMA/FreeSurfer [Fischl et al., 1999]. This generated 8 val-
ues per surface-domain vertex—2 (HF laterality) 3 4 (experi-
mental condition). To estimate the spatial smoothing factor
needed for the simulation-based familywise error (FWE) cor-
rection, the residuals from this last procedure were projected
to the surface for estimating the FWHM of residuals in the
surface domain, and that value was used for simulations.

The analysis of the 5 min independent resting-state data
was identical to the above-reported workflow except that
due to the absence of motor responses during that scan,
there was no regressor modeling variance related to button
presses. Data were not band-pass filtered thus keeping low-
frequency components in the BOLD signal (however, low
frequency signal drifts were removed from the data using
0–4th degree polynomials in the regression model described
above, following Handwerker et al., [2012]). We chose to
not implement a low-pass filter to maintain relatively high
frequencies (�0.1 Hz) in this dataset because it has been
shown that the hippocampus shows relatively fast dynamics
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[e.g., He, 2011], and its BOLD functional connectivity can be
driven by frequencies as high as 0.14 Hz [Wu et al., 2008].

Definition of Hippocampal ROIs

Definition of left/right hippocampal ROIs

Left and right hippocampal masks were defined individ-
ually for each participant. These were derived using auto-
mated parcellation algorithms implemented in the
FreeSurfer software package. The accuracy of this parcella-
tion method has been shown to be comparable to human
parcellation [Fischl et al., 2004]. We visually verified the
resulting mask for each participant.

Definition of anterior/posterior hippocampal ROIs

Our main analysis, as detailed above, examined the
impact of ongoing and recently completed demands on HF
connectivity, and the potential modulation of HF laterality.
We also examined whether functional connectivity net-
works of the anterior and posterior segments of HF (aHF,
pHF) were differentially sensitive to ongoing and recent
demands. Following Voets et al. [2014], we adopted a novel
data-driven approach for partitioning the hippocampus
into anterior and posterior segments by categorizing the
resting-state functional connectivity profile of each hippo-
campal voxel [see also Zarei et al., 2012] obtained from the
IRS scan. The details of this segmentation procedure are
given in Supporting Information (Supplementary Methods).
In brief, it is based on prior work showing that aHF voxels
show stronger functional connectivity with regions defined
as the anterior memory network—temporal pole, anterior
parahippocampal gyrus, and orbitofrontal cortex—whereas
pHF voxels show stronger connectivity with regions
defined as the posterior memory network, including the
cingulate gyrus, precuneus, middle frontal gyrus, fusiform,
and thalamus. It is, therefore, possible to determine, for
each HF voxel, whether it is preferentially connected to the
anterior or posterior memory network, and in this way
identify a boundary between the anterior and posterior HF.
We applied this method successfully to our IRS data, find-
ing preferential connectivity of aHF to the anterior memory
network and of pHF to the posterior network, with a
boundary approximately at the anterior 1/3 of HF length,
which is highly consistent with prior applications of this
method [Voets et al., 2014; Zarei et al., 2012].

Functional Connectivity During Wakeful Rest

Epochs After Attentive and Passive Tasks

The 200 volumes of the silent rest epochs were separated
for further analysis. Of these, the first 10 functional volumes
(15 s) were discarded to allow for recovery of hemodynamic
response from the listening period so that connectivity
would not be affected by the transient hemodynamic drop
carried over from the auditory stimulus or by any other

potential sort of offset response that could occur when stim-
uli terminate [Gonzalez-Castillo et al., 2012]. For the left-
and right-hippocampus, we constructed separate seed time
series by averaging the time series of all voxels in each
region. This resulted in distinct left-hippocampus and right-
hippocampus seed time series for each of the four experi-
mental conditions: PassiveRest-postPassiveTask (PT!PR);
PassiveRest-postAttentiveTask (AT!PR); AttentiveRest-
postPassiveTask (PT!AR); AttentiveRest-postAttentiveTask
(AT!AR). This procedure returned eight “seed” time series
in total per participant acquired during silence, described
by the full crossover of the factors: 2 (HF laterality) 3 2
(current rest) 3 2 (prior task). Prior to establishing func-
tional connectivity, outlier BOLD values introduced by head
motion or scanner variance were identified by evaluating
the motion plots (points of 1.5 mm motion and above
declared extreme) and the outlier plots (using outputs from
ANFI’s outlier identifier, 3dToutcount). Functional volumes
where outlier values were identified were removed from
each time series before evaluating connectivity patterns,
whether bilateral connectivity between hippocampi seeds
themselves, or whole brain connectivity of the individual
hippocampal seed regions.

In the whole-brain connectivity analysis, for each partici-
pant, the beta values reflecting correlation strength were
analyzed on a 2D cortical surface created by averaging all
participants’ cortical surfaces. Group-level random effects
analysis was conducted on the single-voxel level via a 2
(prior task) 3 2 (current rest) 3 2 (HF laterality) ANOVA
conducted for each surface vertex. These were thresholded
using cluster extent thresholding to control for FWE, fol-
lowing the algorithms introduced by Forman et al. [1995]
that were implemented in the 2D surface domain. Each
simulation took into account the estimated spatial smooth-
ing of the data (�6 mm) and the maximal distance
allowed between two nodes that passed the uncorrected
threshold (2 mm). Five thousand simulations were con-
structed, where in each simulation, the size of the largest
cluster satisfying these constraints was saved. This con-
structed a sampling distribution of cluster sizes likely to
be generated by chance. The 95% cluster size of this sam-
pling distribution was used as a lower-bound value for
cluster based thresholding. On the basis of these simula-
tions, a reliable cluster was defined as a minimum 66 mm2

cluster where all the voxels passed an uncorrected alpha
threshold of 0.005.

Given that changes in experimental contexts introduce
strong changes to BOLD resting-state connectivity [Barnes
et al., 2009], and that effects of prior task on post-task hip-
pocampal activity may be relatively short lived, on the
scale of 1 min [see Karlsson and Frank, 2009], we per-
formed a connectivity analysis identical to the analysis
described above using only 36 functional scans, corre-
sponding to the period of 15–69 s after termination of the
auditory sequence (see Fig. 1 for illustration of design and
analysis epochs). This specific time window within the
first minute was chosen for two reasons. We ignored the
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first 15 s, since BOLD in those time points could poten-
tially directly reflect neural activity generated during the
prior task. Second, we ended the time series 9 s after the
termination of that minute, since activity up to �69 s
could reflect activity during the first 1 min. Then, to verify
that the findings identified for the first minute of rest were
limited to that temporal period, a parallel analysis was
conducted for the last minute of the rest period.

Prefacing the results, it was within this initial time win-
dow (15–69 s post-task) that we found the main effects of
prior task on ongoing connectivity, or interactions between
prior and ongoing demands. For this reason, the analysis
of differential connectivity of anterior and posterior HF
was also conducted on data collected within this time win-
dow. The connectivity analysis followed the same proce-
dures as the one described above. However, the left and
right HF were analyzed separately, and for each HF, we
conducted a group-level random effects analysis on the
single vertex level via a 2 (prior task) 3 2 (current rest) 3

2 (anterior/posterior segment) ANOVA. Control for FWE
was implemented using the procedures described above.

Functional Connectivity in IRS Scan:

Independent Identification of the Hippocampal

Resting-State Networks

To define hippocampal resting-state functional connectiv-
ity, as defined in prior studies, single participant connectiv-
ity maps were constructed for the left and right HF seed
regions, using data from an IRS scan obtained for each par-
ticipant prior to the task-rest experimental procedure that
constituted the main study. The procedure for construction
of these single-participant connectivity maps was identical
to that reported above in Functional Connectivity During
Wakeful Rest Epochs After Attentive and Passive Tasks. So
as not to bias the definition of fROIs, these were defined as
clusters of contiguous vertices in which each vertex showed
significant connectivity with both the left HF and right HF
(each at an alpha level of P< 0.001, on the group level).
FWE correction was implemented using cluster extent
thresholding [Monte Carlo simulations following Forman
et al., 1995], which was implemented in the surface domain
(57 mm2 minimum cluster extent). We analyzed HF connec-
tivity within this independent dataset to define group-level
fROIs capturing the main nodes of this HF resting-state net-
work (PCC, vmPFC, AG, and anterior lateral temporal cor-
tex). This allowed us to specifically determine whether
these regions (10 ROIs in total, see below, Results: Hippo-
campal Connectivity During IRS), which are intrinsically
functionally connected to HF during rest, are modulated by
the independent variables of interest in our study.

Statistical Thresholding Choices

All statistical analyses were controlled for FWE using
cluster-based correction at P< 0.05 on the cluster level. The

single voxel (uncorrected) alpha threshold levels were set at
P< 0.001, when there was very strong prior reason to think
that effects would be widespread and large: (a) when defin-
ing group-level HF resting-state connectivity in the inde-
pendent resting scan; (b) when defining connectivity (vs.
baseline) during the first and last minute of the PTR state;
or (c) when evaluating differences between the latter.
Single-voxel thresholds of 0.005 were used for the whole-
brain ANOVAs where the two- and three-way interactions
were of main theoretical interest and there was little prior
literature to determine potential effect sizes.

RESULTS

Behavioral performance data for two participants were
unavailable due to equipment malfunction. The remaining
participants (N 5 11) demonstrated high accuracy on the
visual target change-detection task during attentive rest,
with a group mean of 98.79% (SD 5 4.43), indicating that
participants were alert. Average reaction time for the par-
ticipant group was 797 ms (SD 5 430).

Hippocampal Connectivity During IRS

The connectivity patterns during the IRS scan matched
those previously reported in the literature, with strong
connectivity in PCC, vmPFC, AG, lateral temporal cortex,
and the SFG (Fig. 2A). In the analysis of the IRS, there
was no impact of HF laterality (we evaluated several
uncorrected single-voxel alpha levels: 0.005, 0.001, 0.0001).
Nonetheless, so as not to bias the definition of fROIs,
these were defined as brain regions that showed signifi-
cant functional connectivity to each HF seed region at an
alpha level of P< 0.001 (on the group level). That is, as
fROIs, we considered contiguous vertex-clusters, exceed-
ing 57 mm2, in which each vertex connectivity was signifi-
cant at the P< 0.001 level against both HF seed regions.
From this connectivity map, we defined 10 fROIs that
included the anterior lateral temporal cortex, AG, SFG,
PCC, and vmPFC, bilaterally, regions often linked to HF
resting-state connectivity [Vincent et al., 2006]. The loca-
tions of these fROIs are presented in Figure 2B. These
fROIs served as a priori regions of interest in which we
evaluated HF functional connectivity during passive and
attentive rest as a function of prior task and hippocampal
seed region.

Homotopic HF Connectivity

Prior to evaluating functional connectivity profiles, we
evaluated the degree to which bilateral hippocampal activ-
ity was correlated during each type of silent rest period. A
high correlation would obviate the need to analyze each
HF separately. For each participant, the interhemispheric
correlation between the two hippocampi was calculated
for each of the four conditions. These correlation values
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were moderate (see Supporting Information Table I), and
very similar to those previously reported by Stark et al.
[2008] who reported a mean correlation of 0.69 during
complete rest and Buckner et al. [2008] who reported a
correlation of 0.61. This validated the use of both seed
regions in the following analyses. In addition, the degree
of correlation between the two seeds was not affected by
the independent variables as evident in a 2 (prior task) 3

2 (current rest) ANOVA conducted on the (Fisher-Z trans-
formed) correlation values.

An additional preliminary analysis examined whether
functional connectivity of the HF during the 285 s task-

free epochs matched configurations previously reported in
the literature. To this end, we constructed a connectivity
map for the PR condition, when following the PT, an
epoch arguably most similar to what are considered typi-
cal resting-state conditions. As shown in Supporting Infor-
mation Figure S1, connectivity patterns in this analysis
were similar to those found in our IRS scan (compare vs.
Fig. 2A) and those reported by Vincent et al. [2006]. (One
exception is stronger connectivity with the insular cortex.
which could be attributed to a number of factors includ-
ing, but not limited to our use of a 4T scanner, the use of
surface-based alignment routines, or the direct use of

TABLE I. Summary of findings of whole-brain analysis

Effect Region

Talairach coordinates
(Cluster center of mass)

BAx y z

Ongoing Rest 1. L. Parieto-Occipital junction 219 286 30 19
HF-laterality 2. L. STG 255 249 21 40

3. L. PHG 219 211 221 28
HF-laterality by Prior task 4. L. Precuneus 212 244 56 7

5. L. IPL/Postcentral G 242 222 27 2
6. L. Insula 229 10 9 13
7. R. PCC 7 245 14 29
8. R. Posterior insula 33 229 16 13

Ongoing rest by

HF-laterality by Prior task
9. L. SFG 213 50 34 9

10. R. PHG/Uncus 36 214 228 35

Figure 2.

Hippocampal connectivity during independent resting-state scan and definition of functional

ROIs. Panel A: Whole brain connectivity. Panel B: Reference labels for functional ROIs: 1. Left

SFG; 6. Right SFG; 2. Left STG; 8. Right STG; 3. Left PCC; 9. Right PCC; 5. Left vmPFC; 10.

Right vmPFC; 4. Left Angular gyrus; and 7. Right Angular Gyrus. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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physiological noise measurements as nuisance regressors
rather than proxy measures.)

Context Sensitivity of Functional Connectivity in

Core Regions of the HF Connectivity Network:

A fROI Analysis

The main question addressed here was whether regions
constituting core nodes of the HF resting-state network
show connectivity patterns that vary as a function of
ongoing rest, prior task or interactions between the two
factors (potentially further modulated by hippocampal lat-
erality). We computed the functional connectivity estimate
for each voxel indicating the degree of correlated activity
with the (left or right) HF, during attentive or passive rest
epochs that appeared after either an attentive or passive
task. The procedure returned eight connectivity maps per
participant, reflecting whole brain connectivity in the 285 s
epochs with left/right HF as a function of prior task and
current rest.

These eight connectivity maps were then analyzed using
a fROI approach, with each fROI examined via a 2 (HF lat-
erality) 3 2 (current rest) 3 2 (prior task) ANOVA collaps-
ing across all surface vertices in the region, and with
participants modeled as a random factor. These analyses
revealed only one pattern: several fROIs showed stronger
connectivity with the HF during PR than during AR. This
pattern was seen for left PCC, F(1, 12) 5 20.1, P< 0.001, left
AG, F(1, 12) 5 12.8, P< 0.004, left vmPFC, F(1, 12) 5 7.7,
P 5 0.017, left SFG, F(1, 12) 5 20.9, P< 0.001, right PCC,
F(1, 12) 5 15.3, P 5 0.002, right vmPFC, F(1, 12) 5 10.16,
P 5 0.008, right anterior lateral temporal cortex, F(1,
12) 5 8.8, P 5 0.011, right posterior middle temporal gyrus,
F(1, 12) 5 23.5, P< 0.001, and right SFG, F(1, 12) 5 5.1,
P 5 0.04. The only other effect seen in this analysis was
that the left SFG showed main effect of hemisphere lateral-
ity: F(1, 12) 5 5.12, P 5 0.04, because its connectivity was
stronger with the left than right HF (M 5 0.49 [SD 5 0.27]
versus M 5 0.38 [SD 5 0.24]). No other fROIs showed any
other statistically significant main effects or interactions.
These findings corroborate prior work indicating that con-
nectivity of the DMN (of which the HF is a member; Buck-
ner et al., [2008]) shows stronger connectivity during less
demanding attentional contexts.

The previous analysis quantified functional connectivity
collapsing over 5 min of post-task silence epochs. Given
this relatively long post-task temporal period, it is perhaps
not surprising that potential effects of prior task on subse-
quent functional connectivity would not be seen with con-
nectivity aggregated over the entire 5 min post-task epoch,
since this epoch is associated with a dynamic process of
return to the equilibrium resting state. Specifically, follow-
ing task performance, resting state patterns in the DMN
recover gradually, and reach pretask equilibrium levels
within 6–7 min after performance of simple tasks [Barnes
et al., 2009]. Other work suggests that effects of prior task

on HF resting state activity may be relatively transient
([Karlsson and Frank, 2009], see their Fig. 5). In the follow-
ing analysis we therefore concentrated on a shorter tempo-
ral epoch beginning 16 s after task termination, and
continuing for 54 s afterward, and conducted the ROI
analysis on functional connectivity estimates in this tempo-
ral window. Prior to this analysis, we examined the rela-
tive homotopicity between the two HF-seed time series
during this epoch. The results were highly similar to those
seen when quantifying over the longer 285 s interval (see
Supporting Information Table I). We, therefore, again
maintained HF laterality as a factor in the analysis.

The fROI analysis of the 54 s epoch showed an impact
of both prior task and current rest on functional connectiv-
ity patterns. The PCC connectivity patterns, bilaterally,
depended on HF laterality and features of the prior task
(Fig. 3). The left PCC showed a prior task 3 HF laterality
interaction, F(1, 12) 5 7.47, P 5 0.02; the Left_HF $
Left_PCC connectivity was stronger after the active than
the passive task, but the Right_HF $ Left_PCC connectiv-
ity was stronger after the passive than the active task. The
right PCC showed the same interaction pattern, F(1,
12) 5 7.12, P 5 0.03, as well as an effect of current rest, as
connectivity was stronger during passive rest, F(1,
12) 5 4.87, P 5 0.048.

Connectivity patterns of the vmPFC bilaterally and the
left SFG showed sensitivity to both prior task and current
rest features (Fig. 4). The left vmPFC showed a statistically
significant prior task 3 current rest interaction, F(1,
12) 5 5.4, P 5 0.04. Connectivity during attentive rest was
higher after the passive task, and connectivity during

Figure 3.

Post-task connectivity of PCC. A functional ROI analysis shows

that post-task connectivity of PCC bilaterally is affected by fea-

tures of prior task, but modulated by hippocampal laterality.

PostPT: post passive task. PostAT: post attentive task. Numbers

next to region names refer to region labels in Figure 2B.
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passive rest was higher after the attentive task. The right
vmPFC showed the same interaction pattern, but only in
its connectivity with the right HF, resulting in a statisti-
cally significant three-way interaction, F(1, 12) 5 7.83,
P 5 0.016. (The connectivity of right vmPFC with the left
HF was not modulated by any experimental factor.) The
left SFG showed the same pattern of results seen for right
vmPFC, typified by a three-way interaction, F(1, 12) 5 9.8,
P 5 0.009: its connectivity with the right HF showed a
prior task 3 current rest interaction F(1, 12)5 5.87,
P 5 0.03, but its connectivity with the left HF was not
modulated by any factor. Finally, the angular gyri bilater-
ally showed three-way interactions. For the left AG, the
three-way interaction was significant, F(1, 12) 5 5.93,
P 5 0.03. To partition the AG interaction, we examined the
connectivity of this region with left and right HF sepa-
rately, but neither of the two was significant. A similar
result was found for the right AG, F(1, 12) 5 6.24,
P 5 0.028, but again, neither of the two-way interactions
was significant. To summarize, during the 54 s epoch,
these fROIs showed sensitivity to prior task features or
joint sensitivity to prior task and current rest, and poste-
rior and anterior midline regions showed different
response profiles. In addition, we note that the right SFG
and the anterior temporal cortex (bilaterally) did not show
any effects, suggesting they are relatively insensitive to
contextual features.

As a control analysis, we applied the same fROI analysis
to connectivity estimates for the last minute of rest. Here,
we found that only one ROI showed sensitivity to prior
task (PCC cluster F(1, 12) 5 10.44, P 5 0.009), and no ROI
showed, during this last minute, the higher-level interac-
tions that were found during the first minute of rest.
(Many ROIs showed an effect of current rest with stronger
connectivity during passive rest, a point we do not expand

on here.) Thus, the impact of prior task features on con-
nectivity, and their interactions with ongoing demands,
appears to largely terminate by 5 min.

Context Sensitivity of Functional Connectivity:

Whole Brain Analysis

To identify other brain regions whose connectivity with
the HF depended on the experimental factors, we con-
ducted whole brain analyses using a group-level random
effects analysis. A 2 (prior task) 3 2 (current rest) 3 2

(HF laterality) ANOVA was applied to the data of each

voxel, followed by cluster-based thresholding (see Meth-

ods). As in the fROI analyses, one analysis was conducted

on functional estimates for the entire 285 s epoch, and one

for 54 s of data beginning 16 s from the onset of the

silence period.

Whole brain analysis: Effects of prior task and
current rest on hippocampal connectivity

quantified over 285sec

The analysis of the entire 285 s post-task epochs showed
one result pattern: numerous regions showed stronger
connectivity with the HF during passive than attentive
rest. Supporting Information Figure S2 shows these areas,

which by and large were limited to regions previously

linked to hippocampal connectivity during rest [e.g., Vin-

cent et al., 2006]. We did not find any brain region show-

ing an impact of prior task, or an interaction between

prior task and current rest. This finding is consistent with

our fROI analysis of the 285 s epoch, and indeed many of

the regions identified in the whole brain analysis are part

of the DMN (see Supporting Information Fig. S2).

Figure 4.

Functional ROIs where post-task connectivity was jointly affected by features of current rest and

prior task. These regions’ connectivity was explained by a significant interaction between the

two factors (Panel A) which could be further modulated by hippocampal laterality (Panel B).

During AR: during attentive rest. During PR: during passive rest. PostPT: post passive task.

PostAT: post attentive task. Numbers next to region names refer to region labels in Figure 2B.
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Whole brain analysis: Hippocampal connectivity for
16–69 s post-task

Prior to examining whole-brain modulations of func-
tional connectivity within this 54 s epoch, we examined
connectivity patterns in this period for the PR epoch that
followed the PT, an epoch arguably most similar to what
are considered typical resting-state conditions. The HF
connectivity pattern during this epoch is shown in Figure
5A. While there was clearly strong whole-brain connectiv-
ity for both hippocampi, these did not resemble resting-
state networks previously documented in the literature,
nor the resting-state HF connectivity maps found for this
group (Fig. 2A). In particular, connectivity with PCC,
ACC, and vmPFC appeared reduced compared to previ-
ous reports suggesting that this initial transition period
into rest was associated with unique connectivity patterns.

This observation was corroborated by two control analy-
ses showing that this particular finding was not attribut-
able to the shorter analysis window. First, when
examining connectivity during passive rest after the pas-
sive task, for a comparable 54 s epoch at the end of the 5-
min resting period, we documented HF connectivity pat-
terns that matched prior reports (Fig. 5B). Second, a direct
comparison between connectivity maps during the last
and first minute of the PTR period showed stronger con-
nectivity with PCC, ACC, and vmPFC during the last
minute of rest (Fig. 5C).

Whole brain analysis: Effects of prior task,

current rest and hippocampal laterality on

connectivity quantified for 16–69 s post-task

The analysis of left and right HF connectivity during the
first 1 min of silence revealed strong differentiation, with
several regions identified in which connectivity during rest
varied with (i) HF seed region (left vs. right), (ii) a combina-
tion of HF seed region and prior task, or (iii) a combination
of HF seed region, prior task, and current rest demands.
Table I summarizes the areas showing these effects, and the
nature of the effects is detailed below. We briefly review
these whole brain findings for the sake of completeness, as
in some cases the whole brain analysis identified brain
regions previously defined in the fROI analysis.

A cluster in the left parieto-occipital junction showed a
modulation of HF-connectivity as function of current rest,
with stronger connectivity during PR than during AR
(M 5 1.2, SE 5 0.18 vs. M 5 0.63, SE 5 0.11; t(12) 5 5.48,
P< 0.0001; Fig. 6A).

Two clusters showed different connectivity strength
with the left or right HF but without being affected by cur-
rent rest or prior task features. These were the left poste-
rior superior temporal gyrus (STG) extending into the
supramarginal gyrus (SMG), and a cluster in the left para-
hippocampal gyrus (PHG; Fig. 6B). Both regions showed
positive connectivity with bilateral HF, but with stronger
connectivity for left HF (superior temporal sulcus and

Figure 5.

Whole brain connectivity of left hippocampus seed region (left

HF) and right hippocampus seed region (right HF) during the

first and last 1-min epochs of a 5-min rest period. Panel A: con-

nectivity during first minute of rest. Panel B: connectivity during

the last minute of rest. In Panels A and B, upper rows mark the

right hemisphere cortical surface and lower rows mark the left

hemisphere cortical surface. Panel C: direct comparison

between connectivity in the first and last minute shows stronger

connectivity with PCC and vmPFC during the last minute of

rest. The figure shows that connectivity patterns settle into the

well-described hippocampal resting-state configuration toward

the end of the resting-state epoch, but have a markedly different

configuration at its beginning. Thresholded at single voxel alpha

level of P< 0.001, familywise corrected for multiple comparisons

using cluster-extent thresholding. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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supramarginal gyrus: t(12) 5 6.3, P< 0.001; PHG:
t(12) 5 4.4, P 5 0.001)

In a number of areas, post-task connectivity was deter-
mined by an interaction between features of the prior task
and the HF seed region (but without any further modulation
of the current rest properties; Fig. 7). Note, this was the
same pattern identified in the fROI analysis for the PCC
bilaterally. In the whole brain analysis, regions showing this
interaction pattern included, on the left, the precuneus, ante-
rior IPS/postcentral-gyrus, and insula, and on the right, one
cluster in the PCC and one in the superior temporal plane/
posterior insula. In all the regions, the pattern of interaction
was identical: stronger left HF connectivity than right HF
after the AT, but stronger right HF connectivity than left HF

after the PT. When collapsed across all surface vertices to
obtain cluster means, the interaction was statistically signifi-
cant for left precuneus (F(1, 12) 5 22.5, P< 0.001), left IPS
(F(1, 12) 5 20.6, P 5 0.001), left insula (F(1, 12) 5 27.7,
P< 0.001), right PCC (F(1, 12) 5 26.4, P< 0.001), and right
superior temporal plane, (F(1, 12) 5 22.3, P< 0.001).

Two clusters, one in the left SFG and the other in the
right PHG (on the border of the Uncus) showed the most
differentiated connectivity pattern. For both, connectivity
with HF varied according to HF laterality, prior task and
current rest. The location of the left SFG cluster showing
this pattern overlapped with the SFG fROI defined from
the resting-state scan, a fROI that showed the exact same
three-way interaction and will not be further discussed
(Fig. 8A). For the right PHG/Uncus, when analyzed on
the entire cluster level, a dominant pattern of interaction
emerged, signaled by a significant three-way interaction,
F(1, 12) 5 25.5, P< 0.001 (Fig. 8B). We found the region’s
connectivity with right HF was modulated by features of
the current rest, with overall weaker connectivity during
PR, F(1, 12) 5 6.25, P 5 0.03. Its connectivity with the left
HF showed a statistically marginal interaction between
current rest and prior task, with the same profile reported
for the left SFG, F(1, 12) 5 3.15, P 5 0.1.

To summarize, within the first minute after task comple-
tion, a whole brain analysis documented strong indicators
for regions whose connectivity with the HF varies as func-
tion of prior task (potentially modulated by HF laterality),
as well as regions where connectivity depended on fea-
tures of prior task and current rest. We replicated this
analysis for connectivity patterns estimated for the last
(fifth) minute of rest, and here the whole brain analysis

Figure 7.

Clusters where connectivity with left/right hippocampi varied as function of prior task. Cluster

numbers match entries in Table I. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 6.

Impact of current-rest features and hippocampal laterality. Panel

A: stronger connectivity during passive than attentive rest. Panel

B: regions showing stronger connectivity with left HF than with

right HF. Here and in all subsequent figures colors mark differ-

ent clusters. Cluster numbers match entries in Table I. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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did not identify any regions where connectivity varied as
function of prior task, or showed an interaction with the
prior task factor. This analysis identified only clusters
showing an effect of current rest, which showed stronger
connectivity during passive than attentive rest (see Sup-
porting Information Supplementary Materials, Fig. S3).

Effects of prior task, current rest and anterior/poste-

rior hippocampal division on connectivity quantified
for 16–69 s post-task

As a final analysis, we replicated the previous whole brain
analysis, but examined whether anterior and posterior HF
segments show different connectivity profiles as a function

of prior and ongoing demands. This whole-brain vertexwise
analysis was performed separately for the left HF and right
HF. For each vertex, we conducted a 2 (prior task) 3 2 (cur-
rent rest) 3 2 (anterior/posterior segment) ANOVA.

For the left HF, we did not find any region whose con-
nectivity showed an interaction between the experimental
factors and the anterior/posterior division. (We also
found numerous areas showing main effects of anterior
vs. posterior HF divisions, as necessitated given the
method used to define these regions, as well as areas
showing effects of current rest. These results are noninde-
pendent from what have been reported in prior sections
or from the method defining the anterior/posterior
division.)

Figure 8.

Clusters where hippocampal connectivity with given region was determined by an interaction

between prior task demands, current rest features and hippocampal laterality. Cluster numbers

match entries in Table I. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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For the right HF, we identified two regions—the left
and right posterior IFG (on the border of pars opercularis
and the ventral precentral gyrus)—whose connectivity was
determined by a three-way prior task 3 current rest 3

anterior/posterior interaction, which held for each vertex
in those regions (Fig. 9). As we detail below, the IFG’s
connectivity (bilaterally) with the right aHF was impacted
by both prior and ongoing demands, whereas IFG’s con-
nectivity (bilaterally) with the right pHF was not affected
by either factor.

To obtain group-level statistics for the right IFG cluster,
for each participant data were averaged across all vertices

in the cluster per each condition, and group-level data
were submitted to an ANOVA. Right IFG’s connectivity
with right aHF was modulated by ongoing and prior
demands, but its connectivity with right pHF was not
modulated by either factor, a pattern confirmed by a sig-
nificant three-way interaction at the cluster level, F(1,
12) 5 19.92, P 5 0.001. The pattern was examined by two
follow-up ANOVAs that partitioned the three-way interac-
tion into 2 two-way interactions. These indicated that the
right IFG’s connectivity with right aHF showed a prior
task 3 current rest interaction, F(1, 12) 5 15.15, P 5 0.002,
but its connectivity with right pHF did not show

Figure 9.

Regions showing different connectivity with anterior and poste-

rior right HF. Panel A: Left Hemisphere. Panel B: Right Hemi-

sphere. All vertices in warm colors showed a statistically

significant three-way interaction between prior task, current

rest and anterior versus posterior HF segment, single-vertex

threshold for interaction tests P< 0.005 corrected for multiple

comparisons using cluster extent threshold (FWE P< 0.05). For

both left and right IFG, connectivity with posterior right HF was

not modulated by the experimental manipulations (i.e., nonsigni-

ficant prior task 3 current rest interactions), but connectivity

with anterior right HF was modulated by both factors

(Ps< 0.05; see text). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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significant modulation (P> 0.37). In addition, there was a
main effect of anterior/posterior segment as right IFG’s
connectivity was stronger with pHF than aHF, F(1,
12) 5 9.32, P 5 0.01. Note that the stronger overall connec-
tivity with the posterior compared to the anterior segment
(see also Fig. 9) suggests the absence of significant experi-
mental modulations of connectivity with the posterior seg-
ment was not due to a floor effect or lack of sensitivity.

The same analysis was repeated for the left IFG cluster,
which showed very similar patterns, as evident in a signif-
icant three-way interaction at the cluster level, F(1,
12) 5 25. 89, P< 0.0001. The follow-up analysis indicated
that the left IFG’s connectivity with the right aHF showed
a prior task 3 current rest interaction, F(1, 12) 5 7.14,
P 5 0.02, but its connectivity with right pHF did not show
significant modulation (P> 0.25). In addition, connectivity
was stronger overall with the right pHF compared to the
aHF, F(1, 12) 5 10.35, P 5 0.007, again suggesting that the
lack of connectivity-modulation for pHF does not result
from lack of power.

To summarize, we found an interesting dissociation of
right HF connectivity, where connectivity of the aHF with
IFG (bilaterally) showed connectivity highly sensitive to
contextual features, whereas connectivity of pHF was not
susceptible to any such effects.

DISCUSSION

The HF plays a central role in construing our experience
of the world by consolidating recent experiences into long-
term memory systems. As we outlined in the Introduction,
in the absence of exogenous input, activity and connectiv-
ity of the HF have been repeatedly linked to processing
recent experiences, as demonstrated by brain:behavior cor-
relations between its resting-state activity profiles and
behavioral outcomes for several tasks [Ben-Yakov and
Dudai, 2011; Schott et al., 2013; Tambini et al., 2010; van
Kesteren et al., 2010; Wegman and Janzen, 2011; Wig et al.,
2008]. Our goal was to determine whether these endoge-
nous activity patterns found in the HF can be explained as
reflecting an interaction between prior task and current
attentional demands, and in doing so, determine whether
the left and right HF areas subserve similar functions in
this context, and whether functionally defined anterior/
posterior divisions of the hippocampi show differential
post-task rsFC profiles. Our main finding is that HF con-
nectivity does indeed vary with features of both current,
ongoing demands as well as features of recently termi-
nated experiences, and these effects are distributed in dif-
ferent networks. This finding points to a general principle
of endogenous brain activity that has yet to be acknowl-
edged in the literature on functional connectivity and HF
functioning: that connectivity of some cortical networks
(sampled in the present) is determined by both ongoing
environmental features and those of a recently experienced
environment that is no longer available.

The Dynamics of HF Connectivity Patterns After

Task Termination

While the connectivity pattern for the HF during the first
1-min rest epoch departed in some aspects from previously
identified endogenous HF connectivity networks, the net-
work connectivity pattern seen during the last 1-min rest
epoch strongly resembled those networks, in particular
showing greater HF connectivity with the PCC, ACC, and
vmPFC. Thus, endogenous activity in the HF soon after
disengagement from an exogenous stimulus manifests a
different organization of functional connectivity. This
shows that endogenous HF connectivity does not immedi-
ately shift into a “rest-like” topology when exogenous stim-
uli terminate, but eventually does settle into that
configuration. This finding is consistent with work by
Barnes et al. [2009] that examined the fractal complexity of
time series during PTR states and showed that immediately
post-task, BOLD time series have lower temporal autocor-
relation, and that it can take more than 5 min for the
BOLD time series to return to their initial complexity lev-
els. The flexible configuration of HF connectivity over rela-
tively short periods is consistent with recent work showing
that it is one of the brain regions demonstrating the highest
variability in connectivity patterns [Park et al., 2012] and
that its functional connectivity profile is mediated by rela-
tive high frequencies (�0.1 Hz; Wu et al., 2008] accompa-
nied by high variance and low time-series autocorrelation
[as emphasized by He, 2011, particulalry Figs. 3, 4 therein].
Our experimental findings showing an impact of recent
experience on ongoing connectivity or interactions between
the two factors were strongly observed during the 1-min
epoch sampled soon after termination of a task, but were
largely absent when conducting a parallel analysis of the
fifth minute of the rest period. This 1-min duration is con-
sistent with previous research showing that the duration of
episodic hippocampal replay mechanisms is approximately
1 min when switching from task to rest [see Karlsson and
Frank, 2009]. More generally, our findings are consistent
with prior work showing that functional connectivity pat-
terns in resting-state networks are dynamic [for recent
review, see Hutchison et al., 2013a] and that connectivity
patterns observable on scales of 30–60 s may not be observ-
able in longer temporal scales [Allen et al., 2014; Hutchison
et al., 2013b].

With regard to the HF laterality effects in the first
minute analyses, it is important to note that the correlation
between the left and right HF time series was of similar
magnitudes when quantified over both the entire 5-min
resting-state period and over the shorter 1-min epoch
(Supporting Information Table I). The absolute correlation
values matched well those reported in prior examinations
of endogenous HF bilateral connectivity [Stark et al., 2008].
Thus, the significant impact of laterality on the experimen-
tal effects in the analysis of the shorter epoch cannot be
explained by stronger independence between the two HF
regions in that epoch.
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The dynamics of post-task HF connectivity identified in
the current study indicated that the strongest effects of
prior-task were found within the first minute post-task.
Only one region (identified in the fROI analysis; none in
the whole brain) still showed sensitivity to prior task dur-
ing the fifth minute after task completion. Our findings that
point to a relatively short term impact of prior task on post-
task HF connectivity appear to diverge from prior results
that documented longer lasting effects of task performance
on post-task connectivity [e.g. Lewis et al., 2009; Stevens
et al., 2010; Stevens et al., 2012; Tambini et al., 2010]. There
are several possible reasons for this divergence. First, many
of the prior studies [including Lewis et al., 2009, Stevens
et al., 2010, 2012] did not quantify hippocampal post-task
connectivity, so it is impossible to say whether or not the
same patterns of post-task HF connectivity hold in their
data. This is not a matter of nuance: as mentioned, HF
resting-state patterns are particularly nonstationary and
have higher variance in comparison to other brain regions
[He, 2011; Wu et al., 2008]. For this reason, HF resting-state
connectivity may show faster dynamics than other regions.
Second, prior work relied on long task epochs [e.g., 21 min
in Tambini et al., 2010], consisting of highly specific and
repetitive tasks [see also Jolles et al., 2013; Taubert et al.,
2011]. For this reason, a long-term impact of task on post-
task connectivity (quantified between task-involved regions)
could be a result of the prior task establishing more
synchronized activation patterns between the regions in
question during task execution, which could then sustain
over relatively long post-task periods or be more easily
reinstated. For instance, Lewis et al. [2009] interpreted their
findings as recapitulation of a “history of experience-driven
coactivation,” an interpretation not likely to hold in our
case, since we document differential connectivity during
post-task epochs that were not found during task. Studies
based on very extensive training such as that of Lewis et al.
[2009] could also affect functional connectivity via a differ-
ent route: even short amounts of training are sufficient for
causing structural changes in brain activity [e.g., Taubert
et al., 2011], and such structural changes could be mani-
fested in a change in RS connectivity.

Prior and Ongoing Contexts Determine HF

Connectivity Patterns

Our central finding is that connectivity of the HF with
several cortical regions indicates an interaction between
prior and current contextual demands, rather than either
in isolation. While it has been shown that ongoing
demands [e.g., Fransson, 2006], and prior demands [e.g.,
Hasson et al., 2009; Stevens et al., 2010] impact connectiv-
ity [see review by Northoff et al., 2010], a conjoint exami-
nation of both factors has not been carried out to date.
These findings are consistent with other recent findings
from animal experiments, which show that endogenous
hippocampal activity reflects both the coding for features

of the present and features of the recent past [Jadhav
et al., 2012; Karlsson and Frank, 2009].

Our fROI analysis examined HF connectivity with
regions defined from an independent resting-state scan.
Given that the HF is a node in the DMN [Buckner et al.,
2008], the identified nodes were ones strongly associated
with this network, including posterior and anterior mid-
line regions, the SFG and anterior temporal cortex, bilater-
ally. Of these, the vmPFC and the SFG showed the most
nuanced connectivity patterns, evident as an interaction
between ongoing and prior contexts. This is consistent
with animal work that has documented strong context sen-
sitivity in vmPFC [Hyman et al., 2012], and with our own
work [Hasson et al., 2009] showing that connectivity in
right SFG during rest is sensitive to features of recently
experienced contexts. In contrast, the PCC showed a sim-
pler profile during this initial minute, with connectivity
sensitive only to the recently terminated context (mediated
by hippocampal laterality). Finally, the connectivity
between HF and anterior temporal regions or right SFG
was not modulated by any experimental factor.

These findings raise several points. First, they indicate
that after task termination, core nodes of the DMN may be
mediating different sorts of processes, with frontal regions
(left SFG, vmPFC bilaterally) sensitive to ongoing and
recent contexts, posterior regions to recent ones, and tem-
poral regions and right SFG insensitive to either the previ-
ous or the current context. Thus, the DMN may be
functionally heterogeneous with respect to its sensitivity to
more or less recent temporal experiences [see e.g., Sestieri
et al., 2011, for similar conclusions]. It has been shown
that certain regions within the DMN form what might be
considered an intrinsic network as their connectivity or
temporal activation profiles are independent from the
dynamics of externally presented stimuli [Golland et al.,
2007]. Second, these findings raise the possibility that dur-
ing wakeful rest, these aforementioned regions maintain
similar functions to those documented here, with some
processing experiences in the more- and less-recent past,
some focusing on the less-recent past alone, and others
engaged in as-yet-undetermined processes. Thus, these
networks may mediate an internally driven default process
by which they are sensitive to ongoing and prior task con-
texts (and potentially the relation between them) in
absence of any external demand to do so. In this sense an
intrinsic and default process does not have to be devoid of
information processing related to the external environ-
ment, but can rather be endogenous in the sense that it
mediates continuous background processes not triggered
by any particular stimulus. It remains to be seen whether
similar patterns indicating coding of both ongoing and
recent past exist in other resting-state networks, but it is
unsurprising to find such effects for a network known to
code, online, for both ongoing and recent information.
Indeed, DMN connectivity has been shown to be affected
by ongoing task features [Esposito et al., 2006; Fransson,
2006; Newton et al., 2011]; including relatively simple
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manipulations such as attending or ignoring scanner noise
[Benjamin et al., 2010] or keeping eyes closed or open [Yan
et al., 2009].

Our findings for SFG were found both in the fROI anal-
ysis (where SFG was defined from an independent rest
scan) and in the whole brain analysis of connectivity dur-
ing the first minute post task. The findings for vmPFC
bilaterally were found only in the functionally defined
fROIs. This could be due to the increased sensitivity of the
fROI analysis: it relies on regions preselected due to their
strong connectivity with the HF in a separate scan, which
may indicate they are a priori involved in HF-related proc-
essing. Furthermore, an fROI analysis aggregates over vox-
els in which the size of the effects of interest (main effects,
interactions) may be relatively smaller than that necessi-
tated by the more conservative single voxel thresholds
used in whole-brain analysis.

Impact of Left and Right Hippocampus Seed

Regions, and Anterior/Posterior Differentiation

A dissociation between left and right HF was found
when examining their sensitivity to the recent past context.
Connectivity with PCC and several regions identified in the
whole-brain analysis (Fig. 7) showed a modulation that was
only dependent on features of the recently terminated task,
and was independent of the current demands (anterior
insula, anterior IPS, the precuneus, and posterior cingulate).
Each of these regions showed the same interaction pattern:
following a passive task, connectivity with right HF was
stronger than connectivity with left HF. Conversely, follow-
ing an attentive task, connectivity with right HF was
weaker than connectivity with left HF. This is a clear dem-
onstration that communication between the HF and a net-
work of distributed cortical regions continues to reflect
aspects of recently terminated environments. However,
understanding the differential role played by the left and
right HF is more complicated. It may be that the two HF
play different roles in processing ongoing versus recently
terminated experiences. Specifically, the right HF may have
a stronger role in coding for features of online experiences,
a process that may have priority after relatively unchalleng-
ing recently terminated experiences. In contradistinction,
the left HF could play a more dominant role in coding for
features of recently terminated experiences, and thus have
stronger connectivity with the identified brain regions after
more demanding contexts. These differential connectivity
profiles for left and right HF, as a function of prior task
demands, may be related to different mechanisms imple-
mented by these regions. The possibility that these mecha-
nism relate to encoding is generally consistent with the
recent work of Schott et al. [2013] who examined neural
correlates of successful subsequent memory for words pre-
sented under shallow and deep encoding and documented
qualitative differences between connectivity patterns of
right and left HF during an active task context. For the

deep encoding task, increased connectivity between the left
HF and a broad frontoparietal network predicted subse-
quent memory. In contrast, the relationship between right-
HF connectivity and subsequent memory in this deep
encoding task was minor; there were very few regions for
which stronger connectivity with right-HF predicted subse-
quent memory. When examining connectivity during words
presented in the shallow task, an opposite picture emerged:
there, transient increases in connectivity with right-HF
(within a broad network) predicted subsequent memory,
whereas there were few regions where increases in connec-
tivity with left-HF predicted memory. These findings of
Schott et al. [2013] suggest that in different cognitive con-
texts, fluctuations of right and left hippocampus play differ-
ent roles, consistent with our current results.

The connectivity patterns of the left and right HF with
left SFG (and right vmPFC) further support the postulation
of different roles during endogenous activity. The connec-
tivity of left SFG with left HF was consistently strongly
positive, but was not modulated by any experimental fac-
tor in a statistically significant manner. In contrast, left
SFG’s connectivity with right HF was affected by both
ongoing and prior task environments. This pattern indi-
cates that these regions code for information over a longer
temporal constant that considers both prior and ongoing
contexts, and could indicate a relatively longer-term tem-
poral integration process mediated by hippocampal-frontal
connectivity. Specifically, the connectivity pattern may
suggest sensitivity to attentional demands rather than sen-
sitivity to exogenous stimulus per se. Relatively stronger
connectivity was found for attentive rest following a pas-
sive task, and for passive rest following an attentive task.
These were the two contextual sets that had similar visual
attention requirements. The former required monitoring
potential rotations of a fixation cross both during listening
to audio and the subsequent silence epoch, whereas the
latter did not necessitate sustained visual attention. Thus,
the interaction patterns seen in Figure 4B suggests that the
right HF might have a particularly important role in bridg-
ing between contexts, and the modulation of this circuit’s
activity as a function of both ongoing and prior context
suggests it does not code solely features of the current
experience but adaptively changes in strength depending
on both current and prior demands.

Our analysis of contextually modulated connectivity of
anterior versus posterior HF segments during the first 1
min of rest further suggests that the right HF may be
involved in contextual integration. For the left HF, when
analyzing connectivity of aHF versus pHF, we found no
interaction of this factor with any other determinant of
connectivity (prior task, current rest). Thus, in accord with
the conclusions from the main analysis, left HF appeared
to be relatively less sensitive to recently terminated con-
texts. However, for the right HF, we found dissociation
between aHF and pHF connectivity, with strong contextual
modulation of connectivity between IFG (bilaterally) and
aHF, but not pHF. The right IFG has been implicated in
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explicit retrieval of previously heard melodies: Watanabe
et al. [2008] showed that when asked to discriminate old
vs. new music stimuli, the right HF (but not left) and left
IFG (but not right) showed greater activity for retrieval
success defined as hits versus correct rejections. These pat-
terns of HF and IFG activity were interpreted in terms of
successful retrieval of previous musical pieces, and we
therefore suggest that in the current study, the connectiv-
ity of IFG and right aHF may indicate spontaneous
retrieval of recently terminated auditory contexts. We also
note that our analysis indicated that while the aHF and
pHF segments show partly differential connectivity pat-
terns during rest [Kahn et al., 2008], at the same time they
maintained considerable correlation among themselves
(see Supporting Information Supplementary Results.)
Thus, future work on contextual-modulated functional
connectivity may want to analyze both the left and right
HF as whole seed regions (particularly the left HF), and
the separate left and right aHF and pHF contributions

Our findings also point to practical implications for the
role of HF laterality in studying HF resting-state networks.
With respect to laterality, as detailed in Introduction, the
vast majority of prior work examining resting-state con-
nectivity in the HF had not attended to potential connec-
tivity differences between left and right HF, often
collapsing data from both, or choosing one region as rep-
resentative. On the one hand, our findings suggest that lat-
erality of HF connectivity is not a significant factor when
examining relatively long resting-state periods as done in
prior work. We did not find any effect of laterality in the
analysis of the entire 5-min post-task epochs, or in the
analysis of the independent 5-min resting-state scan. On
the other hand, when examined from the perspective of
shorter time scales such as the 1-min transition between
contexts or environments (i.e., in a nonstationary context),
these laterality effects may be prevalent and important.
Thus, the findings of the current work do not necessarily
call for reinterpretation of prior work, but instead suggest
that emerging work on dynamic functional connectivity
[see Hutchison et al., 2013a, for a recent review], which
typically focuses on shorter temporal windows, should
consider HF laterality as a factor.

A Potential Uniqueness of HF Post-Task

Connectivity

It is an outstanding question whether and how modula-
tions of post-task HF connectivity may reflect invocation
of processing carried out during the task itself. We have
previously reported a detailed examination of brain activ-
ity during the two task periods per se [Tobia et al., 2012]
where we identified multiple regions that differentiated
the two tasks, but these did not include the HF; the HF
connectivity in the two tasks was highly similar, and in
both cases strongly resembled resting-state networks. This
analysis was undertaken given prior work [e.g., Harrison

et al., 2006; Strange et al., 2005] linking HF to the coding
of statistical features. Taken together with the current find-
ings, this would suggest that the HF can exhibit post-task
connectivity impact of prior-task without showing connec-
tivity effects during the prior task itself. While this may
seem counterintuitive, a similar pattern was identified by
Tambini et al. [2010] in their study of post-task HF connec-
tivity. They documented that HF-connectivity did not dif-
fer across their two types of associative encoding tasks,
and yet its connectivity during the post-task resting state
did in fact vary depending on the prior task. This led
Tambini et al. [2010] to conclude that “enhanced correla-
tions during rest [do] not merely reflect, or mirror, previ-
ously induced correlations during behavior.” We suggest
that HF networks very likely play a role in ongoing post-
experiential (post-task) encoding in a multitude of cogni-
tive contexts, including the sort of unchallenging and low-
demand experiences prevalent in everyday life that do not
in and of themselves require mnemonic/HF computations.
The interpretation we outline differs from the types of
explanations given in some prior studies of post-task RS
[e.g., Stevens et al., 2010], where post-task functional con-
nectivity was examined in ROIs identified as playing a
central role in task performance, interpreting the connec-
tivity of the regions studied in the post-task epochs vis-a-
vis the computations performed during task.

CONCLUSION

The current work reflects an initial examination of how
ongoing hippocampal connectivity is related to processing
features of both ongoing and recently ended contexts. It
shows that the medial temporal cortex, recently shown to
continuously code for ongoing and recent information in
animals [Jadhav et al., 2012; Karlsson and Frank, 2009]
appears to be sensitive to multiple scales of experience in
humans as well, as observed in specific connectivity pat-
terns with a distributed set of regions. Whether other
resting-state networks show similar sensitivty patterns,
and the temporal dynamics of those patterns are interest-
ing questions for future work.
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