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How temporal and contextual information interactively impact on behavior and brain activity during the retrieval of temporal order
about naturalistic episodes remains incompletely understood. Here, we used fMRI to examine the effects of contextual signals derived
from the content of the movie on the neural correlates underlying memory retrieval of temporal-order in human subjects of both sexes.
By contrasting SAME versus DIFF storyline conditions during the retrieval of the temporal order of cinematic events, we found that the
activation in the precuneus, as well as behavior, are significantly modulated according to storyline condition, supporting our prediction
of contextual information contributing to temporal retrieval. We suggest that the precuneus engages in memory retrieval via reconstruc-
tive mechanisms, entailing search within a movie-specific, situational knowledge-structure. Furthermore, information-based analyses of
multivoxel activity revealed that the precuneus also contains a context-independent linear representation of temporal distances, consis-
tent with a chronological organization of memory traces. We thus put forward that the retrieval of the temporal-order of naturalistic
events encoded in rich and dynamic contexts relies on the joint contribution of chronological and reconstructive mechanisms, both of
which rely on the medioposterior parietal cortex in humans.
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Introduction
Episodic memory allows us to consciously relive past experiences,
including contextual details related to the encoded episodes.
While classical memory research has focused on the medial tem-

poral and the prefrontal cortex, neuroimaging studies have also
highlighted retrieval-related activation of the parietal cortex
(Wagner et al., 2005) including the precuneus, which may store
context-related (Donaldson et al., 2010; Ranganath and Ritchey,
2012) and episodically linked information (Jonker et al., 2018) in
memory.

In the processing of real-life activities, it is known that there
exists a hierarchical temporal topography in the processing of
sensory information in the human cortex. Both visual and audi-
tory information can be accumulated over relatively long time
scales (on the order of minutes) in high-order frontal and parietal
areas (Hasson et al., 2008; Lerner et al., 2011). The notion that the
parietal cortex (including the precuneus) is at the apex of the
chronoarchitecture of the temporal receptive windows (Hasson
et al., 2015; Baldassano et al., 2017) implies that this region is
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Significance Statement

Successful retrieval of episodic memory is dependent on both temporal and contextual signals. However, when contextual signals
derived from multiple storylines or narratives are complex and intertwined, the behavioral and neural correlates underpinning
the interplay between time and context is not completely understood. Here we characterized the activation level and multivoxel
pattern of BOLD signals underlying the modulation of such contextual information during temporal order judgment in the
precuneus. Our findings provide us with an elucidation of subprocesses implicating the medial parietal cortex in realizing tem-
poral organization of episodic details.
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“receptive” to and sensitive to the length of temporal structures in
the stimulus. This response sensitivity aligns with our previous
findings that the memory signals modulated by temporal dis-
tance (TD) between two to-be-judged frames during encoding
would affect subsequent retrieval activity in the precuneus (Kwok
et al., 2014). We previously suggested that the activation of the
precuneus reflects reconstructive search-processes entailing some
structured representation of the movie content (Zacks et al., 2001;
Kurby and Zacks, 2008; and Anderson and Conway, 1993; Con-
way and Jobson, 2012, for related arguments concerning autobi-
ographical memory). However, how the more complex elements
related to internal knowledge and high-level content information
such as plots and storylines affect the putative memory recon-
structive processes during temporal-order judgments remains
unclear (see Conway and Jobson, 2012; Gilboa and Marlatte,
2017; Xue, 2018, for reviews).

The aim of the current study was to examine the influence of
high-level content information (here operationalized in terms of
“SAME vs DIFF” movie’s storylines) on these memory recon-
structive processes during temporal-order retrieval. As in Kwok
et al. (2012), two frames of the movie were presented side-by-side
during the retrieval stage and participants were asked to report
which one of the two events happened first in the movie that they
had seen the day before. Across trials, the temporal distance be-
tween the two events was manipulated parametrically, so as to
obtain TDs ranging between 30 s and 30 min. In different condi-
tions, the two frames were extracted either from the same story-
line (SAME condition) or from different storylines (DIFF
condition). Critically, the TDs were exactly matched in the two
conditions so that we could investigate temporal-order retrieval
of events separated by identical temporal distances during encod-
ing (thus having them matched in terms of the time scales medi-
ated by “temporal receptive windows”, see Hasson et al., 2008;
Lerner et al., 2011), whereas they belong to either the SAME
versus DIFF storyline contexts.

We postulated that retrieval processes strictly linked to the
chronological organization of memory should lead to analogous
effects of TD regardless of SAME versus DIFF storyline context,

whereas any modulation by the storyline would imply that con-
textual information about the movie content contributes to the
temporal-order retrieval. Together with behavior and brain acti-
vation, we also used information-mapping multivariate analyses
(representational similarity: RSA; Kriegeskorte and Kievit, 2013)
to identify possible multivariate representation of TDs. Several
previous imaging studies used multivariate approaches to track
information represented in long-term memory (Chadwick et al.,
2010; Hsieh and Ranganath, 2014; Nielson et al., 2015; Robin,
2018). Most of these information-mapping studies emphasized
the role of the hippocampus (Barnett et al., 2014; Thavabalas-
ingam et al., 2018, 2019). Here, we endeavored to apply similar
multivariate approaches to reveal whether the multivoxel pat-
terns in the posterior medial parietal cortex—including the pre-
cuneus— contain information about temporal distances and, if so,
whether these reflect context-independent chronological represen-
tations or context-dependent representations affected by storyline
(Jonker et al., 2018).

Materials and Methods
Participants
A total of 19 right-handed native Italian speakers (age: 21–34, 7 male)
participated in the experiment. All of them had normal or corrected-to-
normal vision and no neurological impairments or cognitive dysfunction
was reported. The study was approved by the Fondazione Santa Lucia
(Scientific Institute of Research Hospitalization and Health Care) Inde-
pendent Ethics Committee, in accordance with the Declaration of Hel-
sinki. All participants gave written consent.

Experimental design
The current study used a modified version of the paradigm used in Kwok
et al. (2012). Briefly, this comprises an encoding phase, when the partic-
ipants watch an episode of the TV series “24,” followed by fMRI scanning
during a temporal-order retrieval task 24 h later. During retrieval, the
participants were asked to make temporal choices on two static images
extracted from the encoded TV episode (“which image occurred first in
the movie?”), Figure 1B. Across trials, the TD between the two events/
pictures was varied parametrically with distances ranging between ap-
prox. 30 s and 32 min. This manipulation provided us with a measure of
the influence of the temporal organization of events at encoding on
subsequent memory retrieval.

Figure 1. Storylines and task. A, Schematic illustration of the segmentation of the TV episode in five different storylines. Pairs of frames belonging either to the same or different storylines (SAME
vs DIFF conditions) were extracted for the subsequent temporal-order judgment task. Across trials, the TD between the two frames was varied parametrically, but identical TDs were selected for the
two storyline conditions (see example of 713 s in the illustration). B, Two example trials of the temporal order judgment task. During fMRI, the participants were presented with pairs of frames
extracted from the movie they had seen the day before and they were asked to report which scene happened earlier in the movie. The example at the top corresponds to a SAME storyline trial (both
frames from “storyline 2”), whereas the bottom shows a trial of the DIFF storyline (one frame belonging to “storyline 4” and the other to “storyline 3”).
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In the original paradigm (Kwok et al., 2012), the pairs of images pre-
sented on each retrieval trial always belonged to the SAME storyline
context. Specifically, the TV-episode included five concurrent storylines
portraying different characters at various locations (see also “Stimuli and
Task,” below). Here we addressed the question about the interplay be-
tween chronology and content-structure during memory retrieval by
including trials comprising either pairs of pictures from the same story-
line/context (condition: “SAME”) or from different-storyline/context
(condition: “DIFF”; Fig. 1A). This allowed us to test whether any TD-
dependent activity in the precuneus relates only to the chronological
distance between the two events to be judged or, instead, combines this
temporal information with knowledge about the content of the encoded
material. The latter would support the hypothesis that the precuneus is
involved not only in the temporal judgment of naturalistic events, but
more specifically in reconstructive processes (see also Kwok et al., 2014).
Moreover, we extended our investigation of TD-dependent effects using
a multivariate information-mapping approach (RSA: representational
similarity analysis). This allowed us to ask the additional question of
whether the precuneus contains any representation of the temporal
distances—that is, TDs mapped into corresponding distances in terms of
multivariate patterns of brain activity—that would point to a possible
role of chronological information during retrieval.

Stimuli and task
During the encoding phase, the subjects were instructed to watch and
remember one episode of the American TV series “24” (Season 6, Epi-
sode 6, 11:00 –12:00; duration � 42 min). None of the participants had
watched any episode of Season 6 before. The episode contains five main
storylines that are narrated in distinct contexts, with each including dif-
ferent characters and events occurring at different locations. The story-
lines are as follows: the president and his team in the white house;
exchanges between inmates in a detention center; events in the office of
the counter terrorism unit; the main character, agent Jack, on the move;
and a middleman working for the terrorists and his girlfriend. During the
retrieval phase, each trial consisted of the presentation of two images
side-by-side and the participants were asked to report which image oc-
curred earlier in the TV episode (temporal order judgment), Figure 1.

The extraction and the pairing of the images for the retrieval task was
based on the detailed segmentation of the TV episode into 161 epochs,
defined as periods comprising the same scenario/setting (see also Kwok
et al., 2014; Kwok and Macaluso, 2015, for details). Each pair of images
belonged to different epochs, either from the SAME or DIFF storylines.
In total, we created 128 unique image pairs/trials for each storyline con-
dition. The TDs were identical for the SAME and DIFF trials. The 128
trials were ranked according to TD and grouped in 32 bins, with average
TDs ranging between 0.5 (bin1) and 32 min (bin32, see also Fig. 1). Each
participant underwent four fMRI runs. Each run included 32 SAME trials
(one from each bin) and the corresponding 32 DIFF trials, with identical
TDs. Here we present the data of only two fMRI runs when the partici-
pants performed the temporal-order judgment task, whereas during the
other two runs they performed a different task (temporal distance esti-
mation) that will be reported elsewhere.

Each retrieval trial started with the presentation of a central fixation
cross (duration � 500 ms). This was followed by the two test images that
were presented on the screen for 5 s and it was followed by a 2 s fixation
screen. The participants responded by pressing one of two buttons (left/
right) with their right hand. The left/right position of the target image
was counterbalanced. The 32 TDs and trials belonging to the SAME/
DIFF conditions were presented in randomized order. The intertrial in-
terval ranged between 4 and 12.5 s, with an exponential distribution
(Dale, 1999).

Analyses of the behavioral data
Following the results of Kwok et al. (2012), we expected to find a para-
metric relationship between TDs and the reaction times (RTs) and we
investigated any change of this as a function of context/storyline. First,
separately for the SAME and DIFF conditions, the relationship between
TD and RTs was analyzed using a hierarchical regression approach. We
started testing for the linear relationship and progressively moved to

higher-order relations (quadratic, cubic). At each step, we assessed the
significance of the new predictor, having accounted for all the variance
fitted by the lower-level predictors. We stopped this procedure when the
F-value associated with the new predictor (e.g., cubic TD) was not sig-
nificant ( p � 0.05, Table 1).

Next, we formally compared the contextual effect of storyline on the
effect of TD (i.e., the “TD � storyline” interaction) by applying the same
hierarchical regression procedure, but now using the RT differences
(RTsame � RTdifferent) as the dependent measure. The same procedure
was also applied to the accuracy data. All the analyses of the behavioral
data were performed using SPSS version 21.

fMRI
Image acquisition and preprocessing. A Siemens Allegra 3 T scanner
equipped for echoplanar imaging (EPI) was used to acquire functional
magnetic resonance (MR) images. The data were acquired using
gradient-echo EPI (32 contiguous transverse slices, covering the entire
cerebral cortex; TR � 2.08 s, echo time � 30 ms, flip angle � 70°, 64 � 64
matrix, voxel size � 3 � 3 mm in-plane, slice thickness � 2.5 mm; 50%
distance factor). For each participant we acquired 4 fMRI runs, each
including 311 volumes. Here, we report the data of the two fMRI runs
when the participants performed the temporal-order task. During the
other two fMRI runs the participants performed a different retrieval task
(temporal distance estimation) that will be reported elsewhere. The order
of the two tasks was counterbalanced across participants and thus across
participants the two relevant runs (i.e., those reported here) could occur
at any point in the 4 runs sequence. By labeling the two types of runs/tasks
as “A” and “B,” all possible sequences were used: AABB, ABAB, ABBA,
BAAB, BABA, and BBAA. This should minimize any order effect in our
analyses that also averaged across both runs of the same task.

In addition, a high-resolution T1-weighted MPRAGE structural scan
of each participant was acquired as well (resolution isotropic 1 mm;
TR � 2 s, TE � 4.38 ms, TI � 910 ms, flip angle � 8°, 256 mm � 256 mm
in-plane resolution, 176 slices of 1 mm thick without gaps). Data prepro-
cessing was performed in SPM12 (Wellcome Department of Cognitive
Neurology) as implemented on MATLAB 2017a. The first four scans of
each fMRI run were discarded to allow the signal to stabilize. The remain-
ing scans were corrected for motion between slices (spatial realignment)
and for slice-timing acquisition differences using the middle slice as a
reference. Images were normalized to the Montreal Neurological Insti-
tute (MNI) standard space and resampled to 3 � 3 � 3.75 mm voxels.
Normalization parameters were estimated using subject-specific struc-
tural T1 images and then applied to all functional images. For the uni-
variate analyses, the images were spatially smoothed with an isotropic
Gaussian kernel of 8 mm FWHM (full-width half-maximum); while
un-smoothed images were used for the multivariate analyses.

fMRI univariate analysis. The analyses of the imaging data followed a
standard two step approach: first-level analyses estimating the effects of
interest for each subject, followed by second-level analyses for statistical
inference at the group level (Friston et al., 2002; Penny and Holmes,
2007). All the first-level models described below (both univariate and
multivariate analyses) included six nuisance regressors modeling motion
estimates (3 translations and 3 rotations), and the time-series were high-
pass filtered by means of a discrete cosine basis-set removing low fre-

Table 1. Behavior results obtained from hierarchical multiple regression on RT or
accuracy as a function of TD

Model

F-changes and corresponding p-values

d.f. SAME DIFF SAME � DIFF

RTs
TD (1,30) 9.09; p � 0.005 3.93; p � 0.057 0.86; p � 0.363
TD � TD 2 (1,29) 9.59; p � 0.004 1.74; p � 0.198 9.53; p � 0.004
TD � TD 2 � TD 3 (1,29) 0.32; p � 0.579 0.24; p � 0.629 0.00; p � 0.951

Accuracy
TD (1,30) 17.87; p � 0.000 19.83; p � 0.000 0.00; p � 0.982
TD � TD 2 (1,29) 3.95; p � 0.056 1.03; p � 0.319 6.69; p � 0.015
TD � TD 2 � TD 3 (1,29) 0.06; p � 0.809 0.00; p � 0.996 0.05; p � 0.831

d.f., Degrees of freedom.
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quencies drifts up to 1/128 Hz and were prewhitened by means of an
autoregressive model AR(1).

Based on the results of our behavioral analyses showing that TD mod-
ulated performance in a nonlinear manner (Fig. 2, Table 1), for the
imaging analyses we also considered both linear and quadratic effects of
TD. The first-level analysis modeled each trial with an individual predic-
tor, resulting in 64 predictors for each fMRI run (i.e., 32 TD � 2 SAME/
DIFF storyline conditions). Each trial was modeled as a miniblock with a
duration of 5 s (equal to the duration of the presentation of the two scenes
on the screen), time-locked to the onset of the scenes and convolved with
the SPM12 hemodynamic response function. Linear contrasts were used
to average the � images of corresponding TDs between the two fMRI
runs, resulting in 64 contrast images for each participant (32 TDs �
“SAME/DIFF” storyline). For statistical inference at the group level, the
contrast images were entered in a repeated-measures ANOVA with 64
conditions. Sphericity correction was applied to account for possible
differences in error variance across conditions and any nonindependent
error term for the repeated measures (Friston et al., 2002).

An alternative approach to study the modulatory effect of TD in SAME
versus DIFF conditions would be to construct first-level models compris-
ing two predictors modeling the “categorical” effect of SAME and DIFF
events, plus two predictors accounting for the modulatory effect of TD
on each of the two conditions. The two approaches, albeit statistically not
identical, are conceptually analogous and indeed our main results could
be fully replicated using this second approach. Here, we choose to report
the results modeling each event with a single predictor for two reasons:
First, the RSA analyses (see below) requires estimating the responses for
each single event/TD, thus by doing this also for the univariate analyses
the same modeling approach was applied in a consistent manner in the
different analyses. Second, by estimating TD-specific parameters in the

first-level analyses and performing TD-related contrasts at the group
level, we can visualize the changes of activity as a function of TD (and
storyline), see signal plots in Figure 3 B, C. The latter appears relevant
given the complexity of the tested contrasts (cf. Fig. 3A).

In the group-level ANOVA, we addressed our main question related to
the TDs and the interaction between TDs and storyline/context. Based
on the results of the behavioral data (Fig. 2), we tested for both the linear
and the quadratic effect of TDs on fMRI activity. To test for the quadratic
relationship having accounted for any linear effect (cf. hierarchical re-
gression used for the behavioral analyses), we regressed out the linear
effect of TD from the quadratic contrast. Linear and quadratic contrasts
were first assessed separately for the SAME and DIFF conditions. Then
we formally tested for the impact of storyline on TDs (TD � context
interaction) by multiplying by “�1” the contrast weights of the DIFF
condition (Fig. 3A, illustrating the relevant contrasts). With the same
ANOVA model, we also tested for the main effect of storyline comparing
the 32 TD conditions of the SAME storyline minus 32 TD conditions of
the DIFF storyline. We report activations corrected for multiple compar-
isons at the cluster level, considering the whole brain as the volume of
interest (FWE p-corr. � 0.05, cluster-size estimated at a voxel-level
threshold of p-unc. � 0.005).

fMRI multivariate analysis. We made use of a RSA (Kriegeskorte and
Kievit, 2013) to test the hypothesis that TDs would be mapped into
corresponding differences in terms of multivariate pattern of fMRI ac-
tivity. Specifically, RSA allowed us to target multivariate representations
related to a specific stimulus-dimension (i.e., the TDs that were identical
for trials involving SAME and DIFF storylines) that may differ from
univariate activations, which instead may be linked with context/task-
dependent readout of these representations (cf. interaction between TD
and storylines). Moreover, similar multivariate approaches have been

Figure 2. Behavior. Nonlinear effects of temporal distance on: RTs (A) and retrieval accuracy (B), modulated by context–storyline. Data fitting using linear (black dotted line), quadratic (black
continuous line), and cubic (gray line) models. Hierarchical multiple regressions highlighted a significant contribution of the quadratic-term for the SAME condition only and confirmed this
context-specificity when fitting the pairwise differences “SAME minus DIFF”, see rightmost panels.
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successfully used to investigate temporal representations in memory, but
typically focusing on the medial temporal lobe (Thavabalasingam et al.,
2018, 2019). Relying on the same analytical approach for interpretation,
we can thus more readily relate our current results that the parietal cortex
is sensitive to both temporal and contextual information to the
hippocampal-related literature. The RSA analyses were performed with
CoSMo toolbox (http://www.cosmomvpa.org/; Oosterhof et al., 2016).
Based on our behavioral and univariate fMRI results we constructed two
representational dissimilarity matrices (RDMs). These coded for the
pairwise differences between TDs (RDM linear) and the differences be-

tween the squared TDs having first regressed out the linear effect (RDM
quadratic; cf. behavioral and univariate fMRI analyses; Fig. 4A).

For each participant, we re-ran the same first-level model as described
above (64 conditions: 32 TDs � SAME/DIFF context, plus 6 movement
parameters), but now using unsmoothed fMRI time series. Contrast im-
ages were used to average the parameters estimates of each TD between
the two fMRI runs. The 32 contrast images of the SAME condition were
first used to estimate the individual RSA using a whole-brain, search-
light approach (sphere with a radius of 3 voxels, comprising 100
voxels). The resulting correlation coefficients (Spearman’s rank coef-

Figure 3. TD: Univariate fMRI. A, Illustration of the contrasts used to investigate the effect of TD: linear component considering the SAME condition only; quadratic component (SAME only), having
removed the linear component; and the differential contrast used to compare the quadratic effect of TD in the SAME vs DIFF conditions. It should be noticed that the last contrast (cf. also C) considered
only 31 TDs for each storyline-condition (i.e., the weights of the longest TD were set equal to zero; see also main text). B, Significant effects of quadratic-TD for the SAME condition, in the precuneus
and the right pSTS/inferior parietal lobule (IPL), and the corresponding signal plots as a function of TD (quadratic fits shown in black dotted lines; C) Interaction between quadratic TD and storyline
in the precuneus, considering 31 TDs for each storyline. Clusters are displayed at p-FWE-corr. � 0.05 (cluster-level, with cluster-size defined at voxel-level p-unc. � 0.005). All sections are taken
through the peak of activation (cf. Table 2).
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ficients) were Fisher transformed for the group analyses. Two sepa-
rate one-sample t tests (RDM-linear and RDM-quadratic) were used
to identify any representation of TDs at the group-level using SPM12.
The statistical threshold was set to cluster-level FWE p-corr. � 0.05,
corrected for multiple comparisons considering at the whole brain as
the volume of interest (cluster-size estimated at a voxel-level thresh-
old of p-unc. � 0.005).

We considered two possible types of representations: one directly (lin-
early) related to the TDs and one related to higher-order (quadratic)
relationships, in accordance to the behavior and univariate results.
Whole-brain searchlight analyses (100-voxel sphere) compared patterns
of local activity for the 32 TDs of the two conditions (SAME and DIFF)
with two representational models based on pairwise distances between
the TDs (RDM-linear) or the TD 2 (RDM-quadratic, Fig. 3A). The whole
brain analysis of the SAME condition revealed a significant effect in the
precuneus for the RDM-linear (Fig. 4B). Accordingly, we asked whether
this region contained an analogous (i.e., linear) representation of TDs
also for the DIFF condition. For each subject, we assessed the multivari-
ate patterns for the DIFF condition using the same set of 100 voxels that
yield the highest significance in the SAME condition at the group level
(ROI analysis, sphere centered at x-y-z � [9 �61 54]; Table 2, last row).
The linear RDM was identical to the one used for the SAME condition,
because the TDs were the same in the two context-conditions. A one-
tailed t test on the Fisher-transformed correlation coefficients was used
to assess the significance of the RSA for the DIFF condition at the group
level.

Results
Behavioral results
Behaviorally we examined the change of the RTs as a function of
TD and investigated any modulation of this relationship as a
function of storyline. Seeking to replicate the results of Kwok et
al. (2012), we initially ran simple linear regression between the
mean RTs and TDs for the SAME condition. This reveled the
expected decrease of the RTs with increasing TDs (p � 0.005),
but the regression plot also indicated that the linear model did
not account well for the data. Accordingly, we performed a
hierarchical multiple regression analysis fitting progressively
higher-order functions of the TD (quadratic TD 2, cubic TD 3;
Fig. 2A). This reveled that adding TD 2 to the regression model
significantly increased the fitting of the RTs, whereas there was
no significant additional gain by adding the cubic term (Table
1). We performed the same analysis for DIFF condition and
found that now only the linear term approached significance
( p � 0.057, Fig. 2A, plot in the center, Table 1). We formally
compared the differential effect of TDs on RTs in the two
storyline conditions by analyzing the RT differences with the
hierarchical regression approach (RTsame � RTdifferent; Fig. 1,
rightmost plot). This confirmed that context/storyline modu-
lated the relationship between TD and RTs, highlighting a

Figure 4. TD: Multivariate fMRI. A, Illustration of the two RDMs used to assess multivariate activity related either to linear TD or to quadratic TD, having removed the linear component (see also
behavior and univariate fMRI). B, The whole-brain searchlight RSA analysis using the linear RDM model revealed a significant cluster in the precuneus for the SAME condition. A targeted ROI analysis
of the precuneus now considering the DIFF condition suggested that this linear representation of the TDs is independent of context–storyline (statistical trend only, see main text). Significant cluster
displayed at p-FWE-corr. � 0.05 (cluster-level, voxel-level p-unc. � 0.005) and section through the peak voxel.

Table 2. Functional imaging: univariate and multivariate analyses

p-FWE corrected Cluster size x y z Z-values

Univariate analyses
TD: quadratic (SAME)

Precuneus 0.001 267 3 �61 35 3.70
Right AG/pSTS 0.003 228 54 �55 16 4.71

TD: quadratic � storyline
Precuneus �0.001 380 3 �61 39 4.00

Main effect of storyline (SAME � DIFF)
Right AG/pSTS 0.001 277 57 �52 16 6.10
Right IFG �0.001 338 42 11 28 5.78

Multivariate analyses
TD linear (SAME)

Precuneus 0.002 189 9 �61 54 4.43
Right AG/pSTS 0.053 99 60 �52 12 3.71

p-values are corrected for multiple comparisons at the whole-brain level (cluster-level correction, with cluster-size defined at voxel-level p-unc. � 0.005). Cluster sizes are in voxels.
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significant effect on the nonlinear, quadratic term (Table 1,
last column).

The same hierarchical regression analysis was repeated using
the accuracy data. This replicated the results of the RTs analysis,
again showing a nonlinear effect of TD (quadratic term, TD 2) on
the retrieval accuracy in the SAME condition and corresponding
differential effects when directly comparing SAME versus DIFF
conditions (Fig. 2B, Table 1).

The analyses of the behavioral data revealed the expected ef-
fect TDs on performance and, most importantly, that this rela-
tionship changed according to the storyline/context. Notably, the
hierarchical regression model highlighted that in the SAME con-
dition both the RTs and the retrieval accuracy did not simply
change linearly with TDs. Instead, a significant nonlinear compo-
nent (here captured by TD2) was found to modulate performance:
the participants were slower and less accurate at intermediate tem-
poral distances (�10–15 min) rather than at the shortest TDs (i.e.,
�5 min). Moreover, we found that storyline/context modulated
specifically this nonlinear term (see SAME vs DIFF in Table 1 and
the rightmost plots in Fig. 2).

The subsequent analyses of the fMRI data took into account
the presence of both linear and nonlinear effects of TDs and
sought to identify their correlates using univariate and multivar-
iate approaches.

fMRI results
Univariate analyses
Based on our behavioral findings, we investigated the effect of TD
on brain activity in the SAME condition, using two different
contrasts. These corresponded to the linear effect of TD and the
effect of TD 2 having removed the linear component. The contrast
weights are illustrated in the first two plots of Figure 3A. The
linear TD contrast did not reveal any significant activation, whereas
the quadratic-TD contrast highlighted two significant clusters of ac-
tivation. These were located in the precuneus and in the right
inferior parietal lobule (IPL) including the posterior superior
temporal sulcus (pSTS) and the angular gyrus (AG) (Table 2).
Figure 3B shows the anatomical location of the two clusters and
the corresponding parameter estimates for the 32 TDs in the
SAME condition. In both regions, the BOLD signal displayed an
inverted U-shape profile, with the largest activations at interme-
diate TDs (corresponding to �10 –15 min), whereas activity was
lower both at long TDs (�20 min) and at short TD (� 5 min).
The plots also show the best-fitting line for the TD 2 nonlinear
term (see black dotted-line). This highlighted that in the precu-
neus the BOLD data substantially deviated from the quadratic-fit
in the very last bin (i.e., the longest TD). This was confirmed by
examining the residuals of the quadratic-fit revealing that in the
last bin the error was larger than 2 times the SD of the residuals.
Based on this observation, the last TD was excluded from the
subsequent analysis when testing for the interaction between TD
and storylines.

We then compared the effect of TD between the two context/
storylines conditions by multiplying by “�1” the weights of the
linear-TD and quadratic-TD contrasts (see rightmost plot in Fig.
3A, showing the relevant interaction contrast for the quadratic
effect). The comparison using linear-TD did not reveal any sig-
nificant effect, whereas the contrast considering the quadratic
term showed a significant effect in the precuneus (Table 2). These
effects are illustrated in Figure 3C, which shows the significant
cluster in the precuneus and the signal plot with the effect of TD
in the two storyline conditions. The parameter estimates high-
light that the quadratic effect found in the SAME condition

(compare Fig. 3B) was not present in the DIFF condition. At an
uncorrected threshold, this interaction between TD and storyline
was found also in the right pSTS/IPL (x,y,z � 42 �55 20,
Z-value � 3.45, p-unc. � 0.001).

To further address the relevance of context/storyline during
temporal-order retrieval, we tested for the main effect of storyline
regardless of TD. We first compared SAME � DIFF conditions
and revealed two significant clusters located in the AG/posterior
part of the right superior temporal sulcus (pSTS) and in the pos-
terior part of the right inferior frontal gyrus (IFG), Table 2. The
cluster in the pSTS/IPL overlapped with the region showing a
(quadratic) modulation according to TD and the significant TD-
by-storyline interaction (see above). The opposite contrast
(DIFF � SAME) did not reveal any significant activation.

These results show that temporal distances impacted on both
activity in the precuneus and behavior (RTs and accuracy), in-
cluding analogous nonlinear effects selectively in the SAME sto-
ryline condition (cf. Figs. 2, 3C, Table 1). It is thus possible that
our findings in the precuneus simply reflect different retrieval
success performances, driven by TDs and/or storyline. Accord-
ingly, as a control analysis, we generated new contrasts based on
retrieval accuracy for each TD and both storylines and tested for
any (positive or negative) linear relation between BOLD and ac-
curacy. These control contrasts did not show any significant ac-
tivation, indicating that the differential behavioral performance
is an unlikely explanation for the effects that we report in the
precuneus. Moreover, we tested an analogous contrast, but now
considering TD-related changes of RTs rather than accuracy.
This revealed a statistical trend in the medial supplementary mo-
tor area (x, y, z � 0, 17, 50; Z-score � 4.54; p-corr � 0.096), with
activation increasing with slower RTs. This may indeed relate to
changes of task difficulty across TDs, yet it could not explain our
main results in the precuneus.

In sum, the univariate fMRI analyses revealed that activity in
the precuneus, and also the inferior parietal lobule (including the
posterior part of the superior temporal sulcus extending into the
AG), closely matched the effects observed at the behavioral level,
with a nonlinear effect reflecting a TD � storyline interaction,
with greatest activation at intermediate TDs and specifically in
the SAME condition.

Multivariate analyses
Together with any impact of TD on BOLD activation, we used a
multivariate approach (RSA) to assess whether TDs are repre-
sented in terms of local patterns of activity. First, we considered
multivoxel patterns during the SAME condition. One-sample
t tests on Fisher-transformed correlation coefficients mapped at
each voxel in the brain (voxel corresponding to the center of the
searchlight-sphere) were used for statistical inference at the group level
(Fig. 4). Unlike the univariate analyses presented above, the sig-
nificant effects were found for the model based on TDs distances
(RDM linear), whereas the model based on distances between
quadratic TDs did not show any significant effect after correction
for multiple comparisons. The RDM linear whole-brain analysis
revealed a significant cluster located in the precuneus, plus a
related effect in the right AG/pSTS (Fig. 4B, Table 2). Given the
significant finding in the precuneus for the SAME condition, we
tested whether this same region contains a related (i.e., linear)
representation of TDs also for the DIFF condition. We consid-
ered the patterns of activity for the 32 TD of the DIFF condition,
targeting specifically the 100 voxels where we detected the most
significant effect in the SAME condition (ROI analysis, using the
RDM-linear). At the group level, the one-tailed t test on the
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Fisher-transformed coefficients revealed a statistical trend (t(18)

� 1.35; p � 0.097), supportive of the notion of context-
independent representation of TDs in the precuneus.

Discussion
We investigated the role of contextual, high-level information
during temporal order retrieval using complex and dynamic nat-
uralistic movie-stimuli. Our main findings concern the context-
dependent effects in relation to temporal distances and storyline
contexts. Our results showed that, on the one hand, the retrieval
performance and the activation of the precuneus were signifi-
cantly modulated by the content-structure of the encoded mate-
rial (storylines), consistent with mechanisms of temporal-order
retrieval relying on high-level contextual information (e.g., re-
constructive view, Friedman, 1993, 2007). On the other hand,
information-mapping using multivoxel analyses revealed that
the precuneus contains a context-independent linear representa-
tion of the temporal distances, consistent with the view of chro-
nological organization of memory (Friedman, 1996, 2001).

Since we obtained different effects of TD for the two storyline
conditions, the effects observed here should be related to retrieval
processes taking into account high-level contextual information/
knowledge structures (Hassabis and Maguire, 2007; Gilboa and
Marlatte, 2017). Operationally, here we considered the storylines
as the relevant dimension of the movie knowledge structure and
postulated that, if the effect of TD in the precuneus reflects
knowledge-based processes, then the relationship between the
probes (i.e., the two events to be discriminated) and the storyline
structure should affect memory retrieval. Previous work with
movies highlighted the importance of segmentation/boundaries
both for perception (Zacks et al., 2001) and memory (Swallow et
al., 2009; see also Kwok and Macaluso, 2015). A more recent
study has identified a distributed pattern of brain activity in
higher-order cortical networks, including the precuneus and AG,
that appears to underlie ability to relate relevant memories with
ongoing events in a complex movie story (Kauttonen et al., 2018).
Nonetheless, this study did not manipulate experimentally mem-
ory retrieval from SAME versus DIFF storylines/context.

Our results showed context/storyline modulated TD-dependent re-
trieval performance (Fig. 2) and corresponding fMRI activity in
the precuneus (Fig. 3C). The relationship between TD and brain
activity in the SAME condition was nonlinear, possibly reflecting
the specific content-structure of the movie. Specifically, at inter-
mediate TDs the similarity between the two to-be-judged events
in “content structure space” may be smaller than for pairs of
events occurring at shorter or longer distances. Search processes
making use of the content-structure would thus require more
resources (cf. behavioral results) to determine the order of the
two events. This content structure space account aligns with the
original idea of “chronoarchitecture,” which stipulates that there
is a functional subdivision that exploits the hierarchical temporal
receptive windows during natural viewing conditions (Bartels
and Zeki, 2004, 2005). Successively higher areas (such as the pre-
cuneus; see Baldassano et al., 2017) have longer temporal win-
dows to process larger units of information, such as narratives
and storylines (Hasson et al., 2015). Our current results indicate
that the principles of “temporal receptive windows” may go be-
yond mere temporal information, with context/content also
playing a role during temporal order retrieval (Hasson et al.,
2015).

Situational models, as proposed in the AT/PM model (Ranga-
nath and Ritchey, 2012), can be considered to be the apex of this
hierarchical memory system. The AT/PM model distinguishes

between high-level signals in terms of general semantic knowl-
edge (associated with the anterior temporal system) versus the
multidimensional, structured information associated with spe-
cific episodes (i.e., “situational models” in the PM network, in-
cluding the precuneus). Thus, whereas the AT network may
relate to the assessment of entities such as people and things
(Gilboa and Marlatte, 2017), the PM network would perform
reconstructive operations to integrate spatial, temporal, as well as
higher-level (e.g., situational or social) information associated
with the stored episode (Ranganath and Ritchey, 2012). Here, we
suggest that the precuneus makes use of the specific content-
structure of the movie to construct a situational model, which in
turn would support the retrieval of the associated temporal in-
formation about the encoded events (see also Kauttonen et al.,
2018). This account fits with various studies showing that per-
sonal experiences throughout life (Conway and Jobson, 2012),
statistical properties of the environment (van Buuren et al., 2014),
semantic knowledge (Packard et al., 2017), or some combination of
these, can constitute the scaffolding of such knowledge-structures
(Xue, 2018).

Together with the precuneus, we found TD-dependent acti-
vation in the right inferior parietal lobule covering the AG and
part of the superior temporal sulcus. These regions, together with
the right IFG, also showed a main effect of storyline, with larger
activation during the judgment of SAME compared with DIFF
storyline events (Table 2). The AG is often coactivated with the
precuneus (Kwok et al., 2012) and is known to be an important
hub in memory recollection (Vilberg and Rugg, 2012; Tibon et
al., 2019). This region is also part of the dorsal medial subsystem
of the default mode network, which has been linked with story
comprehension (Spreng and Andrews-Hanna, 2015), schema-
mediated encoding (Gilboa and Marlatte, 2017) and with high-
level situation model representations (Baldassano et al., 2017).
With respect to the AT/PM dual system framework, several im-
aging studies linked the activation of the precuneus with the en-
gagement of the default mode network (Spreng et al., 2009;
Gilmore et al., 2015; Sestieri et al., 2017) during retrieval of epi-
sodes encoded in highly structured contexts (e.g., autobiograph-
ical memory; Addis et al., 2012; Chow and Rissman, 2017; Monge
et al., 2018). Putting these together, the precuneus and the AG
might work in concert to help deploying conceptual knowledge
and supporting temporal judgments about naturalistic episodes.
While watching the action TV show, the participants may have
engaged some prior knowledge structures that they had acquired
before the experiment. It is likely that some schema instantiation
would have occurred during viewing and might even subse-
quently affect the reconstructive processes during memory re-
trieval. However, in the context of the current temporal order
task, the retrieval demands during scanning may not engage such
systems in a systematic fashion across temporal delays. This may
explain the lack of any delta-related modulation in the ventrome-
dial prefrontal cortex and the hippocampus, which have been
consistently associated with schema instantiation, memory as-
similation and schema adaptation processes (Gilboa and Mar-
latte, 2017).

Together with our main finding highlighting the role of con-
textual information in modulating TD-related activation of the
precuneus, we also found context-independent effects in the pre-
cuneus, using a multivariate approach. These results can be re-
lated to previous findings which identified representations of
temporal information in long-term memories. For example,
Thavabalasingam and colleagues associated multivoxel pattern in
the human hippocampus with the integration of duration infor-
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mation of short event sequences (Thavabalasingam et al., 2018,
2019). In Barnett et al. (2014)’s match-mismatch task, when a
duration-between-events mismatch was detected (compared with
match condition), the hippocampus showed increased connectiv-
ity to the posterior cingulate cortex. The authors interpreted this
finding as evidence that the hippocampus functions in concert
with the posterior cingulate cortex for the processing of contex-
tual information and events-sequence binding in memory. This
latter finding aligns with our current results that the precuneus/
posterior cingulate cortex is sensitive to both temporal and con-
textual information, as manifested in the significant temporal-
distance by context–storyline interaction (Fig. 3C). Moreover,
Zeithamova and Preston (2017) showed that, during retrieval,
multivoxel activity in frontal regions discriminate whether two ob-
jects were encoded on the “same” versus “different” days (see also
Nielson et al. (2015) for related results concerning the represen-
tation of temporal information about autobiographical events in
the hippocampus). It is noteworthy that since most of these
previous works rely on multivariate methods in assessing the
neural correlates of memories, it would be of importance of
applying the same analytical methods such as RSA for com-
parative interpretation.

All in all, in addition to the hippocampal representations, we
add to the extant literature that temporal memories are also
represented in the precuneus when multivoxel information is
considered. However, it remains an open question how the pre-
cuneus works in concert with the hippocampus during memory
formation (Brodt et al., 2016), consolidation (Brodt et al., 2018)
and memory retrieval monitoring (Ye et al., 2019). As suggested
previously, the intimate coupling between the hippocampus, AG
and posterior medial cortex may mediate the storage of event
memories at multiple temporal resolutions (Baldassano et al.,
2017).

In summary, we showed the neural correlates of how contex-
tual signals about the content of complex and naturalistic stimuli
contribute to memory retrieval. We demonstrated that the acti-
vation in the precuneus, as well as behavior, was significantly
modulated according to storyline condition, supporting the idea
that contextual information contributing to temporal retrieval.
We suggest that the precuneus engages in memory retrieval via
reconstructive mechanisms, which may rely on long temporal
receptive windows to process larger units of information such as
storylines (Hasson et al., 2015; Baldassano et al., 2017), within an
episodically unique knowledge structure (“situational models”;
Ranganath and Ritchey, 2012). Furthermore, information-based
analyses of multivoxel activity revealed that the precuneus con-
tains a context-independent representation of temporal dis-
tances, consistent with other studies on duration information
and their integration into representations of events (Barnett et
al., 2014; Thavabalasingam et al., 2018, 2019). We put forward
that the retrieval of the temporal-order of naturalistic events
encoded in rich contexts relies on the joint contribution of chrono-
logical and reconstructive mechanisms and that these may be jointly
integrated in the medioposterior parietal cortex.
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Kauttonen J, Hlushchuk Y, Jääskeläinen IP, Tikka P (2018) Brain mecha-
nisms underlying cue-based memorizing during free viewing of movie
memento. Neuroimage 172:313–325.

Kriegeskorte N, Kievit RA (2013) Representational geometry: integrating
cognition, computation, and the brain. Trends Cogn Sci 17:401– 412.

Kurby CA, Zacks JM (2008) Segmentation in the perception and memory of
events. Trends Cogn Sci 12:72–79.

Kwok SC, Macaluso E (2015) Immediate memory for “when, where and
what”: short-delay retrieval using dynamic naturalistic material. Hum
Brain Mapp 36:2495–2513.

Kwok SC, Shallice T, Macaluso E (2012) Functional anatomy of temporal
organisation and domain-specificity of episodic memory retrieval. Neu-
ropsychologia 50:2943–2955.

Foudil et al. • Temporal Coding in the Precuneus J. Neurosci., March 4, 2020 • 40(10):2129 –2138 • 2137



Kwok SC, Shallice T, Macaluso E (2014) Set-relevance determines the impact of
distractors on episodic memory retrieval. J Cogn Neurosci 26:2070–2086.

Lerner Y, Honey CJ, Silbert LJ, Hasson U (2011) Topographic mapping of a
hierarchy of temporal receptive windows using a narrated story. J Neuro-
sci. 31:2906 –2915.

Monge ZA, Stanley ML, Geib BR, Davis SW, Cabeza R (2018) Functional net-
works underlying item and source memory: shared and distinct network
components and age-related differences. Neurobiol Aging 69:140–150.

Nielson DM, Smith TA, Sreekumar V, Dennis S, Sederberg PB (2015) Hu-
man hippocampus represents space and time during retrieval of real-
world memories. Proc Natl Acad Sci U S A 112:11078 –11083.

Oosterhof NN, Connolly AC, Haxby JV (2016) CoSMoMVPA: multi-
modal multivariate pattern analysis of neuroimaging data in Matlab/
GNU octave. Front Neuroinform 10:27.

Packard PA, Rodríguez-Fornells A, Bunzeck N, Nicolás B, de Diego-Balaguer
R, Fuentemilla L (2017) Semantic congruence accelerates the onset of
the neural signals of successful memory encoding. J Neurosci 37:291–301.

Penny W, Holmes A (2007) Random effects analysis. Statistical parametric
mapping: The analysis of functional brain images:156 –165.

Ranganath C, Ritchey M (2012) Two cortical systems for memory-guided
behaviour. Nat Rev Neurosci 13:713–726.

Robin J (2018) Spatial scaffold effects in event memory and imagination.
Wiley Interdiscip Rev Cogn Sci 9:e1462.

Sestieri C, Shulman GL, Corbetta M (2017) The contribution of the human
posterior parietal cortex to episodic memory. Nat Rev Neurosci 18:183–192.

Spreng RN, Andrews-Hanna JR (2015) The Default Network and Social Cog-
nition. In : Brain Mapping : An Encyclopedic Reference (Toga AW, ed),
pp 165–169. Cambridge, Massachusetts: Academic Press.

Spreng RN, Mar RA, Kim AS (2009) The common neural basis of autobio-
graphical memory, prospection, navigation, theory of mind, and the de-
fault mode: a quantitative meta-analysis. J Cogn Neurosci 21:489 –510.

Swallow KM, Zacks JM, Abrams RA (2009) Event boundaries in perception
affect memory encoding and updating. J Exp Psychol Gen 138:236 –257.

Thavabalasingam S, O’Neil EB, Lee ACH (2018) Multivoxel pattern similar-
ity suggests the integration of temporal duration in hippocampal event
sequence representations. Neuroimage 178:136 –146.

Thavabalasingam S, O’Neil EB, Tay J, Nestor A, Lee ACH (2019) Evidence
for the incorporation of temporal duration information in human hip-
pocampal long-term memory sequence representations. Proc Natl Acad
Sci U S A 116:6407– 6414.

Tibon R, Fuhrmann D, Levy DA, Simons JS, Henson RN (2019) Multi-
modal integration and vividness in the angular gyrus during episodic
encoding and retrieval. J Neurosci 39:4365– 4374.

van Buuren M, Kroes MC, Wagner IC, Genzel L, Morris RG, Fernández G
(2014) Initial investigation of the effects of an experimentally learned
schema on spatial associative memory in humans. J Neurosci 34:16662–
16670.

Vilberg KL, Rugg MD (2012) The neural correlates of recollection: transient
versus sustained fMRI effects. J Neurosci 32:15679 –15687.

Wagner AD, Shannon BJ, Kahn I, Buckner RL (2005) Parietal lobe contri-
butions to episodic memory retrieval. Trends Cogn Sci 9:445– 453.

Xue G (2018) The neural representations underlying human episodic mem-
ory. Trends Cogn Sci 22:544 –561.

Ye Q, Zou F, Dayan M, Lau H, Hu Y, Kwok SC (2019) Individual suscepti-
bility to TMS affirms the precuneal role in meta-memory upon recollec-
tion. Brain Struct Funct 224:2407–2419.

Zacks JM, Braver TS, Sheridan MA, Donaldson DI, Snyder AZ, Ollinger JM,
Buckner RL, Raichle ME (2001) Human brain activity time-locked to
perceptual event boundaries. Nat Neurosci 4:651– 655.

Zeithamova D, Preston AR (2017) Temporal proximity promotes integra-
tion of overlapping events. J Cogn Neurosci 29:1311–1323.

2138 • J. Neurosci., March 4, 2020 • 40(10):2129 –2138 Foudil et al. • Temporal Coding in the Precuneus


	Context-Dependent Coding of Temporal Distance Between Cinematic Events in the Human Precuneus
	Introduction
	Materials and Methods
	Results
	Discussion
	References


