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Abstract
Forming narratives are of key importance to human experience, as it allows one to render large portions
of information into relatively compacted stories for future retrieval, and give meaning to otherwise
fragmented occurrences. The neural mechanisms that underlie coherent narrative construction of
causally-connected information over prolonged temporal periods are yet unclear. Participants in this fMRI
study observed consecutive scenes from a full-length movie either in their original order, enabling causal
inferences over time, or in reversed order, impeding the formation of coherent narratives. In between
scenes, we presented short periods of blank screens for analysis of post-encoding processing. Using
multivariate pattern analysis (MVPA) and inter-subject correlations, we aimed at exploring functional
connections among brain networks that take part in enabling coherent narrative construction. We
detected two separate networks that discerned between coherent and incoherent narrative conditions: a
network associated with information processing, consisting of primary and high-order association
cortices that showed increased functional connectivity among themselves, as well as a distributed fronto-
parietal network. In addition, hippocampal activation was found to correlate with portions of the visual
processing hierarchy in a time dependent manner, parallel to the unfolding of the narrative. We suggest
that with the unfolding over time of causal relationships among presented scenes, top-down modulation
of posterior association cortices and frontoparietal networks enables the integration and binding of
incoming and previously acquired information to form coherent and concise narratives.

Introduction
By forming narratives, humans are able to bind large amounts of discrete events into meaningful
representations. The ability to produce narratives is pivotal to one’s sense of personal and cultural
identity, as well as to the creation and construction of memories 1,2. A key de�ning feature of narrative is
causation 3. In "Poetics", Aristotle emphasized the importance of coherence in narrative, which results
from logical, causal connections between occurrences 4. Accordingly, literary accounts de�ne narrative as
a series of actions and events that unfold over time according to causal principles 5. For a coherent
narrative to form, events must occur in a logical order, wherein actions and episodes that lead to other
events must take temporal precedence given the con�ation of logical (if x then y), causal (because x then
y), and temporal priority (�rst x then y) 5,6.

Neural correlates of causal inferences have typically been studied in short time scales. For example,
generating inferences during the reading of short texts correlated with activation in superior temporal
gyrus 7, and regions in prefrontal cortex ascribed to retrieval and working memory were found to mediate
processes essential to causal inferences during narrative comprehension 8,9. Narrative construction of
naturalistic events often necessitates, however, causal inferences in the range of several minutes and
beyond. Here we manipulated causality on the time scale of several minutes, aiming to delineate neural
networks that support coherent narrative construction with causal connections over prolonged time
scales.
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Narrative formation is essential to the representation of past events, a notion dating back to Pierre Janet
(1859–1947), who posited two parallel processes that co-occur during narrative construction. Speci�cally,
ongoing events are perceived and encoded online, and in parallel, the meaning of what had happened -
the narrative - is generated 10. Accordingly, we expect that narrative formation would instigate (1) an
online process of perceiving the continuous stream of information, and (2) a parallel process of
integrating incoming information with recently accumulated narrative information according to causal
inferences.

In recent years, narratives were used as a tool to study various cognitive processes involved in story
comprehension, such as event segmentation 11–15 and narrative shifts 16. Studies focusing on the
understanding of narratives differentiated between brain networks processing short segments of
information versus full narratives 17,18. Particular emphasis was devoted to the default mode network
(DMN), which appears to display unique activation patterns, depending on the high-level meaning of
conveyed scenes, rather than on their physical attributes 18–20. Taken together, these studies identi�ed
brain regions that correlate with the outcome of narrative formation. However, the process of narrative
formation, i.e., how discrete units of information, processed by distributed brain regions, are bound
together through causal relationships across prolonged time scales to form a cohesive meaning is yet
unclear.

To explore behavioral and neural correlates of narrative formation, we presented participants with 22
scenes from the classic �lm ‘Bicycle Thieves’ (Vittorio de Sica, 1948) that was edited in a way that
preserved the central plot. The scenes were presented either in their correct order, meeting the
requirements of the de�nition of narrative, or in reverse order, breaking temporal causation between
events and impeding the formation of a coherent narrative 6. As events that unfold over time and require
binding of information are hypothesized to be processed not only during the event, but also upon event
offset 21, we introduced short blank epochs between successive movie scenes, aiming to shed light on
processes of narrative formation that may occur during those periods.

Since one of the de�ning features of an unfolding narrative is the temporal evolution of its plot, we
applied an analysis strategy that considers dynamic time-courses (functional connectivity), rather than
univariate approaches of average signal strength, which are blind to temporal changes. We applied a
multi-voxel pattern analysis (MVPA) approach, under the assumption that patterns of inter-brain
connectivity measures, rather than average activation strength, would discern mental states associates
with coherent vs. incoherent narrative conditions. We used a whole-brain multi-variate pattern analysis of
functional connectivity measurements followed by inter-subject correlations (ISC) and seed-based
connectivity analysis (SAC) based on the ROIs that were delineated by the MVPA, as well as on prede�ned
anatomical delineation of the hippocampus, during scene presentation and inter-scene ('blank') periods
and across time. The analysis yielded a set of regions that differed between the groups albeit their
exposure to similar audio-visual input. We demonstrate that the presentation of scenes in coherent vs.
incoherent order engages two key networks; one that processes and interprets the continuous stream of
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events, and a second network that integrates complex relations and contextual information to represent
the global narrative across prolonged time scales.

Results

Reversing scene order impeded the formation of a coherent
narrative
Participants were scanned in an fMRI environment while viewing movie scenes that were presented either
in their chronological order (coherent group) or in reversed order (incoherent group), thus comprising or
omitting a fundamental feature of narrative coherence, i.e., the causal connection between events
(Fig. 1A). As indicated by their self-reports, the bulk of participants in the incoherent narrative group
indeed noticed that the scenes were out of order. Nevertheless, their narrative understanding, as derived
from their written description of the story, did not meet the prede�ned criteria for plot comprehension.
Thus, only 33 percent of the participants in the incoherent group correctly described the fundamental
components of the plot, which included the main characters, the main protagonist’s goal, and the main
dramatic development in terms of causality, compared to 83 percent of the coherent narrative group
(Fig. 1B). The lack of coherent understanding was also supported by the participants’ responses to a
question about the causal connection between two dramatically loaded successive scenes. These two
scenes were presented in the middle of the movie, perceived in both groups at a similar time interval after
the experiment’s onset. Seventy-eight percent of the coherent narrative group correctly understood the
causal connection between the restaurant scene (where the father treats the kid to a fancy meal) and an
aversive event portrayed in the previous scene (the father slaps the kid in anger), compared to only 5.5
percent of the incoherent narrative group (see Fig. 1B). Nonetheless, although the incoherent group did
not –according to their subjective reports –succeed to form a correct and coherent narrative, the vast
majority of them (82 percent) sensed that they understood the story, that is, they a subjective feeling of
following or constructing a story. Notably, neither the affect that was evoked during the movie (as rated in
the post-movie questionnaire) nor the willingness to participate in future follow-up research (high
willingness) differed between the groups. Moreover, pupil dilation in both groups was shown to
synchronize with scene onsets and offsets, indicating engagement of both groups throughout the
experiment (Figure S1).

Differential functional connectivity patterns between
coherent and incoherent groups
We performed multivariate pattern analysis (MVPA) to illuminate brain areas with differentiable
functional connectivity measures during coherent vs. incoherent conditions. The analysis was performed
separately for the 'movie' and inter-movie’ (blank) periods. During the movie periods, the between-group
MVPA comparison yielded differences in the supra-calcarine (4–86 10) and cerebellum crus 2 (-32 -74
-38) (p < 0.005, cluster-size p-FDR corrected-p < 0.05). The same analysis for the blank periods yielded
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differences in the supra-calcarine (MNI x,y,z peak coordinates 4–88 12), cerebellum crus-2 (38 22 − 2),
supra-marginal gyrus (56 − 42 26), left putamen (-28 -10 8), cingulate gyrus (-10 -4 38), lingual gyrus (-30
-54 20), fusiform (28–74 -8), Mid FG (-30 0 62) (see Fig. 2).

Table 1
Regions identi�ed by the multi-variate pattern-analysis (MVPA) to differ

between coherent and incoherent narrative groups. MNI coordinates
indicate voxels of peak statistical differences. BA – Brodmann area, PFC –

prefrontal cortex
Coherent > Incoherent during ‘movie’ periods MNI

1. Right calcarine sulcus (BA 17) 4–86 10

2. Cerebellum crus II -32 -74 -38

Coherent > Incoherent during ‘blank’ periods MNI

1. Right calcarine sulcus (BA 18) 4–88 12

2. Right anterior insula (BA 13) / ventrolateral PFC (BA 47) 38 22 − 2

3. Right supra-marginal gyrus (BA 40) 56 − 42 26

4. Left putamen -28 -10 8

5. Middle cingulate gyrus (BA-24) -10 -4 38

6. Left Lingual gyrus (BA 19) -30 -54 -4

7. Right Fusiform gyrus (BA 19) 28–74 -8

8. Left middle frontal gyrus (BA6) -30 0 62

Inter–subject correlations
Since MVPA is an omnibus test, it can provide information regarding regions that differ in between-group
functional connectivity. Further analysis is required in order to explore the nature and direction of these
differences. We therefore explored the regions-of-interest (ROIs) outlined by the MVPA analysis using
inter-subject correlation (ISC) analysis, to test for differences in group cohesion during coherent vs.
incoherent narrative conditions (Hasson ref). Speci�cally, we performed an ISC analysis within each of
the above-mentioned regions for each group separately. Mean ISC values signi�cantly differed between
the groups in several of the ROIs outlined by the MVPA (see Fig. 3), depicting signi�cantly higher within-
group time-series’ correlations in the coherent-narrative group compared to the incoherent-narrative group.
Intriguingly, this effect was found in regions involved in both sensory processing and perception as well
as in high cognitive functions. As such, activation in sensory and perception centers in occipital and
occipito-temporal cortex was highly correlated within subjects in the coherent narrative group and less so
in the incoherent narrative group. The supramarginal gyrus, middle-frontal gyrus and cingulate gyrus,
involved in higher cognitive functions, also depicted higher inter-subject correlations in the coherent
narrative group (Fig. 3B).
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Seed-to-voxel analysis of MVPA regions
To further explore neural networks that differentiated between coherent and incoherent narrative
processing, we used the MVPA between-group regions as seeds in a seed-based correlation analysis
(SCA). For each region, we computed its functional connectivity with the rest of the brain for each subject
and compared the results between the groups, creating a map of regions that differentiate between
coherent and incoherent narrative groups during the scenes (movie) and during inter-scene periods (),
using a threshold of p < 0.005, cluster level: p < 0.05, FDR corrected.

The calcarine sulcus, which appeared to differ between the groups during both movie and blank periods,
was highly correlated with the precuneus, cuneus, and right inferior frontal gyrus (see Fig. 4A & Table 2).
The cerebellum crus II, which appeared in the MVPA analysis only during the movie periods, but not
during the blank periods, was found to be highly correlated with a distributed array of cerebral regions
that largely overlap the frontoparietal network (Fig. 4B & Table 2).

Table 2
Regions delineated in the seed-based correlation analysis with the calcarine and

cerebellum crus II as seed regions.
Seed-based correlation analysis (SCA) – Calcarine seed MNI

Anterior cuneus (BA 18) and posterior precuneus (BA 7) -4 -74 24

Right frontal operculum (BA 44) 38 14 6

Seed-based correlation analysis (SCA) – Cerebellum crus II seed MNI

Left superior parietal lobule (BA 40) -42 -44 40

Right superior parietal lobule (BA 7) 32–42 40

Right frontal pole (BA 10) 46 48 0

Left fusiform gyrus (BA 37) -52 -62 -14

Left middle frontal gyrus (BA 46) -50 30 20

Left Inferior frontal gyrus (BA 44) -48 8 22

Left inferior temporal gyrus (BA 37) 62 − 48 -26

Heightened functional connectivity between the
hippocampus and visual processing regions during
coherent narrative formation
We examined functional connectivity between the left and right hippocampi and the rest of the brain
during the movie and blank periods and between the groups. During the inter-scene periods, the right
hippocampus was more correlated with the cuneus and lingual gyrus in the coherent compared to
incoherent narrative condition. During scene presentations, group differences were found in the lateral
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occipital cortex, the supra-marginal gyrus, and the angular gyrus. The left hippocampus showed no
difference in functional connectivity between the groups during the scene periods, but was signi�cantly
higher correlated with the precuneus in the inter-scene periods in the coherent narrative condition (see
Fig. 5 and Table 3).

Table 3
Functional connectivity of left and right hippocampi with the rest of the brain during scene

and inter-scene periods.
Right hippocampus seed - Movie MNI

Supra-marginal gyrus (BA 40), angular gyrus (BA 39) 44–44 48

Right hippocampus seed - Blank MNI

Cuneus (BA 17), lingual gyrus (BA 19) 14–72 16

Left hippocampus seed – Blank MNI

Bilateral Cuneus (BA 17), Posterior precuneus (BA 7), Lingual gyrus (BA 19) -16 -88 42

Right orbitofrontal cortex (BA 11) 14 28–32

We characterized the functional connections of the left hippocampus with four regions along the visual
processing hierarchy by computing correlations in 15 bins of 50 TRs each (100-sec) of the experimental
timeline. As depicted in Fig. 6, hippocampal functional connections were signi�cantly stronger in the
coherent vs. incoherent narrative condition with the posterior precuneus (F1,36=7.59, P < 0.01) and anterior
cuneus (F1,36=6.75, P < 0.05). In contrast, the posterior cuneus and fusiform gyrus showed the opposite
pattern, wherein functional connectivity with the hippocampus was higher in the incoherent compared to
the coherent narrative condition (F1,36 = 4.2, P < 0.05, and F1,36 = 6.71, P < 0.05, respectively). The anterior
cuneus and fusiform gyrus also showed main effects for time bins across groups (F14,504 = 2.52, P < 
0.005, F14,504 = 2.29, P < 0.005, respectively). All the four regions showed an interaction effect of time by
condition, such that the functional connectivity between each region and the hippocampus changed over
time as a function of condition (posterior precuneus – F14,504 = 2.55, P < 0.001; anterior cuneus - F14,504 =
2.75, P < 0.001; posterior cuneus - F14,504 = 2.05, P < 0.05, and fusiform gyrus - F14,504 = 2.82, P < 0.001).
These �ndings show that hippocampal connections with dorsal cuneus and precuneus areas are stronger
during coherent conditions, whereas posterior and ventral visual processing areas gradually weaken their
functional connections with the hippocampus in the coherent condition and strengthen them in the
incoherent condition (Fig. 6B-D).

Discussion
Narratives are central to human experience, enabling the representation and communication of complex
constructs, ranging from personal memories to cultural identities 22,23. Nevertheless, the neural
mechanisms that underlie the formation of narratives are still largely unknown, particularly as they
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pertain to the binding of events across prolonged time scales to form a coherent story. In the current
study, we tackled this issue by using an edited version of a full-length movie, which encapsulates core
features of narrative characteristics in a cinematic medium 5,24. The difference between the conditions
was designed to control for the core components of narrative formation, as reversing scene order should
distort their causal connection between the scenes, thus impairing narrative formation. We found that
inferring causal connections between scenes that unfold over prolonged timescales is expressed by
increased functional connectivity in fronto-parietal regions and across the visual processing hierarchy,
which co-activate with the hippocampus during coherent narrative formation, particularly during post-
scene blank periods.

As stated at the outset, a primary feature of coherent narrative formation relies on causal inferences
among successive units of information 25. Accordingly, interfering with causality by breaking temporal
order on a large temporal scale impeded the capacity to construct a coherent narrative. The failure of
participants in the incoherent condition to form a coherent narrative despite their effort to bind otherwise
fragmented events, stresses the substantial role of temporal features during the actual (rather than
reconstructed) experience in causality inference and coherent narrative formation 26,27. The fact that
participants in the incoherent condition experienced the scenes devoid of clear causal connections does
not necessarily imply that they did not produce a narrative. As previously shown in the comprehension of
texts, changing the temporal order of cause and effect does not necessarily prevent their retroactive
understanding, yet does affect processing time 26 and narrative comprehension 28. The written
descriptions from both groups contained information from the entire scene timeline, and pupil dilation
was synchronized with scene onsets throughout the whole experiment, indicating that both groups
remained engaged in the experiment throughout, yet only the coherent group succeeded in forming a
coherent narrative.

Our data analysis was guided by two main strategies: An explorative approach that focused on
delineating functional connectivity pro�les within and between groups and ROIs, and a theory-driven
approach, focusing on functional connectivity with the hippocampus, due to its pivotal role in memory
construction and temporal coding. For the explorative approach, we applied inter-subject correlations
(ISC) and seed-to-voxel functional connectivity, based on the regions yielded by the MVPA analysis. MVPA
is an omnibus analysis that does not supply information regarding the directionality and inter-
connections among the regions it points to, requiring complementary investigation 29. We therefore
carried out an ISC analysis, which demonstrated a higher within-group similarity in regions related to
sensory processing and perception, as well as in high order cortical areas in the middle frontal gyrus,
supramarginal and cingulate cortex, involved among other things in logical inference and theory of mind.

Previous studies have revealed that high-order cortical areas tend to be more correlated among
participants who share mutual understanding of narrative content 18,30,31. The current �ndings suggest
that not only high-order cortical regions are sensitive to narrative structure, but also brain areas that are
engaged in sensory processing, implying continuous top-down regulation. Primary and secondary
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sensory regions were previously shown to activate in synchronization among participants watching the
same natural stimuli (Hasson et al., 2004), yet here we show preferable synchrony related to coherent
narrative formation.

The supra-calcarine cortex, which was delineated by the MVPA test, was found to increase its functional
connectivity in the coherent vs. incoherent condition during both movie and blank periods, showed
heightened correlations with the cuneus, precuneus, and right IFG (Brodmann area 44) in the coherent
condition. The latter area, which is considered homologous to Broca’s area in the left hemisphere, has
been implicated in the mirror neuron system 32, and particularly in processing the goals and intentions of
others according to their biological motion 33. In his Poetics, Aristotle stated that narrative is the mimicry
of action (mimesis), which is the ability to simulate someone else’s behavior, and to identify and
empathize with them. This early notion regarding the relationship between mimicry and narrative
organization resonates with our �ndings that regions of the mirror system are involved in understanding
the goals of others by interpreting their actions 34. This feature may be particularly critical in
understanding prolonged sequences of social events, which their understanding relies heavily on tracking
the protagonists’ behaviors, as in the current experiment.

The precuneus is functionally and structurally connected with visual processing regions, including the
cuneus 35, with which we found it to be preferably correlated in the coherent narrative condition. The
precuneus plays a pivotal role in high cognitive functions 36, including retrieval of episodic memories,
simulating future scenarios 37,38, and imagery processes that support the understanding of others’
intentions 39. Its activation during the processing of a continuous story has previously been attributed to
its capacity to process relatively long and meaningful chunks of information 40, as well as in
segmentation and integration of present occurrences with the recent past 13,41. In the current study, the
visual system serves as the medium through which the narrative is perceived. Considering the role of the
precuneus in the cognitive functions mentioned above, its higher correlation in the coherent narrative
group with the primary visual cortex may imply reciprocal relations between these regions, suggesting
both bottom-up processing and top-down regulation. Speci�cally, sensory information acquired via
bottom-up processing systems may be met with top-down input regarding previous information and
expectations acquired throughout the event.

Comparing coherent vs. incoherent narrative conditions yielded the detection of a distributed network that
was functionally correlated with the cerebellum’s crus II area. This network largely overlaps with the
frontoparietal network, which has previously been shown to co-activate with the cerebellum’s Crus II 42,43,
an area considered as a supramodal zone of the cerebellum 44. Serving as a key control system, the
frontoparietal network supports information integration in diverse cognitive contexts 45, and was shown
to play a role in context-dependent narrative comprehension 46. Corroborating our �ndings, frontoparietal
regions were found to correlate with chronological vs. inconsistent information in a narrative
comprehension task 47, an effect attributed to working memory demands. Notably, the network’s
functional cohesiveness was more prominent during movie compared to blank segments, implying its
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involvement in online processing of incoming information. We suggest that in the context of narrative
construction, the frontoparietal network is engaged in online processing of incoming streams of
information of current occurrences.

Hippocampal functional connectivity during narrative
formation
The essential role of the hippocampus in long-term memory formation is well-documented. Of particular
relevance here is the role that the hippocampus and surrounding cortex play in binding sensory and
temporal information to enable the formation of episodic memories, characterized by multi-modal
sensory information that propagates over time 48. Considering its crucial role in binding sensory and
temporal information into meaningful units, the hippocampus contributes to the formation of event
representation 49–51. This unique feature of the hippocampus can be attributed to its role in mapping
spatial layouts according to environmental cues 52. A recent framework proposes that the hippocampus
binds both item and context information that constitute a given event 53. The binding of item and context
information may occur both during and after an event has terminated 21. In the current study, right
hippocampal activation was preferentially correlated with lateral parietal regions (supramarginal and
angular gyri) in the coherent narrative condition during scene presentation. During inter-scene epochs,
both hippocampi showed heightened functional connectivity with occipital visual processing regions,
including the cuneus and lingual gyrus during the coherent vs. incoherent condition. Taken together, these
functional connections may support the binding of information processed by temporo-parietal regions
that support the understanding of biological motion and interpretation of others’ goals 33, as well as for
integrating multimodal sensory information into meaningful concepts in the angular gyrus 54,55.

The fact that the hippocampus was more correlated with visual areas in inter-scene periods, in the
absence of sensory input, may point to the mechanism that supports continuous processing and memory
formation of ongoing occurrences 56. Such processes seem to be impaired in extreme conditions that
may lead to dissociative states, e.g., post-traumatic stress disorder (PTSD). In such cases, the sense of
continuity is lacking, manifested by fragmented episodes that fail to converge to a coherent narrative
outline 57,58.

In the current study, the scenes, and therefore the narrative that they portray, unfold over a prolonged time
period. The narrative in turn does not consist merely of a situation, but rather of an extended story that
encompasses short episodes embedded in a broader contextual storyline. This resonates with a
suggested framework regarding two sensory-cognitive processing time-scales that enable humans to
process both incoming streams of information during event encoding, as well as a ‘slow process’, which
unfolds continuously in the background and binds complex information at much longer timescales 27,59.
This framework is supported by studies that revealed a connection between post-stimulus activation and
subsequent memory of short audiovisual scenes 21, suggesting an information binding mechanism that
extends beyond online sensory processing.
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As the default mode network, and particularly its central hub in the precuneus, are imperative in binding
and integrating incoming information with semantic knowledge and episodic memories 60–63, the
precuneus may play a prominent role in plot weaving. Indeed, previous studies have demonstrated the
involvement of the precuneus, especially when narrative unfolds across prolonged timescales 27. Thus,
the enhanced hippocampal - precuneus functional connections we found in the coherent narrative
condition, particularly during post-scene periods, may re�ect information processing that contributes to
the abovementioned ‘slow process’, enabling narrative formation across prolonged timescales. Thus,
information presented in a coherent manner may be bound in multiple levels throughout the unfolding of
a prolonged event, and fed into the hippocampus after initial processing has already occurred in
association cortex. In contrast, processing of incoherent information that lacks clear causal relations may
lack top-down integration and lead to termination of processing already at early stages of sensory
processing. We suggest that the process of narrative formation may serve to organize otherwise context-
less information into large chunks of meaningful information, a feature that is mediated by functional
connections between high-order association cortex and the hippocampus. Traumatic memories, which
are manifested by fragmented �ashbacks of raw representations of past occurrences, are an example of
sensory information that is detached from a coherent story and continuous time-line.

In conclusion, narratives are of great importance not only to normal human functioning but also to
mental health. A better understanding of the neural mechanisms that support narrative construction
holds the potential for detection and interventions for those suffering from severe mental illnesses. The
current study provides new insights into the processing of information that unfolds over long durations of
time, unearthing wide-range cerebral co-activity that subserves narrative construction.

Methods
Participants

Thirty-eight healthy individuals (mean age 27 ± 3.7 y) participated in the study. Two separate groups of
19 subjects were assigned to either the Coherent-Narrative or to the Incoherent-Narrative group (8 and 9
females respectively in the coherent and incoherent narrative groups). All participants had normal visual
acuity (without glasses or corrective lenses, enabling eye tracking). None of the subjects were familiar
with the movie presented during the scan. The experimental procedures were approved by a Institutional
review board of Tel-Aviv University and the Ethics committee of the Chaim Sheba Medical Center, Tel-
Hashmoer, Israel, as required by Israeli law. All subjects provided written informed consent prior to the
experiment, and all methods were performed in accordance with the relevant guidelines and regulations.

Stimuli and experimental design

In the MRI scanner, participants watched either the coherent or incoherent narrative (experimental
conditions), which consisted of 22 scenes (mean scene length: 55.15 ± 23 sec) edited from the movie
"Bicycle Thieves" (Italy, 1948), interleaved by 10 sec blank screens. Brie�y, the movie portrays a young
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father, who manages to obtain a pair of bicycles that are required for his employment. On his �rst day at
work, his bicycles are stolen (the plot's turning point), and from that moment on the main protagonist tries
to retrieve them with his son. The unfortunate events that follow feed his desperation, which culminate in
a failed attempt to steal someone else's bicycles, just to be caught by the police and shamed in front of
his son. The experiment lasted 25 minutes, wherein the scenes were identical across groups and differed
only in their order of presentation, such that in the coherent-narrative group, scenes were presented in
their correct order - from �rst to last, and in the incoherent narrative the same scenes were presented in
reversed order, from last scene to �rst. The movie was edited using "Movie-Maker" software (Microsoft ©),
and were presented using Presentation Version 20.1 software (www.neurobs.com).

Behavioral assessment

Immediately following scanning, comprehension of the story was assessed using a questionnaire
targeting narrative comprehension and personal ratings regarding the movie. Participants were asked
whether or not they felt they understood the movie’s plot and how con�dent they were about their answer.
They were also asked to brie�y describe the main characters and the general story line. Their accounts
were subsequently analyzed according to their mentioning of key plot features; namely, the main
characters, the main protagonist’s goal, and the main dramatic development in terms of causality. Given
that the plot includes a protagonist that aims at achieving a speci�c goal, we examined the participants'
understanding regarding this process. In addition, they were asked more speci�cally about the casual
connection between two speci�c successive scenes that occurred in the middle of the movie; the �rst
depicted the main protagonist slapping his child, and the second showed a compensation scene wherein
the father took the kid to a fancy restaurant. This assessment was designed to probe the participants’
understanding of the event’s causation - a central component in the de�nition of coherent narrative.

MRI data acquisition and preprocessing

Whole-brain imaging was performed in a 3T Siemens Magnetom MRI system (Siemens Medical Systems,
Erlangen, Germany) using a 16-channel head coil. Blood-oxygenated-level-dependent (BOLD)-sensitive
T2*-weighted functional images were acquired using a single shot gradient-echo EPI pulse sequence (TR 
= 2000 ms, TE = 30 ms, �ip angle = 82°, 64 axial slices, 2mm3, FoV = 192 × 192 mm, interleaved slice
ordering) and corrected online for head motion. Participants completed the task in two fMRI runs, each
lasting ~ 12.5 minutes. The �rst two volumes were discarded to allow for equilibration effects. Visual
stimuli were presented on a screen behind the scanner using Presentation software (www.neurobs.com),
and were viewed through a mirror attached to the head coil. Following functional imaging, a high-
resolution T1 scan was acquired for anatomic normalization.

Imaging data were slice-time corrected and realigned using the SPM12 package (Wellcome Institute of
Cognitive Neurology, London). Functional volumes were co-registered, normalized to the Montreal
Neurological Institute (MNI) template brain, and smoothed with an 8 mm3 isotropic Gaussian kernel. We
assessed task-related functional connectivity using the CONN toolbox (v17) 64. The implemented

http://www.neurobs.com/
http://www.neurobs.com/
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CompCor routine was carried out for each participant, aimed at identifying principal components
associated with white matter (WM) and cerebrospinal �uid (CSF), which were segmented. These
components, as well as realignment correction information were entered as covariates in the �rst-level
model.

Functional connectivity analysis

In order to detect brain regions that differed in their functional connectivity between the two conditions
(i.e., the two groups), we carried out the following analysis steps: 1. A �rst-level multivariate pattern
analysis (MVPA) of pairwise connections between all measured voxels separately for �lm and blank
segments (voxel-to-voxel analysis); 2. Second-level between-group analyses that tested for differences in
connectivity between the groups using F-tests; and 3. A seed-based correlation analysis (SCA), using the
regions that the MVPA analysis yielded as seeds. Correlations were computed between these regions-of-
interest (ROIs) and the rest of the brain (seed-to-voxel analysis). These correlations served to form
statistical maps that revealed differences between the coherent and incoherent narrative groups, and
served for characterizing the temporal dynamics of narrative related processes between the groups.

Multivariate pattern analysis

Multivariate pattern analysis (MVPA) enables to differentiate among cognitive states based on activation
/ co-activation patterns across voxels rather than within speci�c voxels, hence avoiding the exclusion of
sub-threshold voxels that may still contain meaningful information as part of a wider pattern 65. Pertinent
to functional connectivity, MVPA allows for detection of group differences without asserting
presumptions concerning a-priori seed regions. Using the MVPA routine, voxel-to-voxel functional
correlation matrices were computed across the entire dataset of each subject. Subsequently, the
connectivity matrices were reduced into three principle components, which explained the most variance
of the matrix 64,66. The measures of this analysis were then entered into a second-level general linear
model (GLM) to assess group differences between the functional connectivity components. This analysis
was separately performed for �lm and blank epochs.

Inter-subject correlation analysis

The continuous nature of movie-sequences does not lend itself to the application of standard fMRI
analyses that require multiple repetitions of discrete event types. For exploring the neural dynamics of
coherent-narrative processing, we therefore assumed a model-free inter-subject correlation (ISC)
approach, which has previously been utilized to examine neural processes associated with naturalistic
experimental designs 67,68. The ISC analysis was performed on the ROIs delineated by the MVPA results
(Table 1), such that for each ROI, we calculated the correlations between the mean time-series of all
subject-pairs within each group, yielding a correlation matrix for each ROI for each group. We
subsequently compared the mean correlation values for each ROI between the two conditions.

Seed-based correlation analysis
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Since MVPA is an omnibus test that informs on differences between groups but not on the source of the
differences 69, we performed a complementary post-hoc exploration to characterize the MVPA effects and
delineate brain networks that support coherent narrative formation. To characterize the differences
between the coherent and incoherent conditions, we performed seed correlation analyses (SCA), using the
resulting MVPA regions as seeds 70,71. The SCA was carried out for each subject by computing Fisher-
transformed correlation coe�cients between the mean seed time courses and all other voxels. Following
this, a second-level analysis was performed, where between-group t-tests were computed on the resulting
correlation values (using a height threshold of P < 0.005 and cluster level of P < 0.05, FDR corrected).

Theory-driven analysis

In addition to the explorative MVPA approach detailed above, we performed a seed correlation analysis
using the left and right hippocampi as anatomically-delineated seed regions. For each participant, we
calculated correlations between the mean time-series of each hippocampus with the rest of the brain,
based on CONN's integrated atlas. Following this, we compared the correlations between the groups and
sought for signi�cant differences during 'movie' and 'blank' parts separately. To explore the relationship
between hippocampus and key regions that showed differential functional connectivity between the
conditions, and considering that the unfolding over time is inherent to the concept of narrative, we tested
hippocampal correlations with the posterior precuneus, anterior and posterior cuneus, and fusiform gyrus
across bins of 100 sec (15 segments in total) for each subject and for each group. We then performed a
mixed-design analysis of variance for each condition separately using ROI and time as repeated-
measures factors and condition as a between-group factor.

Eye-tracking

Eye-tracking was performed during scanning using an EyeLink 1000 system (SR Research, Canada)
installed at the rear end of the scanner. Gaze positions and pupil diameter were sampled with a frequency
of 500 Hz. Calibration was performed prior to each scan. Due to technical issues of data quality, eye
tracking was successful in 26 participants (13 from each group). For the purpose of this study, pupil
diameter (PD) was analyzed throughout the experiment by calculating for each participant the percent PD
change from baseline, which was de�ned as the average PD of the 1.5 minutes prior to the onset of the
�rst scene of each run. Percent PD changes were subsequently averaged within each condition, and
plotted to assess physiological responses during the unfolding of the experiment in both groups.
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Figures

Figure 1

Experimental design and behavioral results. (A) Twenty-two scenes from the �lm ‘Bicycle Thieves’ were
presented during the experiment (each lasting ~60sec), interleaved by blank screens (10 sec). The arrows
indicate the direction of scene order as presented to the coherent (from beginning to end) and incoherent
(from end to beginning) groups. (B) All the participants in the coherent narrative condition, and most of
the incoherent narrative group members, stated that they understood the storyline (leftmost panel). Their
con�dence, however, differed, showing higher con�dence in the coherent condition (P<0.01). Externally
assessed plot comprehension indicated that 88% of the participants in the coherent condition indeed
understood the narrative, compared to only 33.3% in the incoherent group. Similarly, 78% vs. 5.5% of
participants in the coherent and incoherent group respectively, gave a correct answer regarding a causal
connection between two speci�c successive scenes (rightmost panel).



Page 20/25

Figure 2

Results of multi-voxel pattern-analysis contrast between group. Between-group differences in whole-brain
voxel-by-voxel functional connectivity are shown for (A) ‘movie’ and (B) ‘blank’ periods separately,
superimposed on anatomical images. VLPFC – ventrolateral prefrontal cortex.
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Figure 3

Within-group inter subject correlation (ISC) for ROIs extracted from the MVPA. (A) Matrices showing inter-
subject correlations of ROI time-series for each pair of subjects of the coherent narrative group and (B)
incoherent narrative group. (C) Average ISC values for each group in the ROIs depicted in (A-B). A main
effect for group across ROIs was found (F1,35 = 20.69, P < 0.0001). See Table 1 for details about the
reported regions. MFG – middle frontal gyrus.
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Figure 4

Seed-based correlation analysis with cuneus and cerebellum crus II as seeds. (A) Coherent > incoherent
narrative seed-based correlation analysis results with the cuneus as the seed region, and (B) the
cerebellum crus II as the seed region, both during movie periods.
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Figure 5

Differential seed-based correlation analysis between left and right hippocampi and the rest of the brain
between coherent and incoherent groups. (A-B) Areas showing signi�cant between-group differential
correlations with the right hippocampus as seed region during blank and movie periods, respectively. (C)
Similar analysis using the left hippocampus as the seed region during blank periods. Clusters indicate
signi�cantly stronger correlations for the coherent vs. incoherent group at P<0.005, cluster threshold FDR
correction<0.05.



Page 24/25

Figure 6

ROI-to-ROI functional connectivity between the left hippocampus and ROIs in visual areas (A). An
illustration of the left hippocampus, which served as the seed region, along with the ROIs that showed
higher functional connectivity for the coherent vs. incoherent group. ROIs are shown in precuneus (MNI
peak x, y, z coordinates: 0, -78, 42), anterior cuneus (4 -74 24), posterior cuneus (18, -95, 8), and fusiform
gyrus (28, -74, -8). (B-C). Bar graphs depicting the mean level of functional connectivity between the
hippocampus and each of the ROIs across time bins of 100 seconds throughout the experiment in the
coherent and incoherent groups, respectively. (D) Differential mean functional connectivity between
coherent and incoherent narrative groups for each time bin. While correlations are overall higher for the
coherent narrative group in anterior-dorsal portions of the visual hierarchy (precuneus and anterior
cuneus), the effect reverses in posterior-ventral regions (posterior cuneus and fusiform gyrus). Corr. =
Correlation, Diff. = Differential, Ant. = anterior, Post. = posterior. BA = Brodmann area.
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