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The hippocampus is thought to promote gradual incorporation of
novel information into long-term memory by binding, reactivating,
and strengthening distributed cortical-cortical connections. Recent
studies implicate a key role in this process for hippocampally driven
crosstalk with the (ventro)medial prefrontal cortex (vmPFC), which is
proposed to become a central node in such representational networks
over time. The existence of a relevant prior associative network, or
schema, may moreover facilitate this process. Thus, hippocampalvmPFC crosstalk may support integration of new memories, particularly in the absence of a relevant prior schema. To address this issue,
we used functional magnetic resonance imaging (fMRI) and prior
schema manipulation to track hippocampal-vmPFC connectivity during encoding and postencoding rest. We manipulated prior schema
knowledge by exposing 30 participants to the ﬁrst part of a movie that
was temporally scrambled for 15 participants. The next day, participants underwent fMRI while encoding the movie’s ﬁnal 15 min in
original order and, subsequently, while resting. Schema knowledge
and item recognition performance show that prior schema was successfully and selectively manipulated. Intersubject synchronization
(ISS) and interregional partial correlation analyses furthermore show
that stronger prior schema was associated with more vmPFC ISS and
less hippocampal-vmPFC interregional connectivity during encoding.
Notably, this connectivity pattern persisted during postencoding rest.
These ﬁndings suggest that additional crosstalk between hippocampus and vmPFC is required to compensate for difﬁculty integrating
novel information during encoding and provide tentative support
for the notion that functionally relevant hippocampal-neocortical
crosstalk persists during off-line periods after learning.
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he formation of long-term memory traces involves a gradual
integration of newly acquired information into neocortical
associative networks (1, 2). The hippocampus is thought to promote this process by binding, reactivating, and strengthening
connections between distributed neocortical representations, thus
gradually reducing hippocampal dependence of the memory trace
(3–5). Recent ﬁndings, however, show a concomitant increase in
dependence on the (ventral) medial prefrontal cortex (vmPFC)
(6–9) that may develop rapidly depending on contextual factors
(10). These ﬁndings suggest that the binding role of the hippocampus may be transferred to the vmPFC (6, 11, 12) and implicate
hippocampal–neocortical interactions in early stages of long-term
memory formation (13).
Several lines of animal and human research suggest that coupling between these regions occurs at different stages of long-term
memory formation. During encoding, neurons in medial prefrontal cortex (PFC) have been shown to exhibit unit activity that is
phase locked to hippocampal theta oscillations (14). Moreover,
functional connectivity between these regions as measured using
functional MRI (fMRI) in humans has been shown to predict
subsequent memory (15). Furthermore, there is evidence of postencoding reactivation of memory traces within similar circuits.
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For instance, task-related neuronal spiking patterns are spontaneously “replayed” during postlearning off-line periods such as
awake resting (16, 17) and sleep (9, 18, 19). Such replay patterns
have been found in the hippocampus and neocortical regions (20),
including the (v)mPFC (9, 12). Evidence for a functional relevance
of such reactivation processes is moreover accumulating (21–23).
The hippocampus and the vmPFC may thus form a neural circuit
for reactivation of memory traces that is crucial for the integration
of novel information into neocortical networks.
The existence of a relevant prior associative network, or schema,
contributes to learning speed and improves subsequent memory
performance for schema-related information (24–26). These
notions suggest that a prior schema facilitates incorporation of
schema-related information into neocortical networks and, therefore, increases speed of hippocampal independence (13, 27). In rats,
such an effect has been reported (10). Moreover, if long-term
memory formation involves connectivity between the hippocampus
and the vmPFC, then it can be hypothesized that when novel
encountered information is consistent with prior schema, the hippocampus and vmPFC need less interaction to be able to integrate
this information. In contrast, when novel information is inconsistent
with prior schema, compensatory mechanisms will be necessary to
integrate the information. In line with this notion, vmPFC activity
during encoding has been shown to depend on prior schema (28,
29). However, no studies to date have directly investigated such
effects of prior schema on hippocampal-vmPFC connectivity during
encoding or thereafter.
We therefore investigated schema-dependent hippocampalvmPFC connectivity during encoding and postencoding rest in
humans by using fMRI. One day before scanning, we manipulated
schema knowledge by exposing participants to the ﬁrst 80 min of a
movie either in the correct (consistent schema group, n = 15) or in
a temporally scrambled order (inconsistent schema group, n = 15;
Fig. 1). Procedures on the following day were identical for both
groups: First, participants were tested for schema knowledge (i.e.,
understanding of the storyline of the movie) and item recognition
memory for still frames from the movie to control for item
memory. Participants then underwent fMRI while watching the
last 15 min of the movie in correct order and during an equally
long period of postencoding rest. In between and after these two
scans, participants completed an item recognition memory test for
still frames and a multiple-choice questionnaire assessing schema
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Fig. 1. Experimental design. One day before scanning, the consistent
schema group viewed the ﬁrst 80 min of a movie in correct order, whereas
the inconsistent schema group viewed a temporally scrambled version. The
next day, both groups performed an item recognition memory test (test 1a)
and a test with open schema-related questions (test 1b). Then, they viewed
the ﬁnal 15 min of the movie inside the MRI scanner. Interleaved by a 15-min
resting state scan, participants then completed two similar sets of tests: item
recognition memory tests (tests 2a and 3a) and multiple choice tests on the
content of the movie (tests 2b and 3b).

knowledge. Importantly, these tests only probed knowledge of the
last part of movie. We adopted this “natural viewing” paradigm,
because it does not dictate the pace of stimulus encoding (30) thus
allowing for assessment of spontaneously coinciding ﬂuctuations in
both conditions. For fMRI analysis, two recent model-free analysis
methods were applied. First, we calculated interregional partial
correlations (see ref. 31) between the hippocampus and vmPFC
during encoding and postencoding rest. As an additional control
for the speciﬁcity of between-group differences in hippocampalvmPFC connectivity, we applied the same analysis to connectivity
of the hippocampus with regions comprising the ventral visual
stream. Second, we assessed intersubject synchronization (cf. ref. 32)
during exposure to the movie by using newly developed group-level
cluster-based randomization tests to investigate schema modulation
of stimulus-driven activity.
This design allowed us to test several predictions. First, we
expected that our prior schema manipulation would lead to impaired memory performance in the inconsistent schema group,
but that this impairment would be speciﬁc to schema-related
questions and not affect item recognition memory of still frames.
Second, we predicted that hippocampal-vmPFC connectivity would
be stronger in the inconsistent schema group, and negatively related to prior schema knowledge within this group, because participants in this group would need to compensate for their inconsistent
prior schema. Third, we expected these effects to persist during
postencoding rest. Finally, we conjectured that prior schema might
also affect stimulus-driven activity and, therefore, intersubject
synchronization during movie viewing in our main regions of interest (ROIs).
Results
Memory Performance. As expected, memory performance on open
schema-related questions about the ﬁrst part of the movie (see
Fig. 1, test 1b) revealed a group difference (t(28) = 3.32; P = 0.002,
higher for the consistent schema group; Fig. 2), demonstrating
successful prior schema manipulation. In contrast, item recognition memory scores (hits minus false alarms) did not differ
signiﬁcantly (t(28) = 0.73, n.s.) between groups, indicating that
there is no evidence that the group difference in prior schema
strength can be explained by a difference in item processing.
Next, we investigated whether this difference in prior schema
affected encoding of novel information that was equal for both
groups. Speciﬁcally, we tested whether our prior schema manipulation would translate into a performance difference between groups
in multiple choice tests (tests 2b and 3b; see Fig. 1 for design) probing
content of the ﬁnal 15 min of the movie seen inside the MRI scanner.
In a repeated measures ANOVA on the number of correctly
answered questions (Table S1) with TIME [multiple choice tests
completed right after encoding (test 2b) versus after a subsequent
15 min rest period (test 3b)] as within subject factor and GROUP
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.0914892107
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Fig. 2. Mean memory performance (and SEM) on tests regarding the ﬁrst
80 min of the movie for the two experimental groups. For the item recognition memory test (test 1a), percentages represent percentage hits minus
percentage false alarms. For schema-related open questions (test 1b), percentages of correct responses are shown. The item recognition memory test
did not show a group difference, whereas the open schema questions test
did, indicating a successful and speciﬁc manipulation of schema knowledge.
SEM, standard error of the mean; *, P < 0.01.

(consistent versus inconsistent schema) as between subject factor,
we found no main effect of GROUP (F(1, 28) < 1) or interaction of
GROUP by TIME (F(1, 28) < 1). Moreover, similar tests on the two
item recognition memory tests performed in the MRI scanner (tests
2a and 3a, see Fig. 1 for design) yielded similar null results: No signiﬁcant main effect (F(2,28) < 1) or interaction involving TIME
(F(2,28) = 3.15, P = n.s.) was found. Thus, despite the fact that one
group had a signiﬁcantly poorer prior schema, the two groups were
able to memorize information about the last part of the movie to an
equal degree.
Neuroimaging Results: Interregional Partial Correlations. For the fMRI
data, we ﬁrst calculated interregional partial correlations (31). We
performed anatomical parcellation of the fMRI data based on
a previously described template (i.e., the automatic anatomical
labeling template, AAL; ref. 33). Subsequently, we extracted averaged regional time courses for each region, and used these to calculate a partial correlation matrix containing pairwise correlation
coefﬁcients between regions after partialling out any variance
explained by time courses of any of the other regions (see Experimental Procedures for more details). This procedure was repeated
for every participant and condition (encoding and postencoding
rest). Based on our a priori ROIs, we restricted our subsequent
group analyses to partial correlations between the hippocampus and
eight areas comprising ventral and medial parts of the prefrontal
cortex (Fig. 3A), treating these subregions as repeated measures.
Thus, partial correlation coefﬁcients were entered (after Fisher
z transformation) into a mixed factorial ANOVA with TIME
(encoding versus postencoding rest) and SUBREGION (eight different vmPFC subregions) as within subjects factors, and GROUP
(consistent versus inconsistent schema) as between subjects factor.
As hypothesized, this ANOVA revealed a main effect of GROUP
(F(1,28) = 13.97, P = 0.001), with stronger overall interregional
partial correlations between hippocampus and vmPFC for the inconsistent schema group (Fig. 3A). Moreover, we found stronger
overall interregional partial correlations during encoding than
during postencoding rest (main effect of TIME: F(1,28) = 6.75, P =
0.015). These effects of prior schema, however, did not differ
between the encoding and postencoding rest conditions: We found
no signiﬁcant interaction between GROUP and TIME and, moreover, GROUP main effects remained signiﬁcant when testing the
encoding (F(1,28) = 5.48, P = 0.027) and postencoding rest condition (F(1,28) = 7.27, P = 0.012) separately. In further agreement,
the strength of prior schema (i.e., performance on test 1b before
scanning) for the inconsistent schema group was negatively correvan Kesteren et al.
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Fig. 4. Interregional partial correlations between hippocampus and vmPFC
as a function of prior schema knowledge during encoding. Data from the
inconsistent and consistent schema groups are shown separately. These
measures revealed a signiﬁcant negative correlation within the inconsistent
schema group (r(13) = −0.607, P < 0.05) but not within the consistent schema
group (r(13) = 0.234, n.s.), indicating that those participants that were able to
reconstruct the storyline had connectivity patterns comparable with participants that saw the ﬁrst part of the movie in correct order.
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Fig. 3. Interregional partial correlations and intersubject synchronization
analyses. (A and B) Means (and SEM) of interregional partial correlations of
the hippocampus with the vmPFC (A) and with ventral visual stream regions
(B) for both experimental groups during encoding and postencoding rest.
Connectivity between the hippocampus and vmPFC was stronger for the
inconsistent schema group both during encoding and during postencoding
rest. In contrast, this effect was not found for hippocampal connectivity with
ventral visual stream regions. Main ROIs are depicted in red (hippocampus),
blue (vmPFC), and green (visual stream). (C) ISS difference between groups
(in yellow), with stronger ISS in the consistent schema group in the vmPFC
(blue; statistical parametric map thresholded at P < 0.001, uncorrected, for
visualization purposes; peak voxel coordinates in MNI152 space [−4,24,−21],
corrected pcluster = 0.05). *, P < 0.05.

lated with hippocampal connectivity to the vmPFC during encoding
(r(13) = −0.64, P = 0.011), whereas no such effect was found in the
consistent schema group (r(13) = 0.23, n.s.; Fig. 4). Thus, participants
that saw the scrambled movie but were able to reconstruct the
storyline had connectivity patterns comparable with the participants
that did see the movie in the correct order. Finally, we found a main
effect of SUBREGION (F(1,28) = 3.67, P = 0.009), indicating that
overall, connectivity strength with the hippocampus differed
between subregions of the vmPFC. However, because no signiﬁcant
interactions of SUBREGION with any of the other factors were
found, we did not perform any further tests speciﬁc to subregions. In
sum, our hypothesis of schema-dependent connectivity between
hippocampus and vmPFC during encoding was conﬁrmed: Participants that had an inconsistent prior schema needed more, likely
compensatory, connectivity between hippocampus and vmPFC to
reach a same level of performance. Moreover, this effect persisted
during postencoding rest.
To further test whether these effects were speciﬁc to hippocampal
connectivity with the vmPFC, we applied the same analysis to
another set of regions, namely a set of eight regions in the extrastriate/inferotemporal cortex that comprise the ventral stream,
van Kesteren et al.

which is regarded to be importantly involved in perceptual identiﬁcation of objects (34). First, we averaged the partial correlation
coefﬁcients (after Fisher z transformation) over the eight subregions for both connectivity to vmPFC and the ventral stream, and
entered these into a repeated measured ANOVA with PATHWAY (vmPFC versus ventral stream) and TIME (encoding versus
postencoding rest) as within subject factors, and GROUP (consistent versus inconsistent schema) as between subjects factor.
This ANOVA yielded a signiﬁcant main effect of PATHWAY
(F(1,28) = 124.42, P < 0.001, higher for the ventral stream), and a
PATHWAY * GROUP (F(1,28) = 6.29, P = 0.018) interaction but,
importantly, no GROUP main effect or main effect or interaction
involving TIME (see Fig. 3B). Further testing revealed that the
PATHWAY * GROUP interaction was indeed carried by a
GROUP effect for the vmPFC (described above): No GROUP
effect was present for ventral stream (F(1,28) = 1.00, P = 0.33).
Thus, prior schema had no effect on connectivity between the
hippocampus and the ventral visual stream.
Neuroimaging Results: ISS. The second model-free analysis method
that we applied was an extension of an earlier described voxel-wise
intersubject synchronization (ISS) method (32). In this method,
BOLD signal time courses are correlated across participants in a
voxel-wise fashion to obtain an estimate of regional synchronization of brain activity. This method is particularly applicable to data
acquired during natural viewing of real-world stimuli such as
movies, in which BOLD activity cannot be modeled, but can be
assumed to exhibit meaningful temporal coherence across participants. Notably, such synchronization of the BOLD signal across
participants does not necessarily reﬂect an increase in neural
activity, but rather indicates that activity is more tightly coupled to
sensory input. Our method (see Experimental Procedures for details) allowed us to quantify and test main effects of ISS in both
conditions and to make a statistical comparison between the two
movie conditions, both using cluster-based randomization tests.
Results of the ISS main effect analysis revealed signiﬁcant ISS in
large parts of the brain, among which the entire occipital lobe
extending ventrally into inferior temporal cortex and medial
temporal lobe, and parts of the frontal lobe (both P < 0.001, whole
brain corrected at cluster-level) for both groups. When comparing
groups, a signiﬁcant cluster in vmPFC with peak voxel coordinates
[−4, 24, −21] was found to exhibit stronger ISS in the consistent
schema group (P = 0.05, corrected at cluster-level for a reduced
search region; see Fig. 3C). No effects were found for the opposite
PNAS Early Edition | 3 of 6
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contrast, and in the hippocampus and the ventral stream for either
contrast. In sum, differential ISS was found only in the vmPFC,
with a consistent schema resulting in stronger synchronization
when encoding novel information related to this schema.
Discussion
Using an experimental approach involving a manipulation of prior
schema knowledge and a model-free functional MRI design, this
study shows that connectivity between the hippocampus and the
vmPFC is enhanced when novel information is encoded that does
not ﬁt a consistent prior associative schema. We found this effect
both as a between-group effect and within the group that did not
have a consistent prior schema, where those participants that had
the least schema knowledge had the strongest connectivity. Interestingly, the pattern of differential connectivity between groups
persisted during a postlearning rest period. Moreover, decreased
ISS in the vmPFC was found for the inconsistent schema group
during encoding. Manipulation of prior schema thus leads to
modulations in and between memory-related brain structures, both
while acquiring novel information and during an off-line period
immediately thereafter.
Memory performance measures clearly indicate that prior
schema knowledge was selectively manipulated in the inconsistent
schema group. This group had lower scores on the schema test
before scanning, but did not show any impairment in item recognition memory. On the second day, performance on neither
content-related questions nor item recognition memory tests differed between groups. These ﬁnal tests only probed the newly
encoded ﬁnal part of the movie, which was identical for both
groups. We therefore interpret differences in brain activity observed during movie encoding and postencoding rest as related
to compensation of an inconsistent prior associative schema.
The present study adds to a body of evidence associating the
vmPFC with integration and comprehension of knowledge. For
instance, previous studies have shown that schema manipulation
affects vmPFC activity during processing of a storyline (28). In line
with this, several studies have related narrative comprehension to
(more dorsal) medial PFC activity (35, 36). Also, vmPFC activity
has recently been linked to representation of conceptual knowledge (37). Here, we show that ISS in the vmPFC was larger in the
group that had a more consistent prior schema. It is important to
note that enhanced ISS does not necessarily imply an increase in
activity. Rather, it points toward a more direct coupling between
activity in this region and sensory input, in this case, the movie that
was presented synchronously across subjects. Because elaborative
processes in prefrontal regions would likely yield activity that is not
directly coupled to the input and therefore does not synchronize
across subjects (32), our ﬁnding of enhanced ISS related to larger
prior schema suggests that prior schema facilitates processing in
this region.
Our ﬁndings furthermore show that a lack of prior schema leads
to enhanced partial connectivity of this region with the hippocampus during learning. A large body of behavioral literature has
demonstrated that information that is not consistent with prior
associative knowledge is less easily comprehended, integrated, and
remembered (24–26). Our ﬁnding may thus reﬂect increased allocation of neural resources to integrative mnemonic processes. In
agreement, a previous study showed enhanced hippocampal-neocortical connectivity during successful memory encoding (15). An
interesting parameter, however, is the directionality of such interactions (38): If such interactions indeed promote integration into
cortical-cortical networks, one would expect directional dominance toward the neocortex. Because of limited temporal resolution, human studies using fMRI cannot provide a deﬁnite answer
to this question. However, rodent studies have shown that activity of
mPFC neurons is phase locked to hippocampal theta oscillations
during learning (14, 39, 40), and that mPFC activity is delayed by
≈50 ms with respect to these oscillations (14). Thus, it appears that
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.0914892107

hippocampal activity may drive information transfer to the neocortex already during learning. These observations, however, cannot exclude the possibility that such processes are themselves
triggered by a cortically cued retrieval process. Hippocampal–
neocortical interactions during encoding may therefore be best
understood as a reciprocal process in which retrieval and integration processes are intricately intertwined.
Additionally, we found schema-dependent differences in
hippocampal-vmPFC connectivity to persist during a postencoding resting period, suggesting that a lack of prior schema resulted
in increased spontaneous reprocessing of newly encoded information. Spontaneous reoccurrence of prior task-related brain
activity has been observed in a number of domains. For instance,
learning experiences have been shown to modulate brain activity in
a subsequent unrelated cognitive task (41). Moreover, numerous
studies have shown that functionally relevant brain networks
remain active even in the absence of an explicit task (42–44) and
are thought to subserve ofﬂine reprocessing of prior experiences
(41, 45–48). The present ﬁndings therefore suggest that persistence of hippocampal-neocortical connectivity patterns may be
functionally relevant (49, 50) and relate to spontaneous reactivation of newly formed memory traces. Consistent with such
notions, rodent studies have repeatedly demonstrated replay of
learning-related hippocampal neuronal spiking patterns during
subsequent off-line periods. Such replay phenomena have been
found to occur during sleep (9, 18–20) but also during postencoding waking states (16, 17). Notably, similar effects have been
reported in the mPFC (9, 12), suggesting that concerted reactivation occurs in hippocampal and mPFC circuits. A recent study
has moreover shown that PFC cell ﬁring during sleep follows
hippocampal cell ﬁring with a delay of ≈100 ms and is driven by
hippocampal sharp wave-ripple bursts during slow wave sleep
(SWS; ref. 38). Thus, spontaneous postlearning hippocampal–
neocortical interactions, at least during SWS, may also exhibit
directional dominance toward the neocortex. In humans, comparable reactivation of hippocampal memory-related activity has
been observed during SWS by using fMRI (23). Additionally,
intracranial recordings during sleep and waking states shortly after
learning have shown functionally relevant ripples in the medial
temporal lobe (21). The apparent directionality of hippocampalneocortical reactivations is in accordance with models of systems
consolidation. These models assume reverse temporal gradients
over the course of consolidation for involvement of the hippocampus (less over time) and the mPFC (more over time; refs. 6–8).
Furthermore, it has been postulated that the vmPFC becomes a
central node in newly established cortical-cortical networks (4, 6–
8, 11, 12). Finally, the existence of a prior schema has also been
shown to accelerate such systems consolidation processes in rats
(10). Thus, although such processes cannot be observed directly,
our ﬁnding of prior schema-dependent hippocampal-neocortical
connectivity during postencoding rest is consistent with the view
that hippocampally driven reactivations of distributed memory
representations during off-line periods facilitate gradual incorporation of information into neocortical associative networks.
An alternative account of our ﬁndings could be that connectivity differences are driven by differences in attention or arousal.
However, such an explanation would not seem very plausible.
First, attention differences would likely yield memory performance differences after viewing the last part of the movie (particularly for the schema-related tests), whereas we found differences
neither in item recognition nor in schema-related knowledge.
Second, a difference in attention and arousal would likely lead
to differences in perceptual processing and, thus, altered connectivity between the hippocampus and perceptual areas. To
rule out this possibility, we repeated the interregional partial
correlation analysis for hippocampal connectivity to regions
comprising the ventral visual stream, which carry visual information to the hippocampus (34, 51) and are affected by attention
van Kesteren et al.

Experimental Procedures
Participants. Thirty-one native Dutch right-handed healthy students [12 men,
age 18–31 (mean 22.17), randomly divided into two groups] participated in
this study. All had normal or corrected-to-normal vision, no hearing problems, no current depression (score below 11 on the Beck Depression Inventory, BDI; ref. 55), and no history of neurological or psychiatric disease. All
stated that they had not seen the movie used in this study before. They were
paid for participation and were notiﬁed that they could earn extra money
for better performance. Possible confounding factors [age, gender, hours of
sleep, time of day, and English language skills (tested by means of the
Oxford placement test; ref. 56)] did not differ signiﬁcantly over groups. One
participant had to be excluded for falling asleep during the rest period.
Therefore, the ﬁnal groups consisted of 15 individuals each. Ethical approval
was obtained from the institutional review board (CMO Region Arnhem-
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Nijmegen, The Netherlands) and all participants gave written informed
consent. More speciﬁc information regarding the design and movie used can
be found in SI Experimental Procedures.
Memory Tests. Before MRI scanning, participants were tested on their memory
about the ﬁrst part of the movie. These tests consisted of an item recognition
test where participants had to indicate whether a certain scene had been
present in the ﬁrst part of the movie or not (test 1a), and open questions
where schema-related knowledge was tested (test 1b). Memory of (exclusively) the ﬁnal part of the movie was tested inside the scanner by using
similar item recognition memory tests and multiple choice questions probing
schema-related knowledge. These tests were performed directly after the
movie (test 2), and after a 15-min resting state fMRI scan (test 3), in counterbalanced order across participants. More speciﬁc information regarding
the memory tests used and the statistical analyses can be found in SI
Experimental Procedures.
fMRI Data Preprocessing. Raw fMRI data were preprocessed by using SPM5
(www.ﬁl.ion.ucl.ac.uk/spm). First, motion correction was performed by using
iterative rigid body realignment to minimize the residual sum of squares
between the ﬁrst and all further functional scans, and subsequent rigid body
coregistration to corresponding individual T1 images by using mutual information optimization. Subsequently, data were spatially normalized into a
common space, deﬁned by the Montreal Neurological Institute (MNI) 152 T1
image (voxel size = 3.5 × 3.5 × 3.5), and smoothed by convolving the data
with an 8-mm FWHM 3D kernel (used only for the ISS analysis). The ﬁrst 11
scans were excluded, which left 409 scans per condition (movie and rest)
for analysis.
Interregional Partial Correlation Analysis. Interregional partial correlation
analysis was performed by using in-house software written in Matlab (Mathworks) in accordance with the method described by Salvador et al. (31). This
procedure determines unique interregional connectivity by partialling out the
contributions to interregional pairwise correlations of the regional time
courses of a set of control regions. It effectively circumvents some of the
concerns with the validity and interpretation of interregional correlations
observed in BOLD fMRI data, for example, the possibility that pairwise interregional correlations may be driven by third regions. Additionally, head
movements or undersampling (and aliasing) of physiological pulsations have
been argued to inﬂate interregional correlations (57, 58). However, such
effects are unlikely to be regionally speciﬁc and are therefore strongly attenuated when controlling for a large number of control regions (31). Speciﬁc
implementation of this method is explained in SI Experimental Procedures.
ISS Analysis. The second model-free fMRI data analysis method we used was a
group-level extension of a voxel-wise ISS analysis method (cf. ref. 32). This
procedure uses cross-correlations of time courses across participants to
estimate (group differences in) regional synchronization across participants.
Instead of using one brain as a model for activity patterns in another brain in
a pairwise fashion (32), we calculated, for each voxel and for each participant, the correlations between this participant and the mean of other
participants. Because of dependencies within these measures, these correlations were subjected to cluster-based randomization tests (59, 60) to test
the null hypotheses that (i) time series data of a random set of participants
can be sign permuted without affecting group-level ISS and (ii) participants
can be randomly assigned to groups without affecting differential ISS
between groups. Reduced search regions were used for statistical tests in
regions of interest (hippocampus, vmPFC, and the ventral stream). Speciﬁc
implementation of this method is explained in SI Experimental Procedures.
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