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Episodic autobiographical memory involves the ability to travel along the mental timeline, so that 
events of our own life can be recollected and re-experienced. In the present study, we tested the 
neural underpinnings of mental travel across past and future autobiographical events by using a 
spatiotemporal interference task. Participants were instructed to mentally travel across past and 
future personal (Episodic Autobiographical Memories; EAMs) and Public Events (PEs) during Functional 
Magnetic Resonance Imaging (fMRI). We found that a distributed network of brain regions (i.e., 
occipital, temporal, parietal, frontal, and subcortical regions) is implicated in mental projection across 
past and future independently from the memory category (EAMs or PEs). Interestingly, we observed 
that most of these regions exhibited a neural modulation as a function of the lifetime period and/or as 
a function of the compatibility with a back-to-front mental timeline, specifically for EAMs, indicating 
the key role of these regions in representing the temporal organization of personal but not public 
events. Present findings provide insights into how personal events are temporally organized within the 
human brain.

Keywords  Autobiographical memory, Mental timeline, Functional magnetic resonance (fMRI), 
Psychophysiological interaction (PPI).

Mental Time Travel is the individuals’ ability to project themselves in the past and to imagine themselves in 
the future. It allows the development and the maintenance of autonoetic consciousness, namely “the kind of 
consciousness that mediates an individual’s awareness of his or her existence and identity in subjective time 
extending from the personal past through the present to the personal future”1. The cognitive architecture 
underlying mental time travel rests its foundation on the organization of autobiographical knowledge, which 
provides a personal timeline, along which autobiographical information is temporally organized in spatial 
terms2. According to Conway and Pleydell-Pearce3, autobiographical knowledge is represented as a partonomic 
hierarchy. At the top, lifetime periods correspond to general knowledge about significant others and activities, 
usually spanning in the range of months or years (e.g. the time I spent at the Neuroimaging Center as a PhD 
student). Then, general events include knowledge about repeated events or events that are extended in time (e.g. 
my trip to Tampere for the Meeting of the European Societies of Neuropsychology in 2016); finally, event-specific 
knowledge corresponds to memory for experiences with a unique spatial and temporal context (e.g. the social 
dinner during the European Workshop on Imagery and Cognition in 2016). Autobiographical knowledge may 
be navigated vertically between different layers, for example zooming in a specific period to mentally represent 
a specific event, or horizontally, for example, jumping from one event to another. Mental Time Travel may occur 
within all the layers, and the level of specificity depends on which layers of autobiographical representations are 
activated, with more abstracted ones corresponding to the lifetime periods.

According to D’Argembeau2 past and future thoughts rely on a similar neurocognitive architecture, 
corresponding to the autobiographical knowledge base theorized by Conway and Pleydell-Pearce3. Episodic 
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Autobiographical Memory (EAM), namely the ability to recollect and re-experience events of our own life 
that occurred at a particular time and place, and Episodic Future Thinking (EFT), namely the ability to project 
the self forward in time to pre-experience an event, rely on the same core network in the brain, show parallel 
developmental trajectories along the lifespan, may be similarly impaired in amnesic patients and are characterized 
by the same phenomenological properties. Using a coordinate-based meta-analysis, Benoit and Schacter4 
found that EAM and EFT consistently activate the dorsomedial prefrontal cortex, ventromedial prefrontal 
cortex, anterior cingulate cortex, inferior frontal gyrus, insula, posterior cingulate cortex, hippocampus, 
parahippocampal cortex, lateral temporal cortex, posterior inferior parietal cortex, orbital inferior frontal gyrus, 
and dorsolateral occipital cortex. Importantly, developmental studies show that EAM and EFT emerge in tandem 
in children between 3 and 5 years5. Also, EAM and EFT show a similar decline in aging6. Data from patients 
with amnesia, even though not always consistent (see for example7), support the idea that hippocampal damage 
may yield to deficits in both EAM and EFT8,9. Finally, the representations of both past and future events are 
affected by temporal distance, namely events that are closer in time yield to a stronger feeling of re-experiencing 
(or pre-experiencing) than events that are farther from the present10. Stillman and colleagues11 showed different 
patterns of activation during the imagination of future events depending on whether they were imagined 
happening tomorrow, or five years from now. Events closer to the present moment elicited higher activation of 
the precuneus and cingulate gyrus. Instead, events that are far from the present time yield to higher activation 
in the dorsolateral prefrontal cortex, cerebellum, angular gyrus, lateral occipital cortex, orbitofrontal cortex, 
dorsolateral and medial prefrontal cortices, middle temporal gyrus, occipital cortex, and inferior frontal gyrus. 
However electrophysiological data by Colás-Blanco and colleagues12 suggest that the effect of temporal distance 
is not exactly the same for past and future events in the late parietal component (LPC) and the late frontal effect 
(LFE), which are involved in episodic and monitoring processes, respectively. Indeed, imaging future events 
that are closer to the present yields to a larger LPC compared with events that are farther in the future, with no 
differences between near and far past events. Also, near past events yield to a larger LFE component than past 
events which are farther, with no other differences for future events, both yielding to an effect that is similar to 
that observed for near past events.

Further insights on brain regions and networks supporting the temporal organization of personal events 
are provided by studies investigating neural correlates of autobiographical retrieval in individuals with Highly 
Superior Autobiographical Memory (HSAM) - a condition characterized by an extraordinary ability to 
remember autobiographical events in detail. When asked to access memories of autobiographical events pointed 
at by specific temporal coordinates, HSAM show increased connectivity of the ventromedial and dorsomedial 
prefrontal cortex, and of the temporoparietal junction, compared with control participants, suggesting that these 
patterns may be responsible for their more efficient access to memories cued by temporal coordinates13. These 
findings are consistent with evidence of enhanced resting-state connectivity of midline regions involved in the 
autobiographical memory network in HSAM participants14. The extraordinary ability of these individuals to 
recall temporal coordinates of events is further reflected in the enhanced discriminability of neural patterns 
supporting new and old memories in the ventromedial prefrontal cortex15.

Similarities between EFT and EAM partially apply to the individuals’ ability to project themselves towards 
past and future events and to temporally order the same events. In 2015, D’Argembeau and colleagues16 found 
that the same network of brain regions, consisting of middle and inferior temporal gyri, medial orbitofrontal 
cortex, hippocampus, dorsal medial prefrontal cortex, postcentral gyrus, supramarginal gyrus, and middle 
cingulate cortex, is involved in temporal ordering of past and future events. Neuropsychological data from 
patients with brain damage further point towards a pivotal role of the prefrontal cortex in mental travel toward 
future events. Indeed, patients with focal lesions to the ventromedial prefrontal cortex are selectively impaired in 
mentally projecting themselves in the future17. However, little is known about the fine-grained spatiotemporal 
dynamics of mental travel across the mental timeline.

Here we aimed at testing neural underpinnings of mental travel across past and future autobiographical 
events, as a function of temporal reference and distance. To this aim, we asked participants to mentally travel 
across their own past and future personal (Episodic Autobiographical Memories; EAMs) and Public Events 
(PEs) during functional Magnetic Resonance Imaging (fMRI). Notably, recent behavioral evidence supports 
the possibility that EAMs may be selectively organized according to a sagittal mental timeline, that is, with 
future and past events being represented respectively as in front of us vs. at our back. In a previous study using 
a spatial compatibility task, we found that participants were less accurate in judging the order of EAMs when 
the response direction was not compatible with a sagittal mental timeline (i.e. when they had to provide a 
“forward” response for a relatively past event and a “backward” response for a relatively future one)18. This 
effect was not observed when participants judged the order of personal semantic memories, in line with the 
possibility that only events that are represented with a high level of contextual specificity are organized along a 
sagittal mental timeline. Thus, in order to assess brain correlates of such a spatiotemporal organization, in the 
present fMRI study participants traveled along their EAMs and PEs in two conditions, one compatible and one 
non-compatible with a sagittal mental timeline. Using this task, we expected to prompt the phenomenological 
features described above, namely the effect of the temporal distance of events (i.e. near and far periods) which 
would yield to different profiles of activation in the brain network supporting mental travel across EAMs and 
PEs. We expected to see differences in regional activation between temporal distances (NP and/or NF > FP and/
or FF) and a compatibility effect (NC > N), but that these effects are more pronounced with EAMs than PEs and 
that this modulation mirrors the one described by previous studies on EAM and Episodic Future Thinking using 
different methodologies10–12, shading also some light upon the similarities and differences occurring between 
projecting towards past and future12. The functional coupling between the nodes of the EAM-related network 
would change as a function of the temporal features of the events, namely temporal distance.
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Methods
Participants
Twenty-three healthy young volunteers (mean age = 24.50 years, SD = 2.93; 11 women) took part in the study. 
The sample size of this study was determined based on a previous study18. First, we calculated the effect size of 
the previous study (η2

p = 0.231) and then estimated the required sample size using G*Power (Version 3.1.9.7;19) 
with default parameters (α = 0.05, 1−β= 0.95), which resulted in a sample size of n = 22. The final sample size 
(n = 23) is comparable to that used in other fMRI studies employing a standard mass-univariate approach20–23. 
All participants were right-handed, as assessed by the Edinburgh Handedness Inventory24, and had normal or 
corrected-to-normal vision. All volunteers gave their written informed consent to participate in this study. The 
experimental protocol was approved by the local research ethics committee of the IRCCS Fondazione Santa 
Lucia in Rome (Prot. CE/PROG.824) and Institutional Review Board of the Department of Psychology (Prot. N. 
0000512), according to the Declaration of Helsinki. The study has been preregistered at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​6​0​
5​/​O​S​F​.​I​O​/​G​A​Q​5​M​​​​​.​​

Stimuli collection
We used an adapted version of the Autobiographical Fluency Task25,26 to collect stimuli to be presented during 
fMRI. Outside the scanner, we asked participants to report personal events (EAMs, i.e., getting married) and 
public events (PEs; i.e., September 11 attacks) for each of 4 possible periods, theoretically defined based on a 
previous meta-analysis27. The periods were as follows: far past (more than 5 years ago), near past (the last 12 
months), near future (the next 12 months), and far future (more than 5 years from now). Participants were 
asked to report EAMs that occurred/may occur in these periods and PEs they remembered from these periods, 
or they think that may occur in the future, as many as possible. For each combination of period and memory 
category, the time limit was 90 s. They were also instructed to provide, for each event, a personalized label that 
was meaningful to them and that allowed them to unambiguously identify the specific EAM or PE. For both 
personal and public events, participants were instructed to report only events that occurred at a specific time and 
place25,26; see also23, for a similar procedure). After task completion, participants were asked to report when the 
events occurred or were supposed to occur in the future (respectively, the year for the far past and future periods, 
and the month for the near past and future periods). The whole procedure lasted ∼30 min.

The first two items reported for each period and memory category were used in the fMRI task, assigning 
them randomly to the compatible and noncompatible conditions (see below). Different labels were presented 
across conditions (compatible and noncompatible) to avoid spurious effects because of item repetition. However, 
items from the same periods were presented in different conditions, thus allowing to control for the effects of 
age/remoteness between EAMs and PEs.

fMRI task
We used a factorial 2 × 4 × 2 design, with Memory Category (Episodic Autobiographic Memory or EAM vs. 
Public Event or PE), Period (Far Past or FP, Near Past or NP, Near Future or NF, and Far Future or FF) and Task 
Condition (Compatible with the mental timeline or C and Noncompatible with the mental timeline or NC) as 
factors.

During fMRI, labels corresponding to EAMs and PEs (see above for details about stimuli collection) were 
presented one at a time, in an unbroken sequential manner, in four serially balanced sequences (see23 for a 
similar procedure).

In each trial, participants were instructed to decide whether the currently presented stimulus preceded or 
followed the previously shown stimulus in chronological order (i.e., along their personal timeline). Responses 
were collected using a two-button MRI- compatible keypad. In the compatible condition, participants were 
instructed to press the “backward” button if the current stimulus temporally preceded the previous one and the 
“forward” button if it followed the previous one; this mapping was reversed in the non-compatible condition 
(backward/forward responses for EAMs/enPS following/preceding the previous one; see also18,23 for a similar 
task). Reaction times (RTs) from one participant were not registered because of technical problems in data 
collection.

For each participant, four runs were acquired. Compatible and noncompatible conditions were presented in 
different runs to ensure that participants were properly engaged in the required task. Written instructions were 
presented at the beginning of each run. The order of the four runs was counterbalanced across participants. 
Within each run, labels referring to EAMs and PEs were presented in different blocks. Each block lasted 25,000 
msec and contained 10 labels, each of them was presented for 2000 msec, followed by a fixation period of 500 
msec. A fixation point was also presented during the inter-block intervals (IBI), lasting from 16,550 to 20,000 
msec (mean IBI of 18250 msec). Stimuli were generated using E-Prime 3.0 (Psychology Software Tools) and 
projected on a translucent screen that participants saw through a mirror. Both accuracy and RTs were collected.

Immediately before fMRI, outside the scanner, participants underwent a short familiarization session with 
the same structure of the experimental task. Presented labels during this phase were created by the experimenters 
and referred to standard EAMs and PEs (e.g. “First child”, “Retirement”, for past and future EAMs, and “9/11”, 
“World peace”, for past and future PEs). All participants were presented with the same standard labels during the 
familiarization session. A total number of 10 trials for each combination of Memory Category and Period and 
Task Condition were presented during familiarization.

Image acquisition
MR images were acquired at the Santa Lucia Foundation (Rome, Italy) using a high-performance 3 T scanner 
(Siemens MAGNETOM Prisma) equipped with a 32-channel head coil. Functional T2*-weighted, whole-brain 
MR images were acquired with a gradient-echo EPI sequence, a multiband factor of 4, and an isotropic voxel size 
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of 2.23 mm3 (60 slices, field of view = 208 × 208 mm2, repetition time [TR] = 1100 ms, echo time [TE] = 30 ms, flip 
angle = 65°, no in-plane acceleration;28–30)

For each run, we acquired 280 fMRI volumes, not including five dummy scans before each run, which were 
discarded. T1-weighted structural images were acquired on each subject using an MPRAGE (magnetization-
prepared rapid gradient-echo) sequence with perspective motion correction and selective reacquisition of data 
corrupted by motion based on interleaved 3-D EPI navigators31,32. Volumetric imaging included 176 slices, 
isotropic resolution = 13 mm3, TR = 2500 ms, TE = 2 ms, inversion time = 1070 ms, flip angle = 8°.

Two spin-echo EPI volumes with phase encoding in opposite directions, no multiband acceleration, and 
the same geometrical and sampling properties of functional runs were acquired for field mapping (TE = 80 ms, 
TR = 7000 ms). A single-band reference (SBRef) image associated with the BOLD series was acquired during the 
pre-scan of each data run as the reference image.

The MRI acquisition included other scans not used for the present study.

Image preprocessing
Results included in this manuscript come from preprocessing performed using fMRIPrep 22.2.133; RRID: 
SCR_016216), which is based on Nipype 1.8.534; RRID: SCR_002502). The description below is an excerpt 
from the text automatically generated by fMRIPrep with the express intention to be copied and pasted into 
manuscripts. It is released under the CC0 license.

Anatomical data preprocessing. The T1-weighted (T1w) image was corrected for intensity non-uniformity 
(INU) with N4BiasFieldCorrection35, distributed with ANTs 2.3.3 (RRID: SCR_004757), and used as T1w-
reference throughout the workflow. The T1w-reference was then skull-stripped with a Nipype implementation 
of the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as target template. Brain tissue 
segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was performed on the 
brain-extracted T1w using fast (FSL 6.0.5.1:57b01774, RRID: SCR_00282336), . Brain surfaces were reconstructed 
using recon-all (FreeSurfer 7.2.0, RRID: SCR_00184737), , and the brain mask estimated previously was refined 
with a custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived segmentations of the 
cortical gray-matter of Mindboggle (RRID: SCR_00243838), .

Volume-based spatial normalization to one standard space (MNI152nLin2009cAsym) was performed 
through nonlinear registration with `antsRegistration` (ANTs 2.3.3), using brain-extracted versions of both 
T1w reference and the T1w template. The following template was selected for spatial normalization: *ICBM 152 
Nonlinear Asymmetrical template version 2009c* [@mni152nlin2009casym, RRID: SCR_008796; TemplateFlow 
ID: MNI152nLin2009cAsym].

Functional data preprocessing. For each of the BOLD scans acquired per subject (across all tasks), the following 
preprocessing was performed. First, a reference volume and its skull-stripped version were generated by the 
single-band reference (SBRef). Head-motion parameters with respect to the BOLD reference (transformation 
matrices, and six corresponding rotation and translation parameters) are estimated before any spatiotemporal 
filtering using `mcflirt` [FSL 6.0.5.1:57b01774, @mcflirt]. The estimated *fieldmap* was then aligned with rigid-
registration to the target EPI (echo-planar imaging) reference run. The field coefficients were mapped on to the 
reference EPI using the transform. BOLD runs were slice-time corrected to 0.504s (0.5 of slice acquisition range 
0–1.01 s) using `3dTshift` from AFNI [@afni, RRID: SCR_005927]. The BOLD reference was then co-registered 
to the T1w reference using `bbregister` (FreeSurfer) which implements boundary-based registration [@bbr]. 
Co-registration was configured with six degrees of freedom. First, a reference volume and its skull-stripped 
version were generated using a custom methodology of fMRIPrep.

For each time series, framewise displacement (FD) was computed using the implementations in Nipype 
(following the definitions by39). These values were obtained from the realignment parameters estimated during 
the preprocessing phase and indicated the amount (in mm) of head movement relative to the previous time point. 
FD values were included as nuisance regressors in all the BOLD analyses to reduce motion-induced artifacts.

Image analysis
Functional images were analyzed for each participant separately on a voxel-by-voxel basis, according to the 
general linear model (GLM) using SPM12 (Wellcome Department of Cognitive Neurology, London, UK). 
Separate regressors were included for each combination of Memory Category (EAM and PE), Period (FP, NP, 
NF, FF), and Task Condition (C, NC).

To have a general picture of brain regions involved in the task, we first looked at brain regions more implicated 
in at least one experimental condition as compared to the baseline. The resulting “omnibus” F-contrast was 
thresholded at p < 0.05, corrected for multiple comparisons based on family-wise error (FWE), with a cluster 
size > 20 voxels.

For each subject and region, we computed a regional estimate of the amplitude of the hemodynamic response 
in each experimental condition by entering a spatial average (across all voxels in the region) of the pre-processed 
time series into the individual GLMs.

Finally, the regional hemodynamic responses were analyzed by means of a series of repeated-measures 
ANOVAs with Memory Category (EAM and PE), Period (FP, NP, NF, FF), and Task Condition (C, NC) as 
factors. For each ANOVA, after finding significant interactions, post-hoc comparisons were computed by 
applying Bonferroni correction for multiple comparisons.

An FDR procedure40 was used to account for multiple comparisons: the distributions of p values obtained 
in each brain region and for each effect were used to compute a p threshold that set the expected rate of falsely 
rejected null hypotheses to 5%.

Regional hemodynamic responses, as well as behavioral data (see below), were analyzed using SPSS (IBM 
SPSS Statistics 25).

Scientific Reports |        (2025) 15:12781 4| https://doi.org/10.1038/s41598-025-97515-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Psychophysiological interaction analysis
The description of the Psychophysiological Interaction Analysis below is derived from the text automatically 
generated by Conn with the express intention to be copied and pasted into manuscripts. It is released under a 
Public Domain Dedication license (CC0 1.0). Psychophysiological Interaction Analysis was performed using 
CONN41; RRID: SCR_009550) release 22.a42) and SPM43; RRID: SCR_007037) release 12.7771. Functional data 
were denoised using a standard denoising pipeline44 including the regression of potential confounding effects 
characterized by white matter timeseries (5 CompCor noise components), CSF timeseries (5 CompCor noise 
components), FD regressors (1 components), and linear trends (2 factors) within each functional run, followed 
by high-pass frequency filtering of the BOLD timeseries45 above 0.008  Hz. CompCor46,47 noise components 
within white matter and CSF were estimated by computing the average BOLD signal as well as the largest 
principal components orthogonal to the BOLD average within each subject’s eroded segmentation masks.

According to the main hypotheses, psychophysiological interaction analysis was used to study changes 
in functional connectivity across the four periods of EAM (i.e. EAM FP, EAM NP, EAM NF, and EAM FF), 
averaging Task Condition (C and NC). Seed regions included 30 ROIs which showed Memory Category by Period 
interaction. Separately for each pair of seed and target areas, a generalized psychophysiological interaction model 
(gPPI;48,49) was defined with seed BOLD signals as physiological factors, boxcar signals characterizing each 
individual task condition convolved with an SPM canonical hemodynamic response function as psychological 
factors, and the product of the two as psychophysiological interaction terms. Functional connectivity changes 
across conditions were characterized by the multivariate regression coefficient of the psychophysiological 
interaction terms in each model. According to the main hypotheses, at the group level we tested the effect 
of the Timeline, comparing Far vs. Near and Past vs. Future conditions. ROI-to-ROI parametric maps were 
thresholded using non-parametric statistics (cluster-level inferences, Threshold Free Cluster Enhancement50) 
connection threshold: p < 0.01-FWE corrected (TFCE).

Results
Behavioral results
Both accuracy and RTs in the temporal ordering task were analyzed by means of within-subject ANOVAs with 
Memory Category (EAM and PE), Period (FP, NP, NF, FF), and Task Condition (C, NC) as factors.

For what concerns accuracy, we applied the arcsine square root transformation to the proportion of correct 
responses in order to normalize proportion-based data and stabilize variance51.

Supplementary Fig. 1 shows the behavioral results on both accuracy (Suppl. Figure 1A) and reaction times 
(Suppl. Figure 1B).

The ANOVA on accuracy revealed a main effect of Period (F3,66 = 15.96; p < 0.0001; η2
p = 0.42), reflecting 

a linear decrease of accuracy as a function of time (FP > NP > NF; p < 0.05), with a rebound of accuracy for far 
future items (FF > NF; p = 0.0001; see Suppl. Figure  1  A). We also observed a main effect of Task Condition 
(F1,22= 5.14; p = 0.034; η2

p = 0.19), reflecting higher accuracy for compatible as compared to noncompatible 
conditions (see Suppl. Figure  1  A). There was no significant main effect of Memory Category (F1,22= 2.56; 
p = 0.124; η2

p = 0.10), nor significant interactions among factors (Memory Category by Period interaction: F3,66= 
1.20; p = 0.316; η2

p = 0.05; Memory Category by Task Condition interaction: F1,22= 0.49; p = 0.488; η2
p = 0.02; 

Period by Task Condition interaction: F1,22= 1.47; p = 0.337; η2
p = 0.05; Memory Category by Period by Task 

Condition interaction: F3,66= 0.54; p = 0.658; η2
p = 0.02).

The ANOVA on mean reaction times revealed the main effects of Memory Category (F1,21= 16.418; p = 0.001; 
η2

p = 0.44), Period (F3,63= 8.61; p < 0.0001; η2
p = 0.29) and Task Condition (F1,22= 82.21; p < 0.0001; η2

p = 0.79). 
Interestingly, we found significant Memory Category by Period (F3,63= 4.20; p = 0.009; η2

p = 0.17), Period by Task 
Condition (F3,63= 4.82; p = 0.004; η2

p = 0.19), and Memory Category by Period by Task Condition (F3,63= 7.31; 
p < 0.0001; η2

p = 0.26) interactions. The three-way interaction revealed that participants responded faster to EAM 
as compared to PE stimuli, especially in the compatible condition which referred to the “near” time periods (NP: 
p < 0.0001; NF: p = 0.01; Suppl. Figure 1B). We also observed faster reaction time for EAM as compared to PE 
stimuli in the non-compatible condition of the FF period (p < 0.0001; Suppl. Figure 1B).

fMRI results
Figure 1 shows an “omnibus” F-contrast (any condition > baseline) revealing the involvement of a distributed 
network including bilateral occipital, temporal, parietal, and frontal activations (Fig. 1A) as well as subcortical 
activations (Fig. 1B).

The occipital activation included a wide portion of cortex, i.e., the early visual cortex (EVC), in correspondence 
and around the calcarine cortex, the cuneus and the posterior part of the occipital lobe. This activation extended 
ventromedially to include the fusiform (FG) and the lingual (LG) gyri and dorsally along the parieto-occipital 
sulcus, in a location remarkably coincident with the scene-selective retrosplenial complex (RSC). The temporal 
activation encompassed the bilateral inferior temporal gyrus (ITG) and the middle temporal gyrus (MTG) of 
the left hemisphere. The parietal activation included the posterior part of the right dorsal precuneus (pCU), 
and a large swath of activation encompassing bilaterally the intraparietal sulcus (IPS) and the angular gyrus 
(AG). Moving anteriorly, the parietal activation extended into the somatosensory and motor cortex of the left 
hemisphere, thus including the left postcentral sulcus (postCG), the left inferior postcentral sulcus (inf postCG) 
and the adjoining central sulcus (CS), in correspondence of the hand territory of the left primary motor cortex. 
This frontal activation extended bilaterally into the precentral sulcus (pCG) and the adjacent superior (SFG) 
and inferior frontal (IFG) gyri and into the anterior portion of the middle frontal gyrus (aMFG) of the right 
hemisphere. Bilateral foci of activation were observed in the anterior Insula (Ins). Moving medially, the frontal 
activation included the bilateral supplementary motor area (SMA). Subcortical activations included the bilateral 
hippocampus (HC), especially its caudal most part, as well as the cerebellum where large swaths of activations 
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were observed bilaterally in both the lateral cerebellum and the medial vermis. The anatomical location of local 
maxima52 in each of these brain regions is shown in Table 1.

Plots in Figs. 2, 3 and 4 show the percent signal change for each of the above-mentioned brain regions as a 
function of Memory Category (EAM and PE), Period (FP, NP, NF, FF), and Task Condition (C, NC). Statistical 
results from the 2 × 4 × 2 ANOVAs for each brain region are detailed in Table 2. After applying an FDR procedure 
to correct for multiple comparisons, the statistical results revealed that most of the investigated regions (bilateral 
EVC, FG, LG, RSC, HC, pCG, cerebellum, vermis, IFG, SMA, SFG, inf postCG, INS and right AG, IPS, aMFG) 
showed a significant Memory Category by Period interaction, indicating that the Period effect (NP and/or 
NF > FP and/or FF; p < 0.05) is selective (or more evident) for EAM (Figs. 2 and 3). Some of these regions (right 
IPS, SMA, aMFG, IFG, and SFG) also showed a significant Memory Category by Task Condition interaction, 
indicating that the effect of Task Condition (NC > C; p < 0.05) is selective for EAM (Fig. 3). Also the right ITG 
showed a significant Memory Category by Task Condition interaction, but it indicated a preference for PE as 
compared to EAM, but only for the compatible condition (p = 0.017). Finally, a different set of regions showed 
no significant interactions between factors, but only a main effect of Memory Category (PE > EAM; p < 0.05: in 
left MTG, CS, see Fig. 4A) or a main effect of Period (NF > FF; p < 0.05: in the left AG; Fig. 4B; see also Table 2) or 
both main effects (PE > EAM; p < 0.05 and NF > FF; p < 0.05 in the right pCu; Fig. 4C; see also Table 2). Although 
also the left IPS showed both Memory Category and Period main effects (Fig. 4C; see also Table 2), Bonferroni-
corrected post hocs did not reveal significant differences between levels of factor Period, but only a marginal 
significance preference for NF vs. FF (p = 0.077). No region showed significant Period by Task Condition or 
Memory Category by Period by Task Condition interactions. Only significant and FDR-corrected results were 
considered. Significant, but FDR-uncorrected, results are also reported in Table  2. See Table  2 for further 
information (F, p, and η2

p) about the statistical results.
Results from psychophysiological interaction analysis revealed a cluster of 11 connections among 6 ROIs 

which showed higher functional coupling for near than far EAMs (Table 3). In brief, HC-RH, FG-RH and LG-
LH showed stronger functional coupling with AG-RH and IPS-RH, whereas Cerebellum-LH showed higher 
functional coupling with HC-RH, AG-RH, IPS-RH, FG-RH and LG-LH.

Discussion
The present fMRI study was aimed at disclosing the neural network involved in mental travel across episodic 
autobiographical memories and, within this network, unveiling the role of temporal features of the events. To 
this aim, we used a spatiotemporal compatibility task, previously used to test the existence of a sagittal mental 
timeline in the domain of autobiographical memories. Recent evidence, indeed, suggests that specifically EAMs 
are affected by spatiotemporal interference, i.e., lower accuracy is observed in judging the order of EAMs when 
the response direction is not compatible with a sagittal mental timeline18. By asking participants to mentally 

Fig. 1.  Activation maps. Regions activated by the “omnibus” F-contrast (any condition > baseline), as 
highlighted using SPM12 (https://www.fil.ion.ucl.Ac.uk/spm), is shown. (A). Cortical activations are rendered 
over flatted representation of both left and right hemispheres of Conte69 surface-based atlas. (B) Subcortical 
activations are rendered on the coronal and transversal slices of the brain volume. Regions are labeled as 
followed: EVC early visual cortex, FG fusiform gyrus, LG lingual gyrus, RSC retrosplenial complex, ITG 
inferior temporal gyrus, MTG middle temporal gyrus, pCU dorsal precuneus, IPS intraparietal sulcus, AG 
angular gyrus, postCG postcentral sulcus, inf postCG inferior postcentral sulcus, CS central sulcus, pCG 
precentral sulcus, SFG superior frontal gyrus, aMFG anterior part of the middle frontal gyrus, IFG inferior 
frontal gyrus, Ins Insula, SMA supplementary motor area, HC hippocampus.
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travel across their own past and future personal (Episodic Autobiographical Memories; EAMs) and public events 
(PEs), we tested the brain networks supporting such a spatial organization.

We observed that a distributed network of cortical and subcortical regions is implicated in mental projection 
across past and future EAMs and PEs. This network, which includes bilateral clusters of activation in the 
occipital, parietal, temporal and frontal lobes, has been typically associated with remembering past events and 
imagining future events (for reviews, see53–55).

Some of these regions (EVC, LG, FG, RSC, IPS-RH, AG-RH, ITG, infpostCG, pCG, Ins, IFG, SFG, aMFG) 
showed a significant Memory Category by Period interaction, indicating that the effect of the time period (a 
different signal modulation as a function of the four periods, i.e., far past, near past, near future, far future) was 
selective, or particularly evident, for episodic autobiographical memories rather than for memories of public 
events.

A strong modulation as a function of time period during mental travel across autobiographical memories 
was observed in the occipital lobe, in correspondence of the early visual cortex (EVC). This activation, which is 
typically observed during tasks relying on EAM56–59, could be associated with the construction of a visual scene 
to support the recollection of autobiographic episodes60. Interestingly, EVC activation has been associated with 
visual mental imagery (see61,62 for reviews), and this ability to access the perceptual information from memory 
to recreate the visual scene is fundamental in the mental time travel along both EAMs and PEs.

Region Hemisphere

MNI 
coordinates

Volume (mm3)x y z

EVC LH −20 −85 4 45,448

RH 20 −82 6 47,360

LG LH −11 −75 −6 4552

RH 11 −71 −5 4656

FG LH −30 −68 −13 6176

RH 25 −71 −10 4128

RSC LH −8 −60 19 728

RH 10 −60 19 608

pCu RH 9 −72 53 1064

IPS LH −34 −56 47 14,792

RH 37 −54 47 12,232

AG LH −34 −72 44 1584

RH 36 −70 43 856

MTG LH −51 −46 8 463

ITG LH −50 −57 −14 2560

RH 58 −46 −13 819

postCG LH −47 −31 47 3984

inf postCG LH −61 −17 28 496

CS LH −42 −19 58 5600

pCG LH −42 −1 46 9304

RH 41 0 48 5520

Ins LH −35 22 3 3879

RH 37 24 1 3545

IFG LH −44 16 29 9360

RH 45 20 32 7392

SFG LH −28 2 56 3800

RH 29 5 57 5136

aMFG RH 39 44 23 1520

SMA LH −6 9 56 7248

RH 7 14 51 6792

HC LH −22 −29 −4 528

RH 22 −27 −3 442

Cerebellum LH −25 −70 −26 18,656

RH 24 −65 −27 22,912

Vermis LH −2 −65 −19 1328

RH 4 −66 −17 4216

Table 1.  MNI location and volume are shown for each region activated by the “omnibus” F-contrast. For labels 
see Fig. 1.
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Also, a series of ventromedial regions, including lingual, parahippocampal and retrosplenial areas, showed a 
modulation as a function of the personal timeline, but not or less evident for mental travel across public events. 
Such regions are known to be pivotal for autobiographical memory, being particularly involved in mapping 
events in their spatial and temporal context63, as well as in supporting the generation of spatially coherent scenes 
in service of both environmental navigation and episodic memory64–66. A very prominent modulation as a 
function of timeline was observed in the ventral part of the parieto-occipital sulcus, in correspondence of the 

Fig. 2.  Activation profile. Brain regions exhibiting a significant interaction between Memory Category (EAM 
and PE) and Period (FP, NP, NF, FF) are shown. For labels see Fig. 1.
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retrosplenial complex. This region exhibited an increase of activation for time periods close to the present (near 
past and near future) as compared to time periods that are far from the present (far past and far future), indicating 
a role in memorizing the temporal sequences of events. Beyond its role in spatial coding67–70, it has been recently 
proposed that the RSC might play a broader role in memory processing, since it represents both spatial and 
temporal information71–73. Specifically, it has been hypothesized that the RSC is critical for the establishment 
of the rich spatiotemporal contexts necessary for episodic memory (see74 for a recent review). Support to this 
view comes from a series of studies showing that the RSC is essential for encoding the temporal context of novel 

Fig. 4.  Activation profile. Brain regions exhibiting a main effect of (A) Memory Category (EAM and PE), (B) 
Period (FP, NP, NF, FF), and (C) both main effects are shown. For labels see Fig. 1.

 

Fig. 3.  Activation profile. Brain regions exhibiting a significant interaction between Memory Category (EAM 
and PE) and Task condition (C, NC) are shown. For labels see Fig. 1.
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items75 and that the glucose metabolism in RSC is typically associated with temporal disorientation among 
Alzheimer’s patients76.

A further region showing a selective modulation as a function of time during EAM was the hippocampus. 
This finding confirms the idea that hippocampal representations are flexible and generalize across domains 
of space and time to support memory77–80. Previous evidence suggests that the hippocampus encodes not 
only spatial but also temporal information: it contains “time cells”, i.e., neurons firing at specific timepoints81 
and supports the temporal organization of episodes82. A series of studies investigated the hippocampal role 
in organizing individual episodic memories by using naturalistic procedures, which allowed to automatically 
capture photographs from the participants’ lives through wearable cameras83–85. For example, Nielson and 
co-workers85 demonstrated that the (anterior) hippocampus represents the spatial and temporal location of 
memories for real-life events at scales of up to 30 km and a month of time, supporting the existence of a precise 
spatiotemporal organization for episodic autobiographical memories.

Besides a significant memory category by period interaction, a series of right-lateralized temporo-parieto-
frontal regions also showed a Memory category by Condition interaction, indicating that the compatibility effect 
(NC > N) was selective for EAM. The current findings suggest that cortical regions as the SMA, and the frontal 
gyrus (the anterior, inferior and superior divisions) are involved in the temporal ordering of autobiographical 

Memory category Period Condition
Memory category × 
period

Memory category × 
condition

Condition x 
period

Memory category 
× period × 
condition

Region Hem F 1,22 p η 2p F3,66 p η 2p F 1,22 p η 2p F3,66 p η 2p F 1,22 p η 2p F3,66 p η 2p F3,66 p η 2p

EVC LH 69.54 < 0.001 0.76 4.89 0.004 0.18 0.48 0.829 0.00 10.81 0.000 0.33 3.60 0.071 1.14 0.89 0.452 0.04 2.73 0.051 0.11

RH 62.62 < 0.001 0.74 4.31 0.008 0.16 0.10 0.754 0.01 9.07 0.000 0.29 4.80 0.039 0.18 0.62 0.605 0.03 2.15 0.102 0.09

LG LH 72.73 < 0.001 0.77 3.38 0.023 0.13 0.23 0.640 0.01 8.94 0.000 0.29 1.64 0.214 0.07 0.51 0.677 0.02 1.27 0.291 0.06

RH 52.22 < 0.001 0.71 3.46 0.021 0.14 0.55 0.467 0.02 10.32 0.000 0.32 3.64 0.069 0.14 0.64 0.590 0.03 2.15 0.103 0.09

FG LH 89.30 < 0.001 0.80 4.77 0.005 0.18 0.46 0.832 0.00 9.31 0.000 0.30 5.33 0.031 0.20 0.47 0.704 0.02 1.43 0.242 0.06

RH 70.76 < 0.001 0.76 4.73 0.005 0.18 0.26 0.613 0.01 13.32 0.000 0.38 6.17 0.021 0.22 0.10 0.961 0.00 0.97 0.411 0.04

RSC LH 3.01 0.097 0.12 26.70 0.000 0.55 0.06 0.815 0.00 3.88 0.013 0.15 0.50 0.488 0.02 1.68 0.180 0.07 3.03 0.036 0.12

RH 3.35 0.081 0.13 18.00 0.000 0.45 0.23 0.637 0.01 7.32 0.000 0.25 1.55 0.227 0.07 1.88 0.142 0.08 1.12 0.347 0.05

pCu RH 10.98 0.003 0.33 3.37 0.024 0.13 0.77 0.389 0.03 1.54 0.212 0.07 7.78 0.011 0.26 0.73 0.535 0.03 3.28 0.026 0.13

IPS LH 6.35 0.020 0.22 3.01 0.036 0.12 4.99 0.036 0.19 2.01 0.121 0.08 5.75 0.025 0.21 0.34 0.794 0.02 2.34 0.082 0.10

RH 10.50 0.004 0.32 1.93 0.134 0.08 2.13 0.159 0.09 4.18 0.009 0.16 12.51 0.002 0.36 0.15 0.929 0.01 2.35 0.080 0.10

AG LH 0.34 0.566 0.02 4.54 0.006 0.17 0.36 0.556 0.02 2.24 0.092 0.09 4.15 0.054 0.16 0.38 0.768 0.02 0.69 0.559 0.03

RH 8.42 0.008 0.28 4.32 0.008 0.16 0.01 0.913 0.00 3.66 0.017 0.14 6.29 0.020 0.22 0.64 0.593 0.03 1.34 0.269 0.06

MTG LH 7.89 0.010 0.26 1.46 0.233 0.06 0.05 0.823 0.00 2.61 0.059 0.11 0.11 0.745 0.01 0.68 0.565 0.03 0.09 0.967 0.00

ITG LH 12.65 0.002 0.37 1.21 0.314 0.05 0.08 0.775 0.04 5.65 0.002 0.20 4.30 0.050 0.16 0.20 0.894 0.01 0.20 0.896 0.01

RH 1.38 0.252 0.06 1.04 0.380 0.05 0.42 0.522 0.02 4.51 0.006 0.17 9.39 0.006 0.30 0.18 0.913 0.01 1.42 0.246 0.06

postCG LH 2.43 0.133 0.10 2.00 0.122 0.08 0.83 0.373 0.04 2.08 0.111 0.09 4.59 0.044 0.17 1.23 0.307 0.05 0.90 0.446 0.04

infpostCG LH 4.86 0.038 0.18 3.06 0.034 0.12 0.16 0.692 0.01 4.83 0.004 0.18 0.12 0.735 0.01 0.73 0.540 0.03 0.58 0.634 0.03

CS LH 7.69 0.011 0.26 1.88 0.142 0.08 0.14 0.717 0.01 2.60 0.060 0.11 1.86 0.187 0.08 2.98 0.038 0.12 3.24 0.028 0.13

pCG LH 6.82 0.016 0.24 7.03 0.000 0.24 2.72 0.113 0.11 5.85 0.001 0.21 4.26 0.051 0.16 0.26 0.857 0.01 1.54 0.213 0.07

RH 14.89 0.001 0.40 6.27 0.001 0.22 5.17 0.033 0.19 7.85 0.000 0.26 6.56 0.018 0.23 0.15 0.929 0.01 1.07 0.367 0.05

Ins LH 2.34 0.140 0.10 4.21 0.009 0.16 5.57 0.028 0.20 12.23 0.000 0.36 2.43 0.133 0.10 0.34 0.794 0.02 1.33 0.273 0.06

RH 3.35 0.081 0.13 4.24 0.008 0.16 5.47 0.029 0.20 10.74 0.000 0.33 5.59 0.027 0.20 0.55 0.651 0.02 2.02 0.120 0.08

IFG LH 1.03 0.321 0.05 10.07 0.000 0.31 5.35 0.031 0.20 5.44 0.002 0.20 4.29 0.050 0.16 0.42 0.740 0.02 1.45 0.236 0.06

RH 6.92 0.015 0.24 5.89 0.001 0.21 3.77 0.065 0.15 8.34 0.000 0.28 9.16 0.006 0.29 0.05 0.987 0.00 2.35 0.081 0.10

SFG LH 5.11 0.034 0.19 9.51 0.000 0.30 3.19 0.088 0.13 5.17 0.003 0.19 4.40 0.048 0.17 0.67 0.574 0.03 2.10 0.108 0.09

RH 12.04 0.002 0.35 7.44 0.000 0.25 2.37 0.138 0.10 5.95 0.001 0.21 12.74 0.002 0.37 0.12 0.948 0.01 2.05 0.115 0.09

aMFG RH 2.26 0.147 0.09 1.23 0.305 0.05 2.46 0.131 0.10 3.90 0.013 0.15 10.32 0.004 0.32 0.26 0.855 0.01 1.54 0.212 0.07

SMA LH 4.43 0.047 0.17 8.15 0.000 0.27 0.91 0.351 0.04 8.11 0.000 0.26 3.15 0.090 0.13 0.19 0.900 0.01 1.05 0.377 0.05

RH 9.52 0.005 0.30 8.25 0.000 0.27 4.36 0.049 0.17 10.06 0.000 0.13 9.72 0.005 0.31 0.20 0.898 0.01 1.60 0.198 0.07

HC LH 36.58 < 0.001 0.62 3.36 0.024 0.13 0.06 0.817 0.00 4.48 0.006 0.17 7.40 0.013 0.25 0.04 0.988 0.00 1.42 0.244 0.06

RH 40.83 < 0.001 0.65 6.56 0.001 0.23 0.33 0.574 0.02 6.08 0.001 0.22 6.15 0.021 0.22 0.73 0.541 0.03 0.65 0.587 0.03

Cer LH 10.98 0.003 0.33 1.23 0.305 0.05 1.33 0.262 0.06 5.13 0.003 0.19 6.06 0.220 0.22 0.19 0.903 0.01 0.41 0.745 0.18

RH 8.28 0.009 0.27 1.85 0.146 0.08 0.69 0.417 0.03 4.65 0.005 0.18 1.90 0.182 0.08 0.12 0.946 0.01 0.50 0.683 0.02

Vermis LH 15.81 < 0.001 0.42 3.18 0.030 0.13 0.54 0.472 0.02 4.23 0.009 0.16 0.85 0.367 0.04 0.75 0.527 0.03 1.07 0.368 0.05

RH 16.14 < 0.001 0.42 2.13 0.104 0.09 0.52 0.480 0.02 5.40 0.002 0.20 1.73 0.202 0.07 0.43 0.736 0.02 0.57 0.637 0.03

Table 2.  Statistical results from the 2x4x2 ANOVAs are detailed for each brain region. For labels see Fig. 1. 
Significant values are given in bold.
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memories. Such frontal regions have been previously implicated in mental time travel along lifetime periods23, 
and in projecting themselves to different time-points on the past and future along a spatialized temporal 
representation (i.e. the mental timeline)86. In particular, the stronger activation observed for events when the 
response was not compatible with the sagittal mental timeline might suggest a possible sensitivity to conflict 
detection, which is one of the functions ascribed to the supplementary motor area87–89. Notably, a network 
involving the SMA, the frontal gyrus and the IPS has been shown to be jointly activated by the processing 
of both temporal and spatial information, suggesting that these regions may constitute a common magnitude 
representation system allowing the integration of time and space in service of action90. Present findings that 
these regions appear to support a spatialized representation of the temporal organization of EAMs along a 
sagittal mental line are thus consistent with the proposal that such an organization may arise from sensorimotor 
experience related to walking in the physical space91,92.

Finally, here we further assessed context-dependent interactions supporting mental projection along EAMs, 
using psychophysiological interaction analysis. Results showed that the connectivity between a set of regions was 
overall increased for near as compared with far EAMs (see Table 3). In detail, the HC, LG and FG all showed higher 
functional coupling with parietal regions (AG and IPS). The left cerebellum was also more strongly coupled with 
parietal regions, the visual cortex and the HC, in the case of near EAMs. These findings are overall consistent both 
with evidence for shared mechanisms between processing of self-related events in the past and in the future4, 
and with that for shared phenomenological features between past and personal future events according to their 
temporal distance10. Both past and future episodic autobiographical events closer in time to the present moment 
contain more sensory details and yield to a stronger feeling of re-experiencing/pre-experiencing10. Our results 
suggest that this effect may be at least partially supported by specific context-dependent interactions between 
regions of the early visual cortex (LG, FG), the HC, and multimodal parietal regions (IPS, AG). Moreover, the 
activity of the former regions could be more strongly modulated by the cerebellum during near compared with far 
EAMs. The posterior cerebellum is functionally connected to different regions of the Autobiographical Memory 
(AM) network; Crus 1, which corresponds to the location highlighted in the present study, is coactivated with 
the medial temporal lobes, as well as with the early visual cortex and the parietal cortex during the retrieval 
of AMs, and it has been proposed to contribute to sequencing aspects of AMs93. Task-dependent connectivity 
between the HC and the lateral parietal cortex has also been observed in previous studies. Using intracranial 
electroencephalography, Das and Menod94 recently showed causal interactions between the HC and the AG 
during episodic memory recall. Task-dependent connectivity between the HC and posterior parietal regions has 
been further observed during EAM, with hippocampal connectivity with the AG being positively modulated 
during successful retrieval95. Finally, activation of the lingual and fusiform gyrus has been previously linked to 
autobiographical memory re-experiencing96, whereas lateral parietal regions such as the AG have been proposed 
to play a role in the mental construction of perceptually rich images and the representation of temporal contextual 
information97,98. One possibility is that increased functional coupling between these regions during the near 
condition may reflect the increased feeling of re-experiencing/pre-experiencing and the stronger presence of 
sensory detail, which are typically associated with events closer to the present time10. It is important, however, 
to point out that the degree of re-experiencing was not explicitly assessed in the present study. The AG is further 
activated by episodic spatial navigation tasks performed using an egocentric perspective18. Moreover, this 
region has been widely implicated in semantic cognition99, and, more recently, has been shown to be involved 
in supporting personal semantic information, including autobiographical facts and repeated events100. A further 
possibility is thus that the AG may be involved in supporting spatialized mental travel along the timeline of 
autobiographical knowledge. However, future studies are needed to directly test these possibilities.

In conclusion, although many studies investigated the cognitive processes involved in ordering past and 
future events in time, the neural network underlying these processes remains to be fully specified. In the current 
study we used a spatiotemporal interference task to unveil the brain areas involved in mental projection through 
EAMs. We observed that, although a distributed network of cortical and subcortical regions is implicated in 
mental projection across past and future independently from the memory category (personal - EAM or public 
- PE), a series of brain regions exhibit a neural modulation as a function of the time period, and a subset of 

TFCE T(22) p-unc p-FDR p-FWE

Cluster 1/1 29.2 0.000723 0.044083 0.032

Connection

FG-RH AG-RH 4.35 0.000258 0.096009

FG-RH IPS-RH 3.81 0.000962 0.104597

Cerebellum-LH AG-RH 2.71 0.012665 0.357236

LG-RH AG-RH 2.42 0.024086 0.410856

LG-RH IPS-RH 2.42 0.024338 0.410856

Cerebellum-LH HC-RH 2.02 0.05621 0.50951

Cerebellum-LH IPS-RH 1.92 0.068339 0.547252

HC-RH AG-RH 1.86 0.07564 0.577252

HC-RH IPS-RH 1.65 0.112871 0.625465

Cerebellum-LH FG-RH 1.55 0.136556 0.649192

Cerebellum-LH LG-LH 0.95 0.354262 0.792421

Table 3.  Results of the Psychophysiological interaction analysis are detailed. For labels see Fig. 1.
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them also as a function of the compatibility along the mental timeline, but selectively for EAM, indicating a 
role of these regions in the temporal sequencing of personal but not public events. Future studies are needed to 
further investigate, for example by using multivoxel pattern classification analyses, how temporal attributes of 
autobiographical memories are coded within brain regions supporting EAM and, whether these representations 
possibly undergo a dynamic remapping as time passes after the event.

Data availability
The datasets generated during the current study are available in the OSF repository, https://osf.io/fahzm/.
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