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Abstract
Objectives: the ability to Mental Time Travel (MTT) consists in moving along a cognitive and

spatially oriented representation of time, i.e., an ideal Mental Time Line, where past and future events
are respectively located on the left and on the right portion of such a line. A shift of spatial attention by
prismatic adaptation (PA) influences this spatial coding of time, thus affecting MTT. Here, we
investigated the neural correlates of such a spatial modulation on MTT in an fMRI protocol. Methods: to
study MTT ability, participants were asked to indicate if a series of events took place before or after
(Self-Reference component) an imagined self-location in time (Past, Present or Future; Self-Projection
component), where they had to project themselves. The MTT task was performed before and after PA
inducing a leftward shift of spatial attention, which is supposed to move towards the left portion of MTL,
where Past is represented. Results: Following PA, we observed a facilitation in responding to past as
compared to future events when participants projected themselves to the Past projection. As a
functional counterpart of this behavioral finding, we propose a model of the brain activity modulations

following the PA effects on MTT. Conclusions: as a result of the shift of spatial attention toward the left,
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the facilitation in having access to past events is associated with the inhibition of superior frontal gyrus
in the left hemisphere, whereas the facilitation in projecting towards the Past may result from the

activity modulation in right and left inferior parietal lobule.

Keywords: Mental Time Travel, prismatic adaptation, time perception, spatial attention,

functional MRI.
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Key points

Question: In this study for the first time in literature we investigated the neural bases
underpinning the effects of the deviation of spatial attention induced by prismatic adaptation (PA) while
performing a Mental Time Travel (MTT) task. Finding: Our results showed that PA affects the activations
of parietal and temporal areas bilaterally and of the left superior frontal gyrus. This network could
mediate the behavioral improvement we found at the MTT task in healthy populations. Importance: We
proposed a model of the functional modulation of the brain areas involved in attentional and temporal
processing. Thus, it could be useful to understand and predict selective cognitive deficits following
lesions in these brain areas. Next steps: Future research will focus on how the mechanisms underlying
PA effects are modified and mediate the rehabilitation of spatial and temporal deficits in neglect

patients.
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Spatial attention modulation of the brain network involved in Mental Time Travel

We constantly re-evoke previous experiences and anticipate future possibilities to appropriately
respond to stimuli in our environment. This ability is defined as Mental Time Travel (MTT), i.e., the
human capacity to relocate themselves into another temporally specified location, both to the past and
to the future (Dafni-Merom and Arzy, 2020; see also Addis et al., 2007; D’ Argembeau, 2020; Garcia-
Pelegrin et al., 2021; Schacter and Addis, 2007). It is widely accepted that moving to the past during MTT
requires episodic autobiographical memory, that is, the ability to re-experience personal past events,
whereas moving to the future requires “episodic future thinking”, that is, the ability to project oneself
forward to a potential future (Fellows and Farah, 2005; Buckner and Carroll, 2007; Gilbert and Wilson,
2007). The resulting capacity of reconstructing past events and anticipating possible scenarios also
depends on semantic memory, as the envisioned events need to be consistent with the general
knowledge of oneself and of the world (Suddendorf and Corballis, 2007).

In addition to these cognitive functions, it has been suggested that spatial representations shape
time processing. According to this hypothesis, we represent temporal events on a spatially oriented line.
Indeed, both temporal duration (short/long) and temporal concepts (before/after, past/future) can be
represented along the Mental Time Line (MTL), a spatial continuum with a left-to-right spatial order,
especially in western culture (Lakoff and Johnson, 1999; Oliveri et al., 2009; Bonato et al., 2012, 2016).
Coherently with this hypothesis, MTT would consist in travelling along such a mental line, where past
events are located on the left of future ones (Torralbo et al., 2006; Santiago et al., 2007; Arzy et al.,
2008, 20093, 2009b; Ouellet et al., 2010).

To better understand the mechanisms underlying MTT, Arzy and colleagues (2009b)
implemented a functional Magnetic Resonance Imaging (fMRI) paradigm in which participants were
asked to “project” themselves to past, present, or future moments in time (Self-Projection). Then, they

were required to determine whether a given event had already happened (relative past) or had yet to
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happen (relative future) with respect to the assumed specific Self-Projection in time (Self-Reference).
Assuming a different time perspective, that is, projecting ourselves into the future or into the past,
requires a cognitive effort that we pay in terms of accuracy and speed (“switching cost”): participants’
performances get worse in Past and Future than in present Self Projection (Arzy et al., 2008; Anelli et al.,
20164, 2016b; Gauthier et al., 2019; Ciaramelli et al., 2021a). When projecting oneself in time, humans
not only recall and predict events, but also change their mental perspective on life events. Thus, the
same events can be located differently in the past or in the future: for example, the last five years
events are future if we project ourselves back to ten years ago, or they are past events if seen from the
present time.

Moreover, it has been proposed that the spatial time representation is accessed through spatial
attention mechanisms (Bonato et al., 2012). In support of this hypothesis, the shift of visuo-spatial
attention induced by the prismatic adaptation (PA) technique (Rossetti et al., 1998; Rode et al., 2001;
Frassinetti et al., 2002; Pisella et al., 2006; Serino et al., 2007; Patané et al., 2016; Schintu et al., 2017)
has been demonstrated to affect MTT (Anelli et al., 2016b). During the PA procedure, participants are
asked to perform repetitive pointing movements toward a visual target while wearing a pair of goggles
with prismatic lenses, which laterally deviate the visual field. Once the prismatic lenses are removed, a
contralateral shift of the spatial attention is induced. Notably, Anelli and colleagues (2016b) revealed
that after PA inducing a leftward (rightward) shift of spatial attention, participants’ performance in the
MTT task improved for past (future) events as compared to before PA.

From a neuropsychological perspective, the effects of PA on MTT were further confirmed in a
recent study with neglect patients, who after right brain damage are unable to orient attention toward
stimuli presented or represented on the left side (Anelli et al., 2018; for reviews about the effects of PA
on neglect see also Redding and Wallace, 2006; Newport and Schenk, 2012; Rode et al., 2017; Anelli and

Frassinetti, 2019; Panico et al., 2020). After a single session of PA inducing a leftward shift of spatial
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attention, neglect patients improved in correctly locating events on the mental line (Anelli et al., 2018),
suggesting that temporo-parietal areas mediate not only visuospatial but also MTT-related processes.
Previous neuroimaging findings on healthy participants showed that a network involving similar areas is
active during MTT: the Self-Projection conditions activate the right anteromedial temporal lobe and
bilateral posterior parietal cortex, whereas the Self-Reference conditions activate the left inferior frontal
cortex, and insular and occipito-temporal cortices bilaterally (Arzy et al., 2009b, see also Gauthier et al.,
2016, 2019). Furthermore, the prefrontal cortex plays a special role in MTT, as it is specifically involved
in processing both future Self-Projection and future Self-Reference, as suggested by neuropsychological
studies (Ciaramelli et al., 2021a; Stendardi et al., 2021).

Since there is only behavioral evidence for the effect of spatial attention on MTT, a crucial point
needs to be addressed: which functional network mediates the effects of spatial attention on our ability
to mentally travel in time. To this aim, we presented healthy participants with a MTT task in a single
event fMRI protocol, before and after a session of PA. We hypothesized that PA shifting attention
toward the left would induce an advantage in accessing information regarding the past (Anelli et al.,
2016b).

At the neural level, we expected a fronto-tempo-parietal network to be involved in MTT. As far
as the effect of PA, we predicted a modulation of posterior parietal cortex and superior temporal lobe
activity, as suggested by literature on the visuospatial effects of PA (Koch et al., 2008; Luauté et al.,
2009; Magnani et al., 2014). Finally, since the frontal areas are involved in future processing, as
suggested by studies on MTT in brain damaged patients (Ciaramelli et al., 2021a), a decrease of

prefrontal activity is expected as a consequence of PA shifting attention toward the left.
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Materials and Methods

Participants

Thirty-eight right-handed (Oldfield, 1971) healthy volunteers, recruited among university
students (mean age 24.8, age 19-29; 23 females), took part in the fMRI study. To verify their eligibility to
MRI examination, participants were submitted to a clinical history questionnaire, according to the
University Hospital of Modena guidelines, in order to exclude the presence of ferro-magnetic clips,
implants, electrodes or devices on the body, and claustrophobia. Other exclusion criteria were: history
of neurologic or psychiatric disorders or brain trauma, alcohol or drugs abuse. The sample size was set
by means of a priori power analysis on G*Power 3 with a repeated measure ANOVA model, (effect size
f=0.25, a= 0.05, and power= 0.85). The sample size is also adequate for fMRI analysis according to
Friston’s study (2012). One participant was excluded from the analysis because of large head
movements during the scanning sessions. All participants gave their written informed consent to their
participation. The study was approved by the local ethics committee (Comitato Etico dell’Area Vasta
Emilia Nord - CE 134/2014/SPER/AOUMO) and was conducted in accordance with the ethical standards

of the Declaration of Helsinki (World Medical Association Declaration of Helsinki, 2013).

Procedure

Participants underwent an adapted version of the MTT task (Casadio et al. under review; Anelli
et al., 2016b), before and after a prismatic adaptation session (Session condition — Pre-PA vs Post-PA).
The MTT task was arranged in a jittered single event fMRI protocol. The entire set of stimuli was
presented before the experimental session, in order to avoid novelty effects and to let participants

familiarize with the stimuli.
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Two sessions of 72 trials each were presented. Each session was comprised of two MRI runs of 8
minutes each, thus a single session lasted 16 minutes. Taking into account the MRI preparation, the
average length of the post PA session, from the last trial of PA to the end of the MTT task, was mean
SEM 27 £ 0.5 minutes. This ensured that the entire post PA session was performed within the duration
of the PA after effects (30 minutes, as assessed by previous studies; Magnani, et al. 2014; see also
Terruzzi, et al. 2021). Each trial started with a warning cue, a blue screen lasting 500 ms, then
participants were asked to imagine themselves either in the Present or in the Past or in the Future - Self-
Projection condition — according to the instructions (either “today” or “ten years ago” or “in ten years”),
shown on the screen for the entire duration of the trial and pseudo-randomly alternated at each trial
(Fig. 1). Then, participants listened to a brief auditory cue (2000 ms), recorded with the same female
voice and presented through fMRI compatible headphones, describing either a personal (e.g. thirtieth
birthday) or a non-personal event (e.g. Milan Expo). Events were chosen and adapted, because of the
passing of time, from a validated list used in previous work (Anelli et al., 2016a, 2016b; Supplementary
Table S1 in the Supplementary materials). Finally, the participants had to classify the event as past or
future - Self-Reference condition - relatively to the adopted temporal self-location, responding as quickly
and precisely as possible at the end of each auditory cue, using their index or medium fingers on a two-
buttons keypad. To prevent the confounding effects of a possible motor facilitation due to the spatial
representation of time, half of the participants used the index finger to respond “past” and the middle
for “future”, the other half used the opposite association. Before the experimental task, participants
performed a brief practice session of six trials. The inter-stimulus intervals were pseudo-randomised
(range 0.5—-19.7s) using the make_random_timing.py script from the AFNI package
(https://afni.nimh.nih.gov/). Immediately after the PA procedure outside the scanner, participants
performed the same fMRI MTT protocol. At the beginning and at the end of each run, a fixation

condition (20s) was introduced, to record a baseline for the fMRI signal. Custom-made software
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developed in our laboratory (http://digilander.libero.it/marco_serafini/stimoli_video/) was used for stimuli
presentation and behavioral data collection. The same software was used to present the visual warning
cue and the instructions via the ESys System remote display.

At the end of the experiment, participants completed a questionnaire evaluating their
knowledge of the events by asking them to recollect when a given event happened in the past, or to
estimate when a given event is likely to happen in the future. We used this questionnaire to categorize
the trial responses of the MTT task for each participant as a function of his/her experience (e.g. in the
Present Self-Projection, the “graduation” event stimulus was past for some of the participants, but

future for others).

Prismatic adaptation procedure inducing leftward shift of spatial attention

Prismatic adaptation was performed outside the MRI scanner in an adjacent, quiet and separate
room, following the same procedure of previous studies investigating the effects of PA on time
perception (Magnani et al., 2013, 2014; Anelli et al., 2016b). It consisted in a pointing task towards a
visual stimulus (a pen) in three experimental conditions: pre-exposure to prismatic lenses, exposure and
post-exposure. The prismatic goggles induced a 10° rightward deviation of the visual field, and the visual
stimuli were presented either straight in front of the participants (0°, center), or 21° to the left or to the
right of the center. Participants had to point at the target with their right index finger, from a starting
point on their chest, as fast and precisely as possible. The pre-exposure condition was comprised of 60
trials, half of them were in a closed loop (visible pointing, 30 trials) pointing condition, as the
participants could see the trajectory of their movement, and half were in open loop (invisible pointing,
30 trials). In the exposure condition, participants had to point at the target while wearing the prismatic

lenses in closed loop condition (90 trials). Finally, in the post-exposure condition participants removed
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the goggles and performed the task again in an open loop condition (30 trials). The experimenter

recorded the end position of the subject’s pointing direction.

Control Experiment

Since participants underwent the MTT task twice in the fMRI Experiment, the behavioral
improvement found after PA could be due to spurious effects, such as familiarization or task repetition.
To rule out this possibility, we conducted a behavioural control experiment on a novel group of
participants performing the MTT task, before and after a sham condition.

Thirty-seven right-handed (Oldfield, 1971) healthy volunteers, comparable with our previous
sample for age, gender and educational level (mean age 22.9, range 19-27, 22 females), took part in the
Control Experiment, after giving their written informed consent. The procedure was identical to the one
adopted in the fMRI Experiment, except for the PA exposure, where a pair of goggles with neutral lenses
was used. Since these lenses do not induce any deviation of the visual field, they do not affect spatial
attention. Furthermore, the Control Experiment was conducted exclusively at the behavioral level as

participants did not undergo MRI scanning during the MTT task.

MRI data collection

MRI data were collected on a 3T GE Signa Architect system over two experimental sessions (Pre-
PA; Post-PA). Each session was comprised of two runs of 320 volumes and each run lasted 8 minutes, for
a total of 16 minutes per session; each functional volume had 46 3mme-thick slices (TR= 1500ms,
TE=30ms, voxel size 3x3x3mm). A high-resolution T1-weighted 3D anatomical image (TR=2184.9ms, TE=

3ms, 46 slices, 1x1x1mm) was recorded for each participant to allow anatomical localization.

Data analysis
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Since behavioral and beta values obtained from selected regions of interest (ROls) of functional
data were normally distributed in all conditions (all p>0.05 at Shapiro-Wilk test), ANOVAs were run and
effect size was indicated as partial eta squared (n%). When the interactions were significant, Duncan
post-hoc tests were conducted. Mean values and standard error means (SEM) were reported for each

condition.

Behavioral data

In order to obtain a combined, synthetic, and synoptic index, which provides precise information
about the performance, the inverse efficiency score (IES) was calculated as the ratio between mean
reaction time (RT) and proportion of correct answers: the higher the IES, the worse the performance.

To assess the participants’ MTT ability, a repeated measures ANOVA, with Self-Projection (Past,
Present, Future) and Self-Reference (past, future) as within-subject factors, was conducted on the IES
obtained in the Pre-PA session. To evaluate the effect of PA, we conducted a similar ANOVA on A IES,
the difference between the Pre-PA and Post-PA session: the higher A IES, the better the performance in

the Post-PA as compared to the Pre-PA session.

Functional data

Functional data were pre-processed and analyzed using MatLab (Mathworks, Inc) and SPM12
(Wellcome Department of Imaging Neuroscience). The following pre-processing steps were used: slice-
time, spatial realignment, normalization to MNI template and smoothing with 6mm full width Gaussian
filter. Single-subject statistical analysis was performed applying the General Linear Model (GLM), where
the time-series data were modeled as a series of events convolved with a canonical hemodynamic

response function. Regressors of interest were as many as the combinations of factors, i.e., the
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experimental conditions. Motor answer, errors and head-motion parameters (translations and
rotations) were entered as nuisance variables.
Each experimental condition was compared to the baseline and the other conditions and

individual contrast images were used for the whole brain random effect analysis.

Whole brain analysis. A full-factorial ANOVA with Session (Pre-PA, Post-PA), Self-Projection
(Past, Present, Future) and Self-Reference (past, future) as factors was conducted on single-subject
contrast images. In order to investigate the effects of PA on MTT ability, the following contrasts were
considered: Pre-PA>Post-PA; Post- PA>Pre-PA (Magnani et al. 2014).

A double statistical threshold (voxel-wise p<0.001 and spatial extent) was applied to obtain a
combined significance, corrected for multiple comparisons, of a>0.05, as computed by 3dClustSim AFNI
routine, using the “-acf” option. A family-wise error (FWE) correction was applied to the contrast Pre-

PA>Post-PA.

Regions of interest (ROI) analysis. We evaluated cortical activations in both the Pre-PA and
Post-PA sessions in several regions of interest (ROls, each as an 8 mm radius sphere), extracting betas
values with Marsbar (Brett et al., 2002). According to the literature, we selected:

e Dbilateral inferior parietal lobule (IPL, right x= 36, y=-52, z=59; left x=-42, y=-70, z= 41; extracted
from the Pre-PA vs Post-PA contrast); involved in mediating PA effects, spatial attention and spatial
representation of time (Pisella et al., 2006; Arzy et al., 2009b; Crottaz-Herbette et al., 2014;
Gauthier and van Wassenhove, 2016; Wilf et al., 2019; Panico et al., 2020);

e left superior frontal gyrus (SFG; x= -3, y= 56, z= 20; extracted from the Pre-PA vs Post-PA contrast),

involved in time modulation mechanisms as a consequence of PA (Magnani et al., 2014);
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e bilateral superior temporal gyrus (STG; right x= 45, y=-22, z= 5; left x= -45, y=-19, z= 2; extracted
from the Post-PA vs Pre-PA contrast), involved in prismatic adaptation mechanisms and spatial
attention (Karnath et al., 2001; Luauté et al., 2009; Panico et al., 2020).

Repeated measures ANOVAs were conducted on the beta values of the ROIs with Self-Projection
(Past, Present, Future) and Self-Reference (past, future) as within-subjects factors, separately for Pre-PA
session and Post-PA session. The same ANOVA was performed including factor Session to compare the
Pre-PA and Post-PA. All the coordinates are in the MNI space atlas.

Pearson’s correlation analyses were conducted between behavioral data (IES) and beta values.

Psycho-physiological interactions (PPI) analysis. The PPI analysis identifies brain regions whose
activity depends on an interaction between psychological context (the experimental conditions) and
physiological state (the time course of brain activity) of the seed region. Since recent findings suggest an
involvement of IPL in PA, spatial attention and spatial representation of time (Pisella et al., 2006; Arzy et
al., 2009b; Crottaz-Herbette et al., 2014; Gauthier and van Wassenhove, 2016; Wilf et al., 2019; Panico
et al., 2020) we used right and left IPL as seeds. For each participant, the signal from the peak voxel in
IPLs was extracted from the contrast past-events Past-projection>baseline. A 6-mm radius sphere was
built around the activity peak to define a volume of interest (VOI; MNI average coordinates: right IPL:
x=36.5, y=-52.1, z=51.4; left IPL: x= -36.9, y=-61.3, z=44.3). Each participant's data were re-modelled
with regressors for: the time-course in the seed region (physiological regressor); the experimental
condition (past-events Past-Projection>baseline; psychological regressor); the interaction between the
experimental condition and the region of interest activation signal (psychophysiological interaction). The
latter was chosen as the regressor of interest and the corresponding contrast images of the single-

subject PPl analyses were used for the random-effect analysis (one-sample t-test).
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Transparency and Openness

We report how we determined our sample size, all data exclusions, all manipulations, and all
measures in the study. All data and research materials will be made available by the authors, without
undue reservation. Data were analyzed using TIBCO Statistica™ software, version 14.0.1, and Jasp

software, version 0.17.1. This study’s design and its analysis were not pre-registered.

Results
We checked for possible differences between females and males both in the behavioural and in
the functional data: since we found no significant difference, we analyzed the data from all the

participants together.

Behavioral results
Pre-PA session

Analysis on IES revealed a significant main effect of Self-Projection (F,7,=72.72, p<0.001,
n%,=0.67), with all the conditions significantly different from each other (mean value Past = 4491 + 109,
Present = 3684 + 71, Future = 3907 % 73). The interaction Self-Projection*Self-Reference was significant
(F2,72=8.51, p<0.001, n?,=0.19; Supplementary Fig. S1). Post-hoc tests showed that performances for past
events were significantly better as compared to future events when participants were projected to the
Past (mean 4294 + 137 vs 4688 + 122, p<0.001). Furthermore, when participants were projected to the
Future, a significantly better performance was found for future as compared to past events (mean 3784
+ 76 vs 4031 + 107, p=0.04). In the Present projection, performance was comparable for past and future

events (mean 3562 + 82 vs 3806 + 101, p=0.05).

Pre-PA minus Post-PA sessions: effect of prismatic adaptation on the MTT task
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Analysis on A IES revealed a significant interaction of Self-Projection*Self-Reference (F,,7,=4.06,
p=0.02, n%,=0.10). Post-hoc tests showed that performance for past events was significantly better than
those for future events when participants were projected to the Past (mean 700 + 99 vs 355 + 134,
p=0.02), and for past events when participants were in the Present projection (375 * 58, p=0.03) (Fig. 2).
Thus, the interaction revealed an improvement in performance in the Post-PA session for past as
compared to future events when projected in the Past.

The main effects of Self-Projection (p=0.2) and Self-Reference (p=0.7) were not significant.

Prismatic adaptation (PA) effect

To verify the effect of PA (the error reduction of the initial pointing deviation in the exposure
phase), a series of linear mixed effects models were conducted using the software Jasp (version 0.17.1)
on the mean pointing deviation from the target, expressed in angle degrees, and the participants’
random intercept; the trial number (1-30) was added in the model as fixed ordinal variable. To test
whether the inclusion of the fixed independent variable trial number increased the model’s goodness of
fit, likelihood ratio tests (LRT) were conducted. A by-subject random intercept was also added to
account for inter-subject variability in the adaptation procedure (Albini, et al., 2022). In the final model
on the PA procedure, taking the trial number as fixed effect, we found a significant effect of the trial
number (x%z9 = 1300.87, p<0.001), with decreasing deviations from the target, along the PA (see
Supplementary Fig. S2).

In order to verify the after-effect of PA, we compared the participants' displacement in the open
loop (invisible) pointing in the Post-PA (last 30 trials) and Pre-PA conditions (half of the 60 trials in pre-
exposure condition). A paired-samples t-test (two tailed) was conducted to compare the two conditions.

A significant (t(36)=24.22; p<0.001) leftward deviation in the post-exposure was found as compared to
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the pre-exposure condition (-6.1° £ 0.2 vs -0.5° £ 0.1; Supplementary Fig. S3), as evidence of the PA

procedure efficacy.

Control experiment

The ANOVA on A IES (Pre-PA minus Post-PA sessions) did not reveal any significant main effect
of factors (Self-Projection p=0.2; Self-Reference p=0.4) nor interaction (p=0.7). These results suggested
that a repetition or familiarization with the task per se could not explain the effects found in the fMRI

experiment.

Functional results
Whole brain analysis: Pre-PA>Post-PA

In the Pre-PA as compared to Post-PA session, a widespread network was activated involving,
among others, right parahippocampal gyrus and postcentral gyrus, and bilateral posterior parietal
Cortex (the IPLs, angular and supramarginal gyri), precuneus, occipital cortex, cerebellum, basal ganglia,

inferior, middle and superior frontal gyri (Fig. 3A; Supplementary Table S2).

ROI analyses in Pre-PA session

Right IPL showed a significant main effect of Self-Projection (F,7,=4.09; p=0.02, n?,=0.11), with a
higher activation for the Future as compared to the Present projection (Fig. 3B). Interestingly, the beta
values negatively correlated with IES in the Future projection (r=-0.3, p=0.03), indicating that the higher
the right IPL activation, the lower the IES, i.e. the better the performance.

Left STG showed a significant main effect of Self-Reference (F136=7.45, p<0.01, n%=0.17) with a

higher activation for past as compared to future events.
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Finally, analysis on left SFG revealed a significant main effect of Self-Reference (F13s=7.59,
p<0.01, n%=0.17) with a positive activation for future events and a signal decrease for past ones (Fig.
3B).

Right STG and left IPL did not show any significant main effect (p>0.1 and p>0.2, respectively).

These results on the MTT task related activity (before PA) indicate that right IPL is more
activated when participants were imagining themselves in the Future, whereas left STG and left SFG are
involved in the Self-Reference component of MTT when participants responded to past and to future

events, respectively.

Whole brain analysis: Post-PA>Pre-PA contrast

The analysis showed bilateral activation in STG underlies the PA effect (Fig. 4A; Table 1).

ROI analyses in Post-PA session

Right IPL did not show any significant main effect (all ps >0.07), indicating that this area was
engaged during the MTT task, regardless of any experimental condition. However, beta values of right
IPL negatively correlated with the participants’ performance (IES) for future events when they were
projected to the Past (r=-0.3, p=0.05): the lower the right IPL activation, the worse the performance.

In the left hemisphere, IPL showed a significant main effect of Self-Projection (F2,72=5.39; p<0.01,
n%.=0.13) with a positive and higher activation in Past projection as compared to Present and Future
projections (Fig. 4B).

Moreover, analysis on left SFG showed significant main effects of Self-Projection (F;,7,=4.93,
p<0.01, n%=0.12), with a greater reduction of activation for Past as compared to Future projection, and
of Self-Reference (F1,36=7.77, p<0.01, n%=0.18), showing negative beta values for both past and future

events, with a greater reduction for past as compared to future events (Fig. 4B). The Self-
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Projection*Self-Reference interaction (F2,7,=4.63, p=0.01, n%=0.11) was also significant. Post-hoc
analysis revealed a lower activation for past than for future events, when participants were projected
both in the Future and in the Present (both p<0.05). Moreover, SFG displayed a significantly lower
activation for future events in the Past projection as compared to future events in the Present and
Future projections (both p<0.01).

The analysis on temporal regions in Post-PA indicated a significant main effects of Self-
Projection (F,,72=3.67, p<0.05, n%,=0.09) in left STG, with a higher activation in the Present as compared
to Future projection, as well as a significant main effect of Self-Reference (F1,36=5.87, p=0.02, n%,=0.14)
with a higher activation for past as compared to future events (Fig. 4B). On the contrary, in the right

hemisphere, right STG did not show any significant effect (p>0.05).

Overall, these results showed that during Post-PA the right IPL is generally involved in the MTT
task, the left IPL is more activated when participants projected to the Past, while the left SFG was less

activated for future events.

ROI analyses with Session (Pre-PA, Post-PA) as factor

A significant main effect of Session was found in right IPL (F136=25.68, p<0.001, n?,=0.42) and left
IPL (F13=28.69; p<0.001, n%,=0.44) in the ANOVAs conducted with Session (Pre-PA, Post-PA), Self-
Projection (Past, Present, Future) and Self-Reference (past, future) as within-subjects factors. Both these
areas showed a reduced activation in the Post-PA session (Fig. 5). Results from the analyses of the rest of

the ROIs are reported Supplementary materials.

PPI analyses
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Considering that the effect of PA at behavioral level was limited to past events in Past projection,
we conducted PPI analyses evaluating the interaction of this condition with the BOLD signal in the right
and left IPL.

Right IPL Post-PA did not show any significant positive correlation, whereas the connectivity
decreased bilaterally with superior and middle temporal gyri, occipital cortices, insula, inferior and middle
frontal gyri and parietal cortices, comprising superior parietal lobule, angular gyrus and precuneus
(Supplementary Table S3).

Left IPL Post-PA showed a significant positive correlation with left superior frontal gyrus
(Supplementary Table S4), whereas the connectivity decreased bilaterally with superior and middle
temporal gyri, occipital cortices, inferior and middle frontal gyri and right inferior and superior parietal
lobules, comprising precuneus and angular gyrus, and supplementary motor area (Supplementary Table

S5; see also Fig. S3).

Discussion

In a single event fMRI protocol, we studied the neural activations during a MTT task before and
after a single session of PA inducing a leftward shift of spatial attention. As a consequence of the
manipulation of spatial attention, when participants were projected to the Past, the performance for
past events improved, and concurrently a modulation of brain activity in the fronto-temporo-parietal
network involved in the MTT task was observed. Specifically, bilateral IPL and left SFG reduced their
activation, while bilateral STG increased its activation.

Consistent with behavioral studies, performance before PA worsened when participants were
projected to a time location different from the Present. When participants are asked to imagine
themselves in a specific time location (Past, Present or Future), they adopt a first person (egocentric)

perspective. Once a given temporal location has been adopted, moving to a different location is
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achieved by paying a switching cost in re-mapping their location on the MTL. Hence, this results in a cost
on the MTT performance in terms of accuracy and speed (Arzy et al., 2009b; Anelli et al., 2016b;
Gauthier and van Wassenhove, 2016).

Beyond this overall effect, participants’ performance worsened in judging future events in the
Past projection, and in judging past events in the Future projection. Such effects, here reported for the
first time, could be due to an incompatibility between the Self-Projection and Self-Reference temporal
directions. Indeed, when these conditions are opposed, a further cognitive effort would be required, not
only to imagine oneself in different time locations, but also to orient oneself towards an opposite time
direction. This effort may result in higher switching costs occurring when we refer to two different
temporal frames.

More interestingly, in the Post-PA session, we found an improvement in responding to past as
compared to future events when participants projected themselves to the Past. The same facilitation
was also found when comparing past events in Past and Present projection. We interpreted the
improvement toward the Past as a selective effect of the leftwards shift of spatial attention induced by
PA. This evidence is consistent with the well-known spatial representation of time (Bonato et al., 2012;
Magnani et al., 2014, 2021; Anelli et al., 2015, 2016b; Candini et al., 2022). Further support for the
interpretation of visuospatial modulations of PA on MTT comes from the finding that exposure to
neutral lenses did not change participants’ performance (Control Experiment). Compared to the
“canonical” prismatic deviating lenses, the neutral goggles do not deviate the visual field. Therefore, the
Control Experiment excludes the possibility that the results from the fMRI experiment could be simply
explained by spurious effects due to familiarization or task repetition.

On the functional point of view, a widespread bilateral network was activated during the
execution of the MTT task before prism exposure, including fronto-parietal areas, parahippocampal

cortices, occipital cortices, basal ganglia and cerebellum. Focusing on the regions of interest (ROls),
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before PA right and left inferior parietal lobules (IPL) were both recruited: the right IPL was activated in
the Future projection, whereas the left IPL was activated during the task irrespectively of conditions.
These results are in line with Arzy et al. (2009b), who showed that the BOLD signal changed bilaterally in
the posterior parietal cortex (PPC) in Self-Projection conditions, arguing that PPC is implicated in both
episodic thinking and spatial representation, thus mediating visual imagery during self- and space-
related tasks. Using a different paradigm of MTT and a spatial navigation task, Gauthier and
vanWassenhove (2016) found a specific activation of a small region of right IPL (BA 39) both in temporal
and spatial Self-Projection. Thus, the authors suggested that this sub-region mediates egocentric
mapping, required to mentally travel in time and in space.

Furthermore, the Pre-PA ROl analyses revealed the recruitment of left superior temporal gyrus
(STG) and left superior frontal gyrus (SFG), especially for the Self-Reference condition. Notably, left STG
showed a higher activation when participants classified past events compared to future events,
suggesting that this area is involved in accessing past information. In agreement with this view, several
studies showed that the left STG (and particularly BA 22) is recruited to successfully recall names
(Yagishita et al., 2008) or images (Wu et al., 2020), disclosing its role in memory-related processing. On
the other hand, when participants classified future compared to past events, the left superior frontal
gyrus (SFG) activation increased. Previous research has suggested that frontal areas play a pivotal role in
anticipating future occurrences and decision-making related to the future (Ciaramelli and Di Pellegrino,
2011; Ciaramelli et al., 2021b). In addition, as argued by Arzy at al. (2009b), the frontal lobe is recruited
in the future Self-Reference component of MTT “when transposing one’s reference point from self to
other, from here to there, and from now to then” (Arzy et al., 2009b). Our results fit nicely with this view,
suggesting that the activity of the left SFG facilitates the processing of future events, regardless of the
temporal projection (Anelli et al., 2016b). Alternatively, Gauthier and vanWassenhove (2016) proposed

that such a frontal region mediates temporal and spatial ordering of memories. Since these two views
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do not exclude each other, here we hypothesize that SFG is required to give a temporal/spatial order to
future events. Summarizing, we suggest that right IPL is involved in the Future projection, whereas both
left STG and left SFG are involved in Self-Reference, with a complementary role in judging past and
future events, regardless of the projection in time.

Looking at the PA modulations on the MTT-related network, in the Post-PA session we observed
changes in bilateral IPL and left SFG activity, as well as a selective enhancement of activation in bilateral
STG. Then, focusing on the changes induced by PA on parietal regions, ROl analyses showed reduced
activity in both left IPL and right IPL. However, the reduction of the left IPL activity was less evident
when participants were asked to project themselves to the Past (Self-Projection), suggesting a spared
activation of this for Past projection. Thus, we can speculate that such spared activity may reflect the
behavioral improvement following PA found in projecting to the Past. Interestingly, the BOLD signal of
right IPL correlated with participants’ performance: the lower the activity of right IPL, the worse the
performance for future events when participants were projected to the Past. Here, we can speculate
that this pattern of functional activity in right IPL may indirectly facilitate the access to past events in
Past projection, coherently with the behavioral improvement for past, as compared to future events, in
the same projection. Overall, this parietal modulation could explain the unbalanced spatial attention
towards the past (left of MTL) as a result of PA. In addition, this pattern is in line with an fMRI study by
Crottaz-Herbette et al. (2014) showing that a brief exposure to PA induced a bilateral decrease of
activation in IPLs when participants performed visuo-spatial and working memory tasks.

When looking at the prefrontal cortex, ROl analysis showed that in Post-PA session the
activation of left SFG was overall reduced. More specifically, left SFG showed a greater reduction of the
BOLD signal when participants were projected to the Past than to the Future, and a reduced activation
when judging future events, confirming previous neuropsychological evidence of a prefrontal

involvement in Future Self-Projection and Future Self-Reference (Ciaramelli et al., 2021a; Stendardi et
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al., 2021). For instance, Ciaramelli and colleagues (2021a) demonstrated that patients with prefrontal
injuries were impaired both in projecting themselves to the Future and in judging future events. This
deficit was interpreted as an inability to construct future representations in both components of MTT. In
light of this view, we can speculate that the decrease of activation in left SFG due to the PA exposure
may resemble the future oriented MTT deficit found in patients with prefrontal damage.

Superior temporal regions were also modulated by the exposure to prismatic lenses, with an
enhancement of the BOLD signal in bilateral STG in the Post-PA session. Furthermore, ROI analysis
indicated that the right STG increased activity was not related to any MTT condition, thus suggesting a
role of STG in maintaining the effects induced by the prism exposure. This hypothesis is in line with
results obtained by Luauté et al. (2009) in healthy participants, and by Karnath and colleagues (2001) on
patients with neglect as well as in transcranial magnetic stimulation (TMS) studies on healthy
participants (Shah-Basak et al., 2018). Considering the involvement in MTT, the ROl analysis on left STG
confirmed the engagement of this area in the Self-Reference for past compared to future events, not
only in Pre but also in Post PA.

Psycho-physiological interaction (PPI) results showed that left and right IPLs were negatively
correlated with left and right STGs after PA, as the activation of both IPLs decreased, the activation of
both STGs increased. Coherently with our results, Schintu et al. (2020) found that the resting state
functional connectivity (RSFC) was reduced between PPCs and STGs bilaterally after PA. Furthermore,
Wilf et al. (2019) showed a reduced connectivity of left IPL with right superior temporal regions
following a leftward shift of attention induced by PA. The authors claimed that the decoupling between
these areas could be the initial core where the attentional bias towards the left side of space takes
place. Interestingly, we also found the activity of left IPL positively correlated with left SFG after PA,

suggesting another possible pathway of spatial attention modulation on MTT.
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Based on our results and on the previous literature, we suggest an anatomo-functional model
that should explain the effects of PA on MTT (Fig. 6). A leftward shift of spatial attention following PA
induces, at behavioral level, a facilitation of Past Projection and past events and, at neural level, an
effect on both IPLs. This, in turn, activates both STGs and inhibits left SFG. More specifically, we propose
that the facilitation of Past Projection may be linked to the bilateral modulation of IPLs activity, while
the facilitation of past events is mediated by the inhibition of left SFG and by the increased activation of
left STG. Finally, the right STG maintains the PA effects.

In conclusion, our findings and the proposed model shed light on the functional role of the brain
areas mediating the effects of spatial attention on our ability to project ourselves in time and to judge
whether some events already happened or are expected to happen in the future. Moreover, our results
have important implications to further understand the mechanisms underlying the improvement of the
neglect deficits following PA, where patients’ impairments may concern not only spatial but also a
temporal domain. Overall, these findings support the hypothesis of a spatial representation of the
subjective timeline. Further work is needed to explore whether such findings following the manipulation
of spatial attention on MTT could be also framed within different theoretical models, taking into account
other factors mediating the association between time and space.

Before concluding, it is worth noticing some limitations of our study. Firstly, we did not control
for the rightward shift of spatial attention. We selected the leftward attentional shift as our focus, given
our primary aim to identify the brain structures underpinning the PA effects on MTT in the healthy
population as a preliminary step, with the aim to build an anatomo-functional model that will be also
tested in patients with left neglect. Nevertheless, further research is necessary to assess the effects on
MTT and their neural substrates of the rightward shift of spatial attention in the healthy population and
in neuropsychological patients. Another limitation of the present study consists in not considering

personal or non-personal categorization of the events as factors in the analyses. Since this is a relevant
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component in MTT ability, future studies will address this issue investigating the effects of PA on personal
and non-personal events. Moreover, we only tested young participants because different age groups may
adopt different temporal perspectives when making judgments about the events used in the MTT task.
Further research on older adults will be necessary to clarify how aging affects the ability to MTT and its
associated functional correlates. Lastly, we would like to point out that this study was conducted with a
limited sample of Western participants. Previous research has shown that the representation of time can
be influenced by culture, and different effects of PA on MTT have been observed in individuals from
diverse cultural backgrounds, particularly those with distinct reading and writing systems (Anelli et al.
2018). Future research involving a larger sample, including participants from different cultural
backgrounds, will be essential for a comprehensive model of the MTT-related neural correlates and their

modulation after shift of attention.
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Table 1

Activations in Post-PA>Pre-PA contrast.

Anatomical region BA side K Ze Spatial
coordinates (MNI)
X y z
Superior Temporal Gyri 41, 22 r 125 5.50 45 | -22 5
3.61 51 | -31 11
I 111 4.47 -45 | -19 2
4.26 -42 | -25 11
4.06 -39 | -34 8

Note: Areas of increased signal for the Post-PA>Pre-PA contrast (cluster size k>109, corrected at a<0.05).
BA = Broadman Area, r=right, I= left.
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Figure 1

Example of a single trial
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Self-Projection instructions

TODAY TEN YEARSAGO IN TEN YEARS
PAST FUTURE PAST FUTURE PAST FUTURE
@) @) (@) o @) @)
Warning signal 1
500 ms
TODAY

X

' ~| OBAMA'S ELECTION

PAST FUTURE K'
Auditory cue
O o 2s
Till the end

RESPONSE

Figure 1: The temporal sequence of a single trial in the MTT task with an example of the three possible
Self-Projections (past, present, future).
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Figure 2

Behavioral results of the Main Experiment

A IES

4000

3000

2000

1000

-1000

-2000

-3000

Main Experiment

past

Past

00 ® AaNEED @0 o

L3

future

past

future

Present

past

future

Future

36



PRISM EFFECTS ON MENTAL TIME TRAVEL NETWORK

Main Experiment
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Figure 2: The Self-Projection*Self-Reference interaction on delta Inverse Efficiency Score (A IES). A IES
values were calculated subtracting IES for Post-PA from IES for Pre-PA. The higher the A IES values, the
better the performance after PA. Dark and light colors indicate past and future Self-Reference
respectively. Asterisks indicate significant differences (p<0.05).
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Figure 3

Pre-PA session functional results
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Figure 3: (A — left) Activations in Pre-PA>Post-PA contrast p<0.05 FWE corrected k>0, displaying only
clusters >10. (B - right) Bar plots represent ROl analyses results as a function of MTT conditions (Self-
Reference in green and Self-Projection in red). Error bars depict standard errors of the mean (SEM).

Asterisks indicate significant differences (p<0.05).
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Figure 4

Post-PA session functional results
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Figure 4: (A - left) Activations in Post-PA>Pre-PA and Reduction of activation (yellow blobs) in Post-
PA<Pre-PA contrast cluster size k>109, corrected at a<0.05 (blue blobs). (B - right) Bar plots represent
ROI analyses results in the Post-PA session as a function of MTT conditions (Self-Reference in green and
Self-Projection in red). Error bars depict standard errors of the mean (SEM). Asterisks indicate significant
differences (p<0.05).
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Figure 5
ROI analyses results
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Figure 5: Session main effect in ROl analyses. Error bars depict standard errors of the mean (SEM).
Asterisks indicate significant differences (p<0.05).
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Figure 6

Anatomo-functional model
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Figure 6: Model of PA effects on an attentional network during MTT when judging past events in Past
projection. IPL= Inferior Parietal Lobule, STG= Superior Temporal Gyrus, SFG= Superior Frontal Gyrus.
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Boxes represent the results of the GLM analysis: POST>PRE = brain areas showing increased activation in

the post PA session compared to the pre PA (in light blue). POST<PRE = brain areas showing increased
activation in the pre PA session compared to the post PA (in yellow). Arrows indicate the results of the
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psycho-physiological interactions analysis: dotted arrows (in red) indicate a negative PPI; solid arrow (in
blue) indicates a positive PPI.



