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Abstract

Maintaining an accurate model of the world relies on our ability to update memory
representations in light of new information. Previous research on the integration of new
information into memory mainly focused on the hippocampus. Here, we hypothesized that
the angular gyrus, known to be involved in episodic memory and imagination, plays a pivotal
role in the insight-driven reconfiguration of memory representations. To test this hypothesis,
participants received continuous theta burst stimulation (cTBS) over the left angular gyrus or
sham stimulation before gaining insight into the relationship between previously separate
life-like animated events in a narrative-insight task. During this task, participants also
underwent EEG recording and their memory for linked and non-linked events was assessed
shortly thereafter. Our results show that cTBS to the angular gyrus decreased memory for the
linking events and reduced the memory advantage for linked relative to non-linked events. At
the neural level, cTBS targeting the angular gyrus reduced centro-temporal coupling with
frontal regions and abolished insight-induced neural representational changes for events
linked via imagination, indicating impaired memory reconfiguration. Further, the cTBS group
showed representational changes for non-linked events that resembled the patterns observed
in the sham group for the linked events, suggesting failed pruning of the narrative in
memory. Together, our findings demonstrate a causal role of the left angular gyrus in insight-
related memory reconfigurations.

eLife assessment

This important paper provides solid evidence that the angular gyrus plays a role in
insight-based memory updating. The study is well conducted, timely, and presents
clear-cut behavioral results. While the study provides robust evidence that
transcranial magnetic stimulation to the angular gyrus impacts memory, evidence for
the strong claim of a causal contribution of the angular gyrus in particular – apart
from other connected regions, including the hippocampus – is not conclusive.
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Introduction

The capacity to flexibly update our memories in light of new information is fundamental to
maintaining an accurate model of the world around us. This flexibility requires adaptable memory
networks that can be reconfigured upon acquiring new insights. Previous research provided direct
evidence for insight-induced reconfigurations of memory representations and showed that insight
into the connection of initially separate events propels the integration of these events into
coherent episodes (Collin et al., 2015     ; Milivojevic et al., 2015     ). Such mnemonic integration
allows novel inferences (Spalding et al., 2018     ; Zeithamova et al., 2012     ) that aid efficient
navigation (Coutanche et al., 2013     ; Fernandez et al., 2023     ; He et al., 2022     ) and decision-
making (Boorman et al., 2021     ; Kumaran et al., 2009     ; Shohamy & Daw, 2015     ). Importantly, in
everyday life, the inference about the relationship between seemingly unrelated events is often
not inferred via direct observation but through imagination. For instance, when reading a book,
we gain insight into the plot and possible twists through our imagination, which then prompts us
to update our memory representations. Even when new insights are derived from direct
observation, the integration process requires imaginative capacities to bind the previously
separate memories into a coherent narrative. At the neural level, the hippocampus has been
shown to play a pivotal role in (imagination-based) mnemonic integration (Cohn-Sheehy et al.,
2021     ; Collin et al., 2015     ; Griffiths & Fuentemilla, 2020     ; Grob et al., 2023a     ; Milivojevic et al.,
2015     ). However, while the hippocampus appears to be crucial for mnemonic integration, it does
not act in isolation but operates in collaboration with cortical areas to accomplish this complex
process (Backus et al., 2016     ; Milivojevic et al., 2015     ; Pehrs et al., 2018     ; Schlichting & Preston,
2015     ; Spalding et al., 2018     ). Yet, our understanding of the specific areas implicated in the
insight-driven reconfiguration of memory representations, beyond the hippocampus, remains
limited. Moreover, existing data on the neural underpinnings of mnemonic integration are mainly
correlational in nature and which areas are causally involved in the integration of initially
unrelated memories into cohesive representations is completely unknown.

One promising candidate that may contribute to insight-driven memory reconfiguration is the
angular gyrus. The angular gyrus has extensive structural and functional connections to many
other brain regions (Petit et al., 2023     ), including the hippocampus (Coughlan et al., 2023     ;
Uddin et al., 2010     ). Accordingly, previous studies have shown that stimulation of the angular
gyrus resulted in altered hippocampal activity (Thakral et al., 2020     ; Wang et al., 2014     ).
Furthermore, the angular gyrus has been implicated in a myriad of cognitive functions, including
mental arithmetic, visuospatial processing, inhibitory control, and theory-of-mind (Cattaneo et al.,
2009     ; Grabner et al., 2009     ; Lewis et al., 2019     ; Schurz et al., 2014     ). Moreover, there is
accumulating evidence pointing to a key role of the angular gyrus in long-term memory (Bellana et
al., 2017     ; Bonnici et al., 2018     ; Kwon et al., 2022     ; Wang et al., 2014     ) and imagination
(Ramanan et al., 2018     ; Thakral et al., 2017     , 2020     ). How these putative functions of the
angular gyrus relate to one another, however, remained unclear. We reasoned that these functions
might be directly linked, enabling the angular gyrus to drive the integration of (imagination-
related) insights into long-term memory. In line with this idea, recent theories propose that the
angular gyrus acts as dynamic buffer for spatiotemporal representations (Humphreys et al.,
2021     ), which may allow the angular gyrus to transiently maintain the initially separate events
and to integrate these into cohesive narratives. This buffering function of the angular gyrus may
be particularly relevant for imagination-based linking. Thus, we hypothesized that the angular
gyrus plays a crucial role in integrating imagination-related insights into long-term memory and
hence in the dynamic reconfiguration of memory representations in light of new information.

To test this hypothesis and determine the causal role of this area in insight-related memory
reconfigurations, we conducted a preregistered study combining a life-like video-based narrative-
insight task (NIT; Milivojevic et al., 2015     ; Fig. 1     ), probing insight-related reconfigurations of
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memory, with representational similarity analysis of EEG data and (double-blind) ‘neuro-
navigated’ TMS to an area of the left angular gyrus that was implicated in imaginative processing
before (Thakral et al., 2017     ). Considering this involvement of the angular gyrus in imaginative
processes, we expected that the effect of cTBS on the change in representational similarity from
pre-to post-insight will differ based on the mode of insight – whether this insight was gained via
imagination or observation. Specifically, we expected a more pronounced impairment in the
neural reconfigurations when insight is gained via imagination, as this function may depend more
on angular gyrus recruitment than insight gained via observation. Additionally, we expected cTBS
to the left angular gyrus to reduce the increase in neural similarity for linked events and increase
of neural dissimilarity for non-linked events. We further predicted that cTBS to the left angular
gyrus would reduce the impact of (imagination-based) insight into the link of initially unrelated
events on memory performance during free recall, given its higher variability compared to other
memory measures. Considering the high connectivity profile of the angular gyrus within the brain
(Seghier, 2013     ), we conducted an EEG connectivity analysis building upon findings from the RSA
analyses concerning alterations in neural reconfigurations. To establish a link between neural and
behavioral findings, we chose a correlational approach to relate observations from these two
domains. We intentionally adopted a mixed design, combining both between-subjects and within-
subject methodologies. The between-subjects approach was chosen to minimize the risk of carry-
over effects and sequence biases. Simultaneously, we capitalized on the advantages of a within-
subject design by altering the pre-to post-insight comparison and the mode of insight (imagination
vs. observation) within each participant. To control for any group differences beyond the TMS
manipulation, we gathered various control variables through questionnaires, including trait-and
state-anxiety, depressive symptoms, chronic stress levels, personality dimensions, and imaginative
capacities.

Results

cTBS to the angular gyrus reduces insight-related memory boost
The angular gyrus has been implicated in a myriad of tasks and functions, including long-term
memory (Bonnici et al., 2018     ; Kwon et al., 2022     ; Wang et al., 2014     ) and imagination
(Ramanan et al., 2018     ; Thakral et al., 2017     ). Here we hypothesized that these functions of the
angular gyrus are directly linked to one another. Specifically, we postulated that the angular gyrus
plays a crucial role in the integration of imagination-related insights into long-term memory
representations and that it thus represents a key player in the dynamic reconfiguration of memory
in light of new information. To test this hypothesis and the causal role of the angular gyrus in
insight-related memory reconfigurations, we combined the life-like video-based narrative-insight
task (NIT) with representational similarity analysis of EEG data and (double-blind) neuro-
navigated TMS over the left angular gyrus in a comprehensive investigation within a single day.
During the narrative-insight task (NIT), participants first saw three video events (A, B, and X; pre-
phase), which were then either linked into a narrative (A and B) or not (A and X) in a subsequent
insight-phase. Critically, before the insight-phase, we applied either sham stimulation (31
participants, 15 females) or continuous theta burst stimulation (cTBS; 34 participants, 16 females)
to the left angular gyrus. Notably, the groups did not differ on levels of subjective chronic stress
(TICS), state and trait anxiety (STAI-S, STAI-T), depressive mood (BDI), imaginative capacities
(FFIS), personality dimensions (BFI), age, and motor thresholds (for descriptive statistics see Table
1     ; all p > 0.053).

Following the insight-phase and a 30-minute break to mitigate potential TMS aftereffects (Huang et
al., 2005     ; Jannati et al., 2023     ), participants completed a free recall task, which provided a
measure of insight-related changes in subsequent memory. Thereafter, participants saw the same
video events (A, B, and X) again in a post-phase. EEG was measured during all stages of the
narrative-insight task (NIT). Contrasting neural representation patterns from the pre-and post-
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Fig. 1.

Modified narrative-insight task (NIT) and procedure. During the pre-phase, participants viewed video events (A, B, and X)
from ten different storylines. Each event was preceded by a title (1s) and repeated 18 times. The inter-stimulus interval (ISI)
was ∼ 1000 ms. The subsequent insight-phase consisted of two parts. In one part, participants gained insight through a
written imagination instruction (I) interspersed with a control instruction (CI). In the other part, they gained insight through a
linking video (L) interspersed with a control video (C). The order of gaining insight through imagination or video observation
was counterbalanced across participants. Before each insight part, participants received, depending on the experimental
group, either a sham or cTBS stimulation over the left angular gyrus (MNI: −48, −67, 30). After the insight-phase, participants
had a 30-minute break and then completed a free recall for a maximum of 20 minutes in a different room. In the post-phase,
all video events were presented in the same manner as the pre-phase.
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Table 1.

Control variables.
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phases allowed us to assess insight-related memory reconfiguration and its modulation by cTBS to
the angular gyrus. Due to its specific relevance in imaginative processes (Ramanan et al., 2018     ;
Thakral et al., 2017     , 2020     ), we expected that the angular gyrus would be particularly relevant
if insight relies strongly on imagination. Therefore, participants gained insight into half of the
stories by imagining the link themselves, while they observed the link as a video in the other half
of the stories. Participants’ ratings showed that they adhered well to these instructions during the
linking phase. When linking events via imagination, they reported imagining the linking events
very well (M = 3.38, SD = 0.47) and their imagination as depictive (M = 3.35, SD = 0.46). When
linking via observation, they reported a high level of understanding of the linking events (M = 3.37,
SD = 0.51) and found the linking events meaningful (M = 3.35, SD = 0.52) on a 1-4 Likert scale.
Furthermore, participants demonstrated a high level of attention throughout the narrative-insight
task (NIT), responding to target stimuli with near-ceiling performance (M = 99.25 %; SD = 1.40 %)
without any group differences (t(63.00) = 0.42, p = 0.675, d = −0.10).

Importantly, participants were unaware of the allocation to the cTBS or sham condition, as
indicated by the treatment guess at the end of the experiment (Fisher’s exact test; p = 0.597).
Furthermore, TMS stimulation did not affect participants’ subjective mood, wakefulness or arousal
(mood: group × time: F(1, 63) = 0.76, p = 0.386, ηG = 0.00; wakefulness: group × time: F(1, 63) = 0.01, p
= 0.921, ηG = 0.00; arousal: group × time: F(1, 63) = 0.01, p = 0.921, ηG = 0.00).

As expected, all participants gained insight into which events were linked in the narrative-insight
task (NIT), as they rated the belongingness of linked events higher than non-linked events from
pre-to post-insight, as indicated by a linear mixed model (LMM: time × link: β = 2.49, 95% CI [2.15,
2.83], t(418.44) = 14.01, p < 0.001; Figure 2      – Figure supplement 1). Post-hoc tests showed
increasing belongingness ratings for linked events and decreasing belongingness ratings for non-
linked events from pre-to post-insight (LMM: link: β = 1.49, 95% CI [1.33, 1.64], t(418) = 24.49, p <
0.001; non-link: β = -.91, 95% CI [-1.07, -.76], t(418.00) = −15.03, p < 0.001). This insight was further
reflected in the multi-arrangements task (MAT), in which participants were instructed to arrange
representative images (A, B, and X) from each story based on their relatedness. In this task, all
participants arranged linked events closer together than non-linked events (MAT; LMM: link: β =
−1.33, 95% CI [-1.59, −1.07], t(177.00) = −9.81, p < 0.001; Figure 2      – Figure supplement 2). The
strong insight gained by all participants was further reflected in their near-ceiling performance in
the forced-choice recognition task, in which participants were instructed to identify the event (B or
X) that was linked with A. Participants accurately indicated whether B or X was linked to A (sham:
M = 94.65%, SD = 9.00%; cTBS: M = 97.34%, SD = 6.10%; Figure 2      – Figure supplement 3).
Importantly, there were no group differences in any of these measures (LMM: NIT: group × time ×
link: β = −0.02, 95% CI [-0.49, 0.45], t(418.27) = −0.09, p = 0.929; LMM: MAT: group × link: β = 0.11,
95% CI [-0.26, 0.48], t(177.00) = 0.58, p = 0.561; LMM: Forced-choice recognition: group: β = 0.23,
95% CI [-0.26, 0.72], t(113.37) = 0.90, p = 0.368), indicating that all participants successfully gained
insight into which events were linked and that the (left) angular gyrus did not play a critical role in
the process of gaining insight itself.

To investigate the causal role of the left angular gyrus in insight-related episodic memory
integration, the key question of this study, we first analyzed the detailedness of participants’
memory for both linked and non-linked events during free recall. Across groups, linked events
were generally recalled in more detail than non-linked events (LMM: link: β = 1.20, 95% CI [0.86,
1.54], t(406.00) = 6.75, p < 0.001), suggesting a memory boost for integrated narratives. Most
interestingly, cTBS to the left angular gyrus through cTBS reduced this insight-related memory
boost for linked events significantly (LMM: group × link: β = - 0.54, 95% CI [-1.02, −0.06], t(406.00) =
−2.17, p = 0.030; Fig. 2A     ). Pairwise comparisons revealed a significantly lower number of
recalled details for linked events in the cTBS compared to the sham group, while there was no
significant difference for non-linked events (LMM: link: β = −0.40, 95% CI [-0.79, −0.02], t(85.50) =
−2.79, p = 0.033; LMM: non-link: β = −0.09, 95% CI [-0.29, 0.42], t(406.00) = −0.62, p = 0.926).
Additionally, we observed that all participants showed better memory for central compared to
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Fig 2.

Behavioral results. A, Significantly reduced recall of details for linked events in the cTBS group compared to the sham group,
with no significant difference for the non-linked events. B, Significantly reduced recall of the linking events in the cTBS group
compared to the sham group. C, Schematic overview of electric field modeling: Simulation was performed for the angular
gyrus coordinate (MNI: x = −48, y = −67, z = 30) using a Magstim 70mm figure-of eight coil at 80 % of individual motor
thresholds, reflecting the applied setup. The resulting electric field was averaged within a 10mm spherical ROI and centered
on the target coordinate and extracted for subsequent analyses. Please note that in the study, the coil handle was oriented
upwards; however, in this illustration, it has been intentionally depicted as pointing downwards for better visibility purposes.
D, Significantly reduced number of details recalled for linked events specifically in the high cTBS group (based on a median-
split on simulated electric field strengths). E, Significantly reduced recall of the linking events specifically in the high cTBS
group (based on a median-split on simulated electric field strengths). Boxplots show the median for each group. Boxplot
whiskers extend to the minimum or maximum value within 1.5 times the interquartile range. Points within the boxplot
indicate individual data points per each group. Density plots indicate data distribution per group. The belongingness ratings
for the linked and non-linked events are shown in Figure 2      – Figure supplement 1, the data of the multiple arrangements
task in Figure 2      – Figure supplement 2, and the data of the forced-choice recognition test in Figure 2      – Figure
supplement 3. Statistical differences stem from pairwise post-hoc tests of marginal means. *p < 0.05, ***p < 0.001.
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peripheral details of the plot when recalling linked events, which was not observed to the same
extent for non-linked events (LMM: link × detail: β = 0.61, 95% CI [0.12, 1.09], t(406.00) = 2.43, p =
0.016).

In a second step, we analyzed whether cTBS to the angular gyrus affected, in addition to memory
detailedness for initially separate but now linked events, also the memory for the linking events
themselves. Our results showed that cTBS (vs. sham) significantly reduced the frequency with
which participants recalled the linking events (LMM: group: β = −0.66, 95% CI [-1.13, −0.18], t(98.13)
= −2.71, p = 0.008; Fig. 2B     ). Interestingly, this TMS effect appeared to be particularly pronounced
when events were linked via imagination (cTBS vs. sham: t(61.46) = −2.53, p = 0.014, d = −0.63) and
was less prominent when they were linked via direct observation (cTBS vs. sham: t(58.59) = - 1.63,
p = 0.107, d = −0.40), although it is important to note that the interaction was not significant (LMM:
group × mode: β = 0.30, 95% CI [-0.18, 0.77], t(62) = 1.23, p = 0.225).

To assess the effect of cTBS stimulation on the angular gyrus (Pizem et al., 2022     ; Zhang et al.,
2022     ), we performed electric field simulations at 80 % of the individual motor threshold,
averaging the estimated field strength within a 10mm sphere centered around the angular gyrus
coordinate (MNI: −48, −67, 30). In order to examine whether the behavioral effects were
dependent on the simulated electric field strength (Fig. 2C     ), we next included electric field
strength (strong vs. weak via median split) and repeated the previous linear mixed model
predicting the number of details for linked events including a group factor reflecting stimulation
strength (sham, low, high). This model yielded a significant group × link interaction (LMM: β =
−0.78, 95% CI [-1.35, −0.21,], t(399.00) = −2.63, p = 0.009; Fig. 2D     ), suggesting a dependency of
memory on stimulation strength. Pairwise comparisons for linked events confirmed that a
stronger electric field induction in the angular gyrus significantly reduced the memory boost for
linked events, while there was no such effect for weak cTBS stimulation (LMM: sham vs. low: β =
0.05, 95% CI [-0.45, 0.55], t(87.70) = 0.28, p = 1.000; sham vs. high: β = 0.74, 95% CI [0.25, 1.23], t(87.7)
= 4.45, p < 0.001, low vs. high: β = 0.69, 95% CI [0.13, 1.26], t(87.7) = 3.60, p = 0.007). We further
included the electric field strength (strong vs. weak via median split) and repeated the previous
linear mixed model predicting the naming of the linking events including the group factor
stimulation strength (sham, low, high). This analysis yielded a significant effect of group (LMM: β =
−0.92, 95% CI [-1.50, −0.35], t(97.79) = −3.11, p = 0.003; Fig. 2E     ), suggesting that the memory for
the linking events was dependent on the angular gyrus stimulation strength.

Angular gyrus stimulation disrupts neural pattern
reconfiguration following imagination-based insight
Our behavioral data showed that cTBS to the angular gyrus reduced the insight-related memory
boost. In a next step, we tested whether cTBS to the angular gyrus may also alter the insight-
related reconfiguration of neural memory representations, taking the mode of insight (i.e.
imagination vs. observation) into account. To this end, we leveraged representational similarity
analysis (RSA) of EEG data and compared changes in multivariate oscillatory theta power patterns
for linked and non-linked events from pre-to post-insight (Fig. 3A     ). We focused exclusively on
the theta band since theta has been shown to hold a key role in episodic memory integration
(Backus et al., 2016     ; Nicolás et al., 2021     ). For this analysis, similarity maps (time × time) were
computed by correlating story-specific theta frequency patterns within linked (A with B) and
within non-linked (A with X) events in the pre-and post-phase, separately. Subsequently, we
examined insight-induced effects on neural representations for linked (vs. non-linked) events by
comparing the change from pre-to post-insight (post-pre) and the difference between imagination
and observation (imagination - observation) between cTBS and sham groups using an independent
cluster-based permutation t-test.

https://doi.org/10.7554/eLife.91033.2


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 9 of 52Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 9 of 52

Fig 3.

Representational pattern changes. A, Conceptual overview of the representational similarity analysis (RSA) on theta
oscillations. First, time-frequency data was computed, and the theta power values (4-7 Hz) were extracted. Using these
feature vectors, Pearson’s correlations were computed to compare the power patterns across time points of events (here:
event A and B). These correlations resulted in a time × time similarity map. B, Significant cluster, denoted by white dotted line
for illustrative purposes, for the change from post-pre and imagination-observation between the cTBS and sham groups
using an independent sample cluster-based permutation t-test for linked events (A and B). In the middle panel, follow-up
tests on stories linked via imagination revealed increased similarity for the sham group, while no significant effect was
observed for the cTBS group. In the lower panel, follow-up tests on stories linked via observation showed decreased similarity
for the sham group and increased similarity for the cTBS group. C, Significant cluster, denoted by white dotted line for
illustrative purposes, for the change from post-pre and imagination-observation between the cTBS and sham groups using
an independent sample cluster-based permutation t-test for non-linked events (A and X). In the middle panel, follow-up tests
on stories linked via imagination revealed increased similarity for the cTBS group, while no significant effect was observed for
the sham group. In the lower panel, follow-up tests on stories linked via observation showed decreased similarity for the cTBS
group and no significant effect for the sham cTBS group. Boxplots show the median similarity for each group at each time
point. Boxplot whiskers extend to the minimum or maximum value within 1.5 times the interquartile range. Points within the
boxplot indicate individual data points in each group. Density plots indicate data distribution per group and time. *p < 0.05,
**p < 0.01, ***p < 0.001.
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First, we included the within-subject factors time (pre vs. post), mode of insight (imagination vs.
observation) and link (vs. non-link) by calculating the difference waves. Subsequently we
conducted a cluster-based permutation test comparing the cTBS and the sham groups. This
analysis yielded a four-way interaction within a negative cluster in a fronto-temporal region
(electrode: FT7; p = 0.007, ci-range = 0.00, SD = 0.00). This result indicates that the impact of cTBS
over the angular gyrus on the neural pattern reconfiguration following imagination-vs.
observation-based insight may differ between linked and non-linked events. For linked events, this
analysis yielded a negative cluster (p = 0.032, ci-range = 0.00, SD = 0.00) in the parieto-temporal
region (electrodes: T7, Tp7, P7; Fig. 3B     ; Figure 3      – Figure supplement 1). Follow-up tests on
the extracted similarity cluster analyzed the representational pattern change and its modulation
by TMS separately for the imagination and observation condition. For stories linked via
imagination, we obtained an increase in representational similarity from pre-to post-insight in the
sham group (t(30) = 3.48, p = 0.002, drepeated measures = 0.62), whereas there was no such increase
and even a trend for a decrease in representational similarity for linked events from pre-to post-
insight in the cTBS group (t(30) = −2.01, p = 0.053, drepeated measures = −0.36; group × time: F(1, 60) =
14.03, p < 0.001, ηG= 0.09; Fig. 3B      middle panel). Interestingly, we observed that a lower change
(post - pre) in representational similarity of events linked via imagination (vs. observation) was
associated, across groups, with a reduced probability of recall of the linking events (r = 0.27, t(59) =
2.17, p = 0.034), suggesting a direct association between neural pattern reconfiguration and
subsequent memory. Furthermore, to address a deviation from the normality assumption, the
correlational analysis was repeated using the Spearman method, which indicated a stronger
correlation (r(59) = 0.32, p = 0.012).

For stories that were linked via observation, we observed a seemingly opposite pattern (group ×
time: F(1, 60) = 19.21, p < 0.001, ηG= 0.12): decreased similarity in the sham group (t(30) = −3.94, p <
0.001, drepeated measures = −0.62) but increased representational similarity in the cTBS group (t(30) =
2.30, p = 0.029, drepeated measures = 0.62; Fig. 3B      lower panel). However, these changes in
representational similarity for the observation condition should be interpreted with caution, as
these seemingly opposite changes appeared to be at least in part driven by group differences
already in the pre-phase, before participants gained insight.

Interestingly, we observed a different pattern of insight-related representational pattern changes
for non-linked events. Similarly to linked events, we compared the change from pre-to post-insight
and the difference between imagination and observation between cTBS and sham using an
independent sample cluster-based permutation t-test. This analysis yielded a positive cluster (p =
0.035, ci-range = 0.00, SD = 0.00) in a fronto-temporal region (electrode: FT7; Fig. 3C     ; Figure 3     
– Figure supplement 2). Again, we pursued this effect with separate follow-up tests for the
imagination and observation conditions. In the imagination condition, the sham group did not
show any representational changes for non-linked events (t(30) = - 1.35, p = 0.187; drepeated measures
= −0.23), while we observed increased neural similarity for non-linked events from pre-to post-
insight in the cTBS group (t(30) = 3.61, p = 0.001, drepeated measures = 0.67; Fig. 3C      middle panel).
Thus, participants who received cTBS to the angular gyrus showed a pattern of pre-to post-insight
representational changes for non-linked events that resembled the pattern observed in the sham
group for events linked via imagination, suggesting that cTBS to the angular gyrus before gaining
imagination-based insight interfered with efficient pruning of the integrated narrative.

For stories linked via observation, we observed, again, a seemingly opposite pattern (group × time:
F(1, 60) = 10.32, p = 0.002, ηG= 0.07): no representational change in the sham group (t(30) = 1.65, p =
0.110, drepeated measures = 0.34) but decreased neural similarity for non-linked events from pre-to
post-insight in the cTBS group (t(30) = −2.40, p = 0.023, drepeated measures = - 0.42). Again, these
representational changes should be interpreted with caution, as the differences appear to be at
least in part driven by group differences in the pre-insight phase.
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cTBS to the angular gyrus diminishes fronto-temporal
connectivity associated with imagination-based insight
To further elucidate the neural mechanisms involved in the changes in insight-related memory
reconfiguration after cTBS to the left angular gyrus, we next examined changes in functional
connectivity using the same contrast as in the previous RSA analyses. More specifically, we
computed imaginary coherence for the mean theta frequency using a sliding window approach
and tested the change in connectivity from pre-to post-insight for linking via imagination vs.
observation between the cTBS and the sham groups using an independent sample cluster-based
permutation t-test.

This analysis yielded a negative cluster (p = 0.044, ci-range =0 .00, SD = 0.00; time window: 1.25 –
1.75s; Fig. 4A     ) between centro-temporal and frontal regions (C4 – Fp1; C6 – Fp1; T8-Fp1; T8 –
AF7). For stories linked via imagination, follow-up tests indicated decreased functional
connectivity between these regions in the cTBS group (t(30) = −4.25, p < 0.001, drepeated measures =
−0.70), while there was no change in the sham group (t(30) = 0.02, p = 0.987, drepeated measures =
0.00; group × time: F(1, 60) = 8.05, p = 0.006, ηG= 0.050; Fig. 4B     ). Interestingly, across both groups
higher coherence between these areas in the post-relative to the pre-phase for stories linked via
imagination relative to observation was associated with better recall of details (central and
peripheral) for stories linked via imagination (r = 0.31, t(59) = 2.50, p = 0.015; Fig. 4C     ), suggesting
that the reduced crosstalk between these regions was linked to impaired subsequent memory.
Please note that for addressing a deviation from the normality assumption, the correlational
analysis was repeated using the Spearman method, which yielded an significant correlation of
similar strength (r(59) = 0.31, p = 0.015).

For stories linked via observation, we found a seemingly opposite pattern (group × time: F(1, 60) =
12.73, p < .001, ηG= .080; Fig. 4D     ): decreased functional connectivity for the sham group (t(30) =
−2.75, p = 0.010, drepeated measures = −0.47), while the cTBS group exhibited increased connectivity
(t(30) = 2.28, p = 0.030, drepeated measures = 0.36). Since these differences appeared to be again
already present prior to gaining insight, the functional connectivity changes obtained for the
observation condition should be interpreted with caution. Regarding non-linked events (X), we did
not find any significant cluster in this coherence analysis (all clusters p > 0.221), indicating that the
reported connectivity changes were specific to linked events.

Control variables
Overall, levels of subjective chronic stress, anxiety, and depressive mood were relatively low and
not different between groups. The groups did further not differ in terms of personality traits,
imagination capacity, age or motor thresholds (all p > 0.053; see Table 1     ).

Discussion

Updating our memory representations in light of new information is key to keeping an accurate
model of the world. Given the previously described role of the angular gyrus in episodic memory
and imagination (Benoit & Schacter, 2015     ; Bonnici et al., 2018     ; Thakral et al., 2017     ), we
hypothesized that this area plays a pivotal role in (imagination-based) insight-driven memory
reconfiguration. To probe the causal role of the angular gyrus in insight-induced mnemonic
changes and related neural pattern reconfigurations, we combined a life-like narrative insight task
with cTBS to the angular gyrus. Our results show that cTBS to the angular gyrus reduced the
insight-related memory boost for linked events and decreased memory for the linking events
themselves. At the neural level, cTBS to the angular gyrus reduced the coupling between centro-
temporal and frontal regions and abolished insight-induced neural representational changes for
events linked via imagination, which points to impaired memory integration.
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Fig 4.

Connectivity change for linked events. A, Conceptual depiction of the negative cluster (centro-temporal and frontal). In the
upper panel, the connections are presented separately for each electrode pair. The lower panel illustrates the cluster
coherence based on the electrode locations relative to the brain. B, Follow-up tests for events linked via imagination indicated
decreased coherence between centro-temporal and frontal electrodes for the cTBS group, while no change was observed for
the sham group. C, Significant positive correlation, indicating that the less the coherence between centro-temporal and
frontal electrodes changed from pre to post for imagination (vs. observation), the fewer details for linked events via
imagination were recalled. Please note, that this correlation became even stronger when the outlier was removed (r = 0.38,
t(58) = 3.11, p = 0.003). D, Follow-up tests for events linked via observation indicated decreased coherence centro-temporal
and frontal electrodes for the sham group, while the cTBS group showed a significant increase in coherence. Boxplots show
the median coherence for each group at each time point. Boxplot whiskers extend to the minimum or maximum value within
1.5 times the interquartile range. Points within the boxplot indicate individual data points in each group. Density plots
indicate data distribution per group and time. *p < 0.05, **p < 0.01, ***p < 0.001.
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Unsurprisingly, all participants successfully gained insight into which events were linked in the
narrative-insight task (NIT), as reflected in their reliable recognition of the linked events in the
forced-choice recognition task and their relatedness ratings in the multi-arrangements task (MAT).
Importantly this insight had a direct impact on memory, with better memory for linked relative to
non-linked events. This memory boost for linked events aligns with previous findings (Cohn-
Sheehy et al., 2021     ; Grob et al., 2023a     , 2023b     ; Wang et al., 2015     ) and supports the notion
that the brain stores episodic memories as coherent narratives (Tulving, 1983     ), for which any
element can cue the entire episode (Horner et al., 2015     ; Nakazawa et al., 2002     ). Crucially,
while cTBS to the angular gyrus had no effect on basic insight, cTBS to the angular gyrus prior to
gaining insight into the relationship of previously separate events specifically reduced this
memory boost for linked events, particularly when electric field stimulation of the angular gyrus
was strong. The diminished memory boost for linked events following effective cTBS to the
angular gyrus demonstrates a causal involvement of the angular gyrus in prioritizing linked
narratives in memory and, by implication, the reconfiguration of memories in light of new
information.

CTBS to the angular gyrus prior to gaining insight impaired memory not only for the linked events
but also for the linking events themselves. Again, this was exclusively observed for cTBS
stimulation with a strong electric field, ensuring effective stimulation of the angular gyrus. The
resulting impairment in memory for linking events following cTBS to the angular gyrus highlights
its causal role in integrating newly acquired information into pre-existing memory
representations, suggesting that the linking events – whether observed or imagined – serve as
binding information for creating a coherent narrative. This interpretation is in line with a recent
study showing that online TMS over the angular gyrus during a reading-based task impaired the
integration of contextual information (Branzi et al., 2021     ). Interestingly, recent work has
additionally indicated that targeting parietal regions with TMS led to alterations in hippocampal
functional connectivity, thereby enhancing associative memory (Nilakantan et al., 2017     ; Tambini
et al., 2018     ; Wang et al., 2014     ), potentially shedding light on the underlying mechanisms
involved. Dovetailing with recent accounts proposing the angular gyrus as a spatiotemporal
buffering region for integrating our continuous stream of experiences (Humphreys et al., 2021     ),
cTBS to the angular gyrus may have disrupted the reactivation and maintenance of initially
separate events A and B during the linking phase. This disruption may have impeded the binding
process that is likely crucial for the observed memory boost. At the same time, the lacking
reactivation and integration of previously separate events A and B during the linking phase may
have diminished the significance of the linking event, leading to reduced memory for the linking
event itself.

Consistent with previous neuroimaging studies demonstrating distinct representational changes
associated with insight into the relationship of initially separate events (Collin et al., 2015     ;
Milivojevic et al., 2015     ), we observed, in addition to insight-related memory changes, increased
similarity in neural representations of events linked via imagination in the theta band from pre-to
post-insight. This finding aligns with studies linking theta band activity to hippocampal
involvement in memory integration (Backus et al., 2016     ; Herweg et al., 2020     ; Nicolás et al.,
2021     ). Mechanistically, hippocampal theta oscillations may facilitate memory integration by
promoting more accurate representations of stimulus-specific information while gaining insight
(Pacheco Estefan et al., 2021     ). Critically, cTBS to the angular gyrus abolished these insight-
induced changes in neural pattern similarity between linked events in the theta band, which was
directly associated with reduced recall of the linking events. Beyond its causal involvement in the
insight-driven neural reconfiguration of linked event representations, cTBS to the angular gyrus
led to representational changes for non-linked events that closely resembled the changes observed
in the sham group for linked events. This finding indicates that cTBS to the angular gyrus impairs
the separation of linked and non-linked events, suggesting its causal role in effectively pruning out
events that are not part of the integrated narrative.
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Given the consistent findings linking the angular gyrus to scene imagination (Addis et al., 2007     ;
Hassabis et al., 2007     ; Ramanan et al., 2018     ; Thakral et al., 2017     ), our study focused on the
role of the angular gyrus in imagination-based mnemonic integration. It is important to note that
the neural findings discussed thus far exclusively pertain to imagination-based insight, aligning
with the primary focus of our study. When gaining insight via imagination, participants had to
retrieve memory representations of initially separate events to construct the linking event in their
mind (Schacter et al., 2008     ). We assume that the retrieval and reinstatement necessary to
construct the imagined linking event led to a high degree of co-activation of the neural patterns
associated with each event, leading to more similar representations (Wammes et al., 2022     ). Most
interestingly, cTBS to the angular gyrus’ buffering function (Humphreys et al., 2021     ) disrupted
the observed increase in similarity for events linked via imagination, lending further support to its
causal role in imagination-based memory integration. Together, our findings demonstrate that
cTBS to the angular gyrus disrupts neural pattern reconfiguration following imagination-based
insight.

Although we specifically targeted the left angular gyrus and identified its causal role in insight-
driven memory reconfiguration, the angular gyrus does not act in isolation. As a major connector
hub, it integrates information from various brain regions, with connections including the
prefrontal and parietal regions (Frey et al., 2008     ; Makris et al., 2005     , 2007     ), striatum (Petit et
al., 2023     ; Uddin et al., 2010     ), sensory-motor areas (Bonner et al., 2013     ), and the medial-
temporal lobe, including the hippocampus (Uddin et al., 2010     ). Some of these regions play a key
role in insight-induced memory reconfigurations, in particular the hippocampus and prefrontal
cortex (Collin et al., 2015     ; Milivojevic et al., 2015     ). Consistent with this, cTBS to the angular
gyrus resulted in decreased theta band connectivity between centro-temporal and frontal regions
for events linked via imagination. Importantly, this reduction in connectivity was directly related
to a subsequent memory decline. This finding, specific to linked events, aligns with prior research
indicating that stronger (and inter-hemispheric) functional coupling in the theta band between
frontal and posterior regions is linked to enhanced associative memory (Cruzat et al., 2021     ;
Summerfield & Mangels, 2005     ; Wu et al., 2007     ). Furthermore, in line with our finding that is
specific to imagination-based linking, the importance of theta band synchronization has been
highlighted in research focused on mental imagery (Li et al., 2009     ). These results suggest that by
disrupting the angular gyrus, long-range theta synchronization for events linked via imagination
is also disrupted, directly impacting memory performance for these events. This underscores the
role of the angular gyrus as a connector hub, integrating information from various regions,
particularly during the process of imagination-based memory integration.

To compare the angular gyrus’ involvement in imagination-based linking with observation-based
linking, where mental construction of linking events is not required, participants linked half of the
stories by observing the linking events as videos. For events linked via observation, we found
decreased pattern similarity in the theta band between linked events from the pre-to the post-
phase. It may be tempting to speculate that viewing the linking event, reactivated only elements of
the memory representations of A and B, resulting in a moderate co-activation of their memory
representations, which typically leads to decreased similarity between events (Wammes et al.,
2022     ) and more distinctive memory representations in line with previous studies (Grob et al.,
2023a     , 2023b     ; Heinbockel et al., 2022     ). CTBS to the angular gyrus disrupted this decrease,
potentially preventing full access to the original memory representation of A and B in all their
detailed distinctiveness during the observation of the linking event, subsequently failing to induce
a decrease in similarity (Ramanan et al., 2018     ). Following cTBS to the angular gyrus, we further
observed decreased pattern similarity for non-linked events in the observation-based condition,
resembling the pattern change observed in the sham group for linked events, which may highlight
the role of the angular gyrus in representational separation during observation-based linking.
Furthermore, for events linked via observation, we observed decreased theta coherence in the
sham group. It may be speculated that decreased theta synchronization for events linked via
observation indicated less working memory demands in line with prior research (Fell & Axmacher,
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2011     ; Kawasaki et al., 2014     ; Sarnthein et al., 1998     ). Importantly, cTBS to the angular gyrus
led to increased functional connectivity between centro-temporal and frontal regions, potentially
indicating increased working memory demands. However, caution is warranted when
interpreting these findings for observation-based insight because these appeared to be driven at
least in part by group differences already in the pre-phase, i.e. before participants’ gained insight
and before the TMS manipulation.

Although our study provided evidence suggesting a causal role of the angular gyrus in insight-
driven memory reconfigurations – highlighted by behavioral changes after cTBS to the angular
gyrus, neural changes in left parietal regions, and relevant brain-behavior associations – it is
important to acknowledge the limitations imposed by the spatial resolution of EEG. Consequently,
the precise source of the observed signal changes in the parietal regions remains uncertain,
potentially tempering the definitive nature of these findings. Furthermore, the differential impact
of cTBS to the angular gyrus on neural reconfigurations between events linked via imagination
and those linked via observation may be attributed to its crucial role in imaginative processes
(Ramanan et al., 2018     ; Thakral et al., 2017     ). Another intriguing aspect to consider is that the
stimulated site was situated in the more ventral portion of the angular gyrus, recognized for its
stronger connectivity to the episodic hippocampal memory system in contrast to its more dorsal
counterpart (Seghier, 2013     ; Uddin et al., 2010     ). This stronger connectivity between the ventral
angular gyrus and the hippocampus may shed light on the greater impact of cTBS to the angular
gyrus on imagination-based insight. Given the angular gyrus’s robust connectivity with other brain
regions, including the hippocampus (Seghier, 2013     ), it is plausible that the observed changes
might not solely stem from alterations within the angular gyrus itself, but could also originate
from these interconnected regions. This notion may bear particular importance given the required
accessibility to the hippocampus during imaginative processes (Benoit & Schacter, 2015     ; Grob et
al., 2023a     ; Zeidman & Maguire, 2016     ). Interactions between the angular gyrus and the
hippocampus may give rise to rich memory representations (Ramanan et al., 2018     ). In line with
this, recent studies have demonstrated that cTBS to the angular gyrus resulted in enhanced
hippocampal connectivity and improved associative memory (Hermiller et al., 2019     ; Tambini et
al., 2018     ; Wang et al., 2014     ). However, it should be noted that our study detected impaired
associative memory following cTBS to the angular gyrus. Expanding upon this idea, it is
conceivable that targeting a more dorsal segment of the angular gyrus might exert a stronger
influence on observation-based linking – an aspect that warrants future investigations. Yet, while
acknowledging the functional heterogeneity within the angular gyrus (Humphreys et al., 2020     ),
pinpointing specific sub regions via TMS remains challenging due to its limited focal precision at
the millimeter level (Deng et al., 2013     ; Thielscher & Kammer, 2004     ), as reinforced by our
electric field simulations utilizing a 10 mm radius. Hence, drawing definitive conclusions
regarding distinct angular gyrus sub regions requires future research employing rigorous checks
to assess the focality of their stimulation.

In conclusion, our data point to a causal involvement of the angular gyrus in (imagination-based)
insight-driven memory reconfiguration. These results provide novel insights into the neural
mechanisms of memory integration and bridge the traditionally separate functions attributed to
the angular gyrus, namely memory and imagination. Beyond their relevance for understanding
fundamental memory processes, these findings may have relevant implications for promoting the
integration of fragmented memories in mental disorders, such as posttraumatic stress disorder.
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Materials and Methods

Preregistration
This study was preregistered before the start of data collection at the German Clinical Trials
Register (DRKS-ID: DRKS00025202; https://drks.de/search/de/trial/DRKS00025202     ). For translation
to English, please adjust the page settings located in the top right corner.

Participants
Sixty-five healthy right-handed individuals (34 males, 31 females, age: M = 24.49 years, SD = 4.29
years) with normal or corrected-to-normal vision volunteered to participate in this study.
Participants were screened using a standardized interview for exclusion criteria that comprised a
history of neurological and psychiatric disease, medication use and substance abuse,
cardiovascular, thyroid, or renal disease, evidence of COVID-19 infection or exposure, and any
contraindications to MRI examination or TMS. Additionally, participants with a body mass index
(BMI) below 19 or above 26 kg/m² were excluded. This decision stemmed from recruiting some
participants from prior studies that incorporated stress induction protocols, which imposed this
specific criterion (Herhaus & Petrowski, 2018     ; Schmalbach et al., 2020     ). All participants gave
written informed consent before participation and received a monetary compensation at the end
of the experiment. The procedures were approved by the local ethics committee (Faculty of
Psychology and Human Movement Science, Universität Hamburg, Hamburg, Germany, 2020_301
Grob Schwabe) and adhered to the Declaration of Helsinki. The sample size is in line with recent
studies on episodic memory integration using the same task (Grob et al., 2023a     , 2023b     ).
Additionally, an a-priori power calculation using G*Power (Faul et al., 2007     ) indicates that a
sample size of N = 54 is sufficient for detecting a medium-sized group × link effect (f = 0.25) with a
power of 0.95.

We implemented a mixed-design including the within-subject factors link (linked vs. non-linked
events), session (pre-vs. post-link), and mode (imagination vs. observation) as well as the between-
subjects factor group (cTBS to the angular gyrus vs. sham) to mitigate the risk of carry-over effects
and sequence biases of the crucial cTBS manipulation. Participants were pseudo-randomly
assigned to the cTBS group (n=34, 16 females) and the sham group (n = 31, 15 females) to achieve a
comparable distribution of men and women in each group. Due to technical issues, three cTBS
participants were excluded from EEG analyses.

Procedure
After obtaining participants’ written informed consent, we determined their individual motor
thresholds for transcranial magnetic stimulation (TMS). Thereafter, they completed a training
session of the modified narrative-insight task (NIT; Milivojevic et al., 2015     ), a life-like video-based
task that tests the integration of initially separate events into coherent episodes (see below).
During this training, participants were equipped with electroencephalography (EEG) caps and
electrodes. Following the training session, participants completed the pre-phase of the narrative-
insight task (NIT). After completing a German mood questionnaire (MDBF; Steyer et al., 1997     ),
participants underwent either sham or cTBS targeting the left angular gyrus before commencing
the insight-phase, with an additional stimulation session administered before the second half of
the insight-phase. Crucially, this study was double-blind, ensuring that both the participant and the
experimenter were unaware of the stimulation condition. Upon completion of the insight-phase,
participants transitioned to another experimental room where they were given a 30-minute break,
during which they completed the German mood questionnaire (MDBF) again, along with
assessments of their imagination capacity (FFIS; Zabelina & Condon, 2019     ), trait-anxiety (STAI-T;
Laux et al., 1981     ), and state-anxiety (STAI-S; Laux et al., 1981     ), depressive symptoms (BDI;
Hautzinger et al., 2006     ), chronic stress (TICS; Schulz & Schlotz, 1999     ), and personality
dimensions (BFI-2; Danner et al., 2016     ). This break was crucial for minimizing potential
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aftereffects of TMS that could have affected performance during the post-phase and memory tasks
(Huang et al., 2005     ; Jannati et al., 2023     ). After this break, participants engaged in a self-paced
free recall task, after which they returned to the EEG room to complete the post-phase of the
narrative-insight task (NIT). The comparison of neural activity patterns between the pre-and post-
phases allowed the analysis of insight-related changes in neural memory representations. EEG
recordings were obtained during the pre-, insight-, and post-phase of the narrative-insight task
(NIT). Finally, participants completed a multi-arrangements task (MAT; Kriegeskorte & Mur,
2012     ) and a forced-choice recognition task. In total, the experiment took about 4.5 hours per
participant and was completed within a single day.

Narrative-Insight Task
To examine insight-related mnemonic integration processes, participants completed a modified
version of the narrative-insight task (NIT; Milivojevic et al., 2015     ; Fig. 1     ), while their brain
activity was measured using EEG. The task involved watching life-like videos from the computer
game The Sims 3, representing different storylines. Each storyline consisted of events that could
either be integrated (A and B) into narratives or not (A and X). Participants were unaware that
each narrative had two versions. The two versions shared event A but had different events B.
Event X from one version served as event B in the other version. Thus, all participants viewed the
same events A, B, and X, with 37 participants linking events A and X and 28 participants linking
events A and B. Counterbalancing which events were linked over participants controlled for non-
specific stimulus effects and visual similarity. Throughout this manuscript, the linked events are
referred to as events A and B, while the non-linked event is referred to as X. Given the role of the
angular gyrus in imagination (Benoit & Schacter, 2015     ; Thakral et al., 2017     ) and recent
research highlighting distinct neural underpinnings when gaining insight via imagination vs.
observation, we introduced two insight modes: imagination-based linking for half of the stories
and observation-based linking for the other half.

The narrative-insight task (NIT) consisted of three phases (Fig. 1     ): the pre-phase, the insight-
phase, and the post-phase. The task included ten stories featuring three videos (A, B, and X) in both
the pre-and post-phase, and two videos (L, C) and two imagination instructions (I, CI) in the
insight-phase. In the pre-phase, participants viewed events A, B, and X for two seconds each, with
inter-trial intervals (ITIs) between 700-1300 ms (∼1000 ms). Each video was preceded by a brief
title (one second) and presented 18 times in pseudorandom order. The presentation order ensured
that each video appeared before the next round of presentations began, and consecutive trials did
not feature the same video. Following the pre-phase, participants rated the extent to which they
perceived the events as belonging together on a scale from not at all (1) to very much (4).

The subsequent insight-phase comprised two parts. For five stories, participants viewed the linking
video event (L) interspersed with a control video event (C), each presented for eight seconds and
repeated nine times with ITIs between 700-1300 ms (on average ∼1000 ms). For the other five
stories, participants observed an instruction (I) to imagine a particular linking scene, with the
video titles indicating the intended person, alternating with a control instruction (CI). Each
instruction was presented for eight seconds and repeated nine times with ITIs between 700-1300
ms (∼1000 ms). A total of 32 participants first linked events via imagination and later via
observation, while 33 participants first linked events via observation and then via imagination.
Importantly, participants were stimulated with cTBS or sham before both parts of the insight-
phase to maintain the stimulation effect throughout the insight-phase. For detailed description of
the TMS procedure see below.

Participants were instructed to imagine specific scenes only when specifically asked to do so;
otherwise, they were told to simply relax and watch the videos or answer the rating questions. In
the observation condition, the linking video (L) depicted the main characters from videos A and B
interacting with each other, while the control video (C) featured an unrelated activity involving an
unknown character (e.g., two women engaged in conversation). In the imagination condition, a

https://doi.org/10.7554/eLife.91033.2


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 18 of 52

written linking instruction (I) prompted participants to imagine the main characters from video A
and B interacting with each other, while the control instruction (CI) asked them to imagine an
unknown character engaged in an unrelated activity (e.g., two women talking to each other).
Following the insight-phase, participants provided ratings regarding their comprehension of the
link and adherence to instructions on a scale ranging from 1 (not at all) to 4 (very much). After the
insight-phase, participants were taken to another room for a 30-minute break, during which they
completed several questionnaires. After the break, they performed the free recall task (see below).
Subsequently, in the final post-phase, events A, B, and X were again displayed for two seconds,
repeated 18 times with ITIs between 700-1300 ms (on average ∼1000 ms). Each video was
preceded by a one-second title. The post-phase order was pseudorandomized to minimize
sequence effects. Its purpose was to examine neural representation changes for events A and B
after participants learned that these were linked. Participants then rated the extent to which they
perceived the events as belonging together on a scale of 1 (not at all) to 4 (very much). Participants
received visual feedback in the form of highlighted selected responses when entering a rating
question. In addition to the presentation of A, B, and X events in the pre-and post-phases, we
included target events to ensure sustained attention throughout the experiment. These target
events, accounting for 11% of pre-and post-phase trials, required participants to press a button in
response to a two-second animated video of a girl on a pink scooter.

Free recall
To assess the extent to which insight into the relationship of initially unrelated events affects
subsequent memory, participants performed a free recall test in which they were instructed to
recall all presented events in as much detail as possible (Fig. 1     ). During free recall, participants
were voice recorded for a maximum of 20 min. To assess the level of detailedness of the integrated
episodes, audio recordings from free recall were scored according to how much detail of the
different video events (A, B, and X) were recalled from day one and whether the linking events (L,
and I) were named. A rating system was employed that allowed for distinct coding of details
associated with each specific event (A, B, X, L, and I) and distinguished between central and
peripheral details. Central details refer to elements that are crucial to the plot and directly impact
the linking process. These details include significant aspects such as distinctive features of the
protagonist in each event. Peripheral details encompass any observable details in the video events
that are not central to the plot. For example, these could include features like the presence of a
carpet in a room or the color of the curtains. Importantly, there was no difference in the number
of details that could be named among the video events A, B, and X across different stories (event:
F(1.35, 12.14) = 2.09, p = 0.173). However, it is worth noting that a greater number of peripheral
details could be named compared to central details (detail: F(1, 9) = 83.24, p < 0.001), which was
expected as there were more details visible in the video events that were unrelated to the plot and,
consequently, had no direct influence on the linking process. We engaged four independent raters
and instructed them to assign details only to events for which it was clear that they belonged
exclusively to that event, thereby avoiding any confusion between different events. The raters
further scored whether the participants named the linking events or not. The scoring process
involved two raters evaluating the first half of the data, while another two raters assessed the
second half. All raters were blinded to the experimental conditions. To assess inter-rater reliability,
all raters rated the first five participants, and on average, these ratings were highly correlated
with each other (mean correlation = 0.80, SD = 0.14). To enhance inter-subjectivity, these ratings
were averaged. The details of the different event types (A, B, and X) were combined across stories
to generate a comprehensive rating of event details for both imagined and observed links. The
average rating of the linked events (A and B) was then calculated to represent the overall measure
of linked events. The non-linked event (X) remained unchanged. The naming of the linking events
were combined across stories, separately for imagination and observation. Following the free
recall, participants proceeded to the post-phase of the narrative-insight task (NIT).
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Multi-arrangements Task
In order to ensure that participants accurately retained the structure of the events they gained
insight into, we assessed their representational structure through a multi-arrangements task
(MAT; Kriegeskorte & Mur, 2012     ). In this task, participants were instructed to arrange
representative images (A, B, and X) from each story based on their relatedness. Using a computer
mouse, participants dragged and dropped the images within a circular two-dimensional arena
displayed on the computer screen. This task served to assess whether participants could
successfully bring the linked images (A and B) closer together than the non-linked images (A and
X). Each trial was self-paced and could be concluded by the participant by selecting “Done”. In the
first trial, participants had to arrange all images by similarity and were instructed to do so
carefully. Subsequent trials consisted of subsets of the first trial selected based on an adaptive
procedure designed to minimize uncertainty and better approximate the high-dimensional
perceptual representational space. This procedure is based on an algorithm optimized to provide
optimal evidence for the dissimilarity estimates (Kriegeskorte & Mur, 2012     ). Distances in this MA
task were computed by initially computing the squared on-screen distance (Euclidian distance)
between all items in the first trial to produce a roughly estimated representative dissimilarity
matrix (RDM) and by iteratively updating this RDM by the weighted average of scaled trial
estimates. The completion of the MA task required approximately 15 minutes. Distances for linked
(A and B) and non-linked events (A and X) were averaged across stories for both imagined and
observed links.

Forced-choice recognition
To further ensure participants’ accurate identification of linked and non-linked events following
the narrative-insight task (NIT), a forced-choice recognition task was administered to assess
participants’ comprehension. They were presented with an image of event A at the top of the
computer screen and had to indicate whether the image of B or X in the bottom half of the screen
was linked to A. Participants were presented with these forced-choice options for each of the
stories they had seen before. After indicating for a story which event was linked to event A, they
had to rate how confident they were in their answer. Confidence was rated on a scale from not at
all (1) to very sure (4). This process was repeated for all ten stories. Participants were presented
with the forced-choice question and the confidence rating for 5.5 seconds each, with one-second
inter-stimulus intervals. Participants received visual feedback when submitting their ratings, as
the selected response was highlighted. The forced-choice recognition test lasted approximately five
minutes. Data from the forced-choice recognition task were pooled across stories and the
percentage of correct responses was calculated, separately for imagined and observed links.

Transcranial Magnetic Stimulation
Transcranial magnetic stimulation (TMS) was applied over the left angular gyrus before
participants gained insight into the relationship of initially unrelated events. We used a
PowerMAG Research 100 stimulator (MAG & More GmbH, München, Germany) for stimulation,
that is specifically designed for delivering repetitive transcranial magnetic stimulation (rTMS) in
both clinical and research applications. Two identically looking but different 70 mm figure-of-
eight-shaped coils were used depending on the TMS condition: The PMD70-pCool coil (MAG &
More GmbH, München, Germany) with a 2T maximum field strength was used for cTBS, while the
PMD70-pCool-SHAM coil (MAG & More GmbH, München, Germany), with minimal magnetic field
strength, was employed for sham, providing a similar sensory experience, with stimulation pulses
being scattered over the scalp and not penetrating the skull.

Motor Threshold Determination
The motor threshold (MT) was assessed at the beginning of the experiment while participants
were at rest, wearing an EEG cap without electrodes attached. This measurement was utilized to
determine the appropriate strength of TMS required to pass through the cap. Disposable Ag/AgCL
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surface electromyography (EMG) electrodes were placed on the right abductor pollicis brevis
(ABP) muscle, with the reference electrode on the bony landmark of the index finger and the
ground electrode on the right elbow. To locate the motor hotspot, we identified the center of the
head and moved 5 cm to the left and 3.5 cm forward at a 45° angle, marking it as the center point
of a 9-point grid search area with each point spaced 1 cm apart from adjacent points. Starting at
40% of the maximum stimulator output (MSO), we gradually increased the intensity in 5%
increments while positioning the TMS coil at a 45° angle and moving it around the search area,
delivering single pulses until we identified the motor hotspot. Once the motor hotspot was located,
the MT was determined at that site. It was defined as the minimum percentage of maximum
stimulator output (MSO) over the left motor cortex needed to elicit motor evoked potentials (MEPs)
with a peak-to-peak amplitude of 50 μV in eight out of 16 consecutive pulses.

Neuro-navigation
Before the experimental session, we obtained individual T1-weighted structural MR images using
a 3T Siemens PRISMA scanner from each participant. These images were used for neuro-
navigation with the PowerMag View! System (MAG & More GmbH, München, Germany). The
system utilizes two infrared cameras (Polaris Spectra) to track the positions of the participant’s
head and TMS coil in space. Based on the individual T1 MR images, we created 3D reconstructions
of the participants’ heads, allowing us to precisely locate the left angular gyrus coordinate (MNI:
−48, −67, 30), initially derived from previous work (Thakral et al., 2017     ), for TMS stimulation.
Despite a minor deviation in coordinates due to necessary MNI to Talairach transformations for
software compatibility (Powermag View! by MAG & More GmbH, München, Germany), our
methodology ensured precise localization of the angular gyrus target area. The coordinates were
entered as TAL coordinates. Once the TAL coordinate was entered, the coil was positioned in
accordance with the template provided by the neuro-navigation system, aiming for a brain-to-
target distance of less than 3 cm. This procedure ensured precise coil placement tailored to the
unique anatomy of each participant, while maintaining the shortest and therefore optimal
distance to the cortex.

Continuous Theta Burst Stimulation
Depending on the experimental condition, we administered continuous Theta Burst Stimulation
(cTBS) using either the cTBS or the sham figure-of-eight coil at 80% of the motor threshold (MT)
intensity. The experiment was conducted in a double-blind manner, where neither the participant
nor the experimenter were aware of the stimulation condition (cTBS vs. sham). Previous evidence
has demonstrated the inhibitory effect of cTBS on the targeted brain region under stimulation
(Huang et al., 2005     ; Jannati et al., 2023     ). Nonetheless, the effects of cTBS appear to vary based
on the targeted region, with cTBS to parietal regions demonstrating the capability to enhance
hippocampal connectivity (Hermiller et al., 2019     , 2020     ). Following the standard TBS protocol,
participants received a series of bursts comprising three magnetic pulses (pulse triplets) at a
frequency of 50 Hz, with the triplets repeated at a rate of five Hz (i.e., five pulse triplets per
second). Each participant received a total of 600 magnetic pulses delivered over a 40-second
duration. The coil was positioned tangentially on the head and mechanically fixed in a coil holder,
with its handle pointing upwards to maintain its position. Throughout the stimulation, it was
ensured via neuro-navigation that the brain-to-target distance remained below 3 cm from the left
angular gyrus coordinate (MNI: −48, −67, 30).

Electric field modeling
Electric field simulations were performed in SimNIBS v4.0.1 to perform TMS simulations for the
cTBS group. To assess the potential stimulation strength based on individual motor thresholds and
T1 images, we segmented and meshed these MRI scans into tetrahedral head models using the
SimNIBS charm pipeline. All head models were visually inspected to exclude segmentation errors.
In a next step, we performed the TMS simulation at 80 % of individual motor thresholds (M = 54.82
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%; SD = 12.93 %). We modeled the Magstim 70mm figure-of-eight coil placed over the left angular
gyrus target coordinates (MNI: −48, −67, 30), accounting for the presence of the EEG cap during
stimulation. Next, to estimate the average field strength in the region of interest (ROI), we
extracted the gray matter regions and created a 10mm spherical ROI centered around the target
coordinate and averaged the estimated field strength for the sphere. This approach enabled us to
evaluate the potential stimulation strength and its impact on the target brain area (Pizem et al.,
2022     ; Zhang et al., 2022     ).

EEG data acquisition
EEG data was recorded using a 64-electrode BioSemi ActiveTwo system (BioSemi B.V., Amsterdam,
the Netherlands) following the international 10-20 system. The sampling rate was set to 1024 Hz,
and a band-pass filter of 0.03-100 Hz was applied online. Additional electrodes were placed at the
mastoids, above and below the orbital ridge of the right eye, and at the outer canthi of both eyes.
We maintained impedances within a range of ± 20 μV using the common mode sense (CMS) and
driven right leg (DRL) electrodes, serving as active reference and ground, respectively.

Behavioral data analysis
For our behavioral analyses we opted to employ linear-mixed models (LMM), given their high
robustness regarding the underlying distribution and high sensitivity to individual variation
(Pinheiro & Bates, 2000     ; Schielzeth et al., 2020     ). To illuminate the impact of gaining insight
into the relationship between initially unrelated events on subsequent memory, we subjected the
number of details remembered during free recall to a LMM implemented with the lme4 package
(Bates et al., 2015     ) including group (cTBS/sham), mode (imagination/observation), link (link/non-
link), and detail (central/peripheral) and their interactions as fixed effects, with a random
intercept per participant. As a follow-up analysis, we calculated a median split on the cTBS group,
based on simulations of the electric field strength and re-analyzed this data with a new group
variable (sham/low stim/high stim), mode (imagination/observation), link (link/non-link), and
detail (central/peripheral) and their interactions as fixed effects, with a random intercept per
participant. To further examine mnemonic integration based on memory of the linking phase,
naming of the linking events were entered into an LMM including group (cTBS/sham), and mode
(imagination/observation), and their interactions as fixed effects. Additionally, a random intercept
per participant was included to account for individual variability. As a follow-up analysis, we re-
analyzed this data with a new group variable (sham/low stim/high stim), mode
(imagination/observation), link (link/non-link), and detail (central/peripheral) and their
interactions as fixed effects, with a random intercept per participant to estimate the effect of
stimulation strength on this outcome. To verify that all participants acquired insight into the
relationship between events, we analyzed the ratings for the event duplets of interest (linked
events AB and non-linked events AX) from the pre-and post-phase of the narrative-insight task
(NIT). This analysis was conducted using a LMM including group (cTBS/sham), mode
(imagination/observation), time (pre/post), and link (link/non-link) and their interactions as fixed
effects and a random intercept per participant. To confirm the retention of the representational
structure of the narrative-insight task (NIT) in memory, Euclidean distance estimates were
extracted from the multi-arrangements task (MAT) for linked (AB) and non-linked events (AX),
averaged across stories, and then entered into an LMM including group (cTBS/sham), mode
(imagination/observation), and link (link/non-link), and their interactions as fixed effects and a
random intercept per participant. Additionally, to further ensure participants’ accurate
identification of linked and non-linked events, we assessed performance in the forced-choice
recognition task by calculating the proportion of correct answers. These performance measures
(in %) were then entered into an LMM including group (cTBS/sham), and mode
(imagination/observation), and their interactions as fixed effects and a random intercept per
participant.
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All analyses were performed in R version 4.0.4 and for all analyses standardized betas are
reported. Prior to the analysis, the data were examined for outliers, defined as mean +/-3 SD. For
the modified narrative-insight task (NIT) analysis, three outliers (two from the sham and one from
the cTBS group) were identified and excluded. For the analysis of the forced-choice recognition
task, two outliers (one from each group) were identified and excluded. For the analysis of the
multi-arrangements task, four outliers (one from the sham and three from the cTBS group) were
identified and excluded. For the free recall analysis, five outliers (two from the sham and three
from the cTBS group) were identified and excluded. After outlier correction, we identified non-
normality in our data using a Shapiro-Wilk test (narrative-insight task: W = 0.92, p < 0.001; multi-
arrangements task: W = 0.94, p < 0.001; forced-choice recognition: W = 0.50, p < 0.001; free recall
details: W = 0.85, p < 0.001; free recall naming of linking events: W = 0.94, p < 0.001). However, we
mitigated this by employing linear-mixed models (LMMs), recognized for their robustness even
with non-normally distributed data (Schielzeth et al., 2020     ).

EEG preprocessing
The offline analysis of EEG data from the narrative-insight task (NIT) was conducted using the
FieldTrip toolbox (Oostenveld et al., 2011     ) and custom scripts implemented in Matlab
(TheMathWorks). Pre-and post-phase trials were segmented from −2 to 3 seconds relative to
stimulus onset and then re-referenced to the mean average of all scalp electrodes. The data were
demeaned based on the average signal of the entire trial and de-trended. To eliminate power-line
noise, a discrete Fourier-Transform filter (DFT) at 50 Hz was applied. Any electrodes that did not
record or exhibited constant noise were removed (max. one per participant) and interpolated
using weighted neighboring electrodes. Noisy trials were removed after visual inspection, on
average 2.32 (+/- SD 1.34) of the 540 pre-phase trials and 2.63 (+/- SD 1.74) of the 540 post-phase
trials. Following artifact rejection, the epochs were down-sampled to 256 Hz. Next, we performed
an extended infomax independent component analysis (ICA) using the ’runica’ method with a stop
criterion of weight change < 10-7 to identify and reject components associated with eye blinks and
other sources of noise. In a two-step procedure, we first correlated the signals from the horizontal
and vertical EOG electrodes with each independent component. Components exhibiting a
correlation higher than 0.9 were immediately removed from further analysis. In a second step, the
remaining components were identified through visual inspection of their time courses and
corresponding brain topographies. On average, 3.32 (+/- SD 1.38) components were removed
before back projecting the signals into electrode space.

Representational similarity analysis
To investigate how the brain processes insight-induced changes in the relationships between
unrelated events, we conducted a representational similarity analysis (RSA) at the EEG electrode
level (Heinbockel et al., 2022     ; Pacheco Estefan et al., 2021     ). This method is ideally suited to
measure neural representation changes and was specifically chosen as it has been previously
identified as the preferred approach for quantifying insight-induced neural changes (Grob et al.,
2023b     ; Milivojevic et al., 2015     ). RSA allows us to estimate neural activity patterns associated
with specific events by measuring their correlations, thus providing insights into the underlying
neural processes (Kriegeskorte et al., 2008     ). To measure the insight-induced representational
changes, we focused on assessing the similarity of linked and non-linked events before and after
gaining insight, separately for events that were linked via imagination and events that were linked
via observation. We performed the RSA in the theta frequency range as prior evidence highlighted
the key role of theta activity in episodic memory integration (Backus et al., 2016     ; Nicolás et al.,
2021     ).

To perform this analysis, we first calculated time-frequency representations utilizing spectral
decomposition using sliding Hanning windows on the preprocessed EEG data. The frequency
range was set from 2 Hz to 45 Hz, with 1 Hz increments and a five-cycle window. The analysis was
conducted within a time interval of −2 to 3 seconds relative to stimulus onset. For each participant,
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single trial power estimates were then averaged across stories and baseline corrected using
absolute baseline correction with a time window of −1.8 to −1 seconds relative to stimulus onset.
The time-frequency data was then appended into separate data files for the pre-and post-phase, as
well as for imagined and observed stories. In a second step, we utilized the time-frequency data
obtained in the theta range (4-7 Hz) to conduct RSA. These theta power values were then combined
to create representational feature vectors, which consisted of the power values for four
frequencies (4-7 Hz) × 41 time points (0-2 seconds) × 64 electrodes. We then calculated Pearson’s
correlations to compare the power patterns across theta frequency between the time points of
linked events (A with B), as well as between the time points of non-linked events (A with X) for the
pre-and the post-phase separately, separately for stories linked via imagination and via
observation. To ensure unbiased results, we took precautions not to correlate the same
combination of stories twice, which prevented potential inflation of the data. To facilitate
statistical comparisons, we applied a Fisher z-transform to the Pearson’s rho values at each time
point. This yielded a global measure of similarity on each electrode site. We, thus, obtained time ×
time similarity maps for the linked events (A and B) and the non-linked events (A and X) in the
pre-and post-phases, separately for insight gained through imagination and observation. In total,
this analysis produced eight Representational Dissimilarity Matrices (RDMs) for each electrode
and each participant.

We performed statistical analyses on the RDMs using cluster-based permutation t-tests in the
Fieldtrip toolbox (10.000 permutations; Oostenveld et al., 2011     ). This approach allows for testing
statistical differences while controlling for multiple comparisons without spatial constraints
(Maris & Oostenveld, 2007     ). The samples were clustered at a level of αcluster = 0.001 to allow for
more refined clusters. Clusters with a corrected Monte Carlo p-value < 0.05 were considered
statistically significant. The RDMs for the change from pre-to post-phase in linked events (post -
pre) that were linked via imagination (vs. observation; imagination - observation) were contrasted
between the cTBS (vs. the sham) groups via an independent sample cluster-based permutation t-
test. Similarly, the RDMs for the change from the pre-to post-phase (post - pre) in non-linked events
that were linked via imagination (vs. observation) were contrasted between the cTBS (vs. sham)
groups via an independent sample cluster-based permutation t-test.

Coherence analysis
Due to the robust connectivity between the angular gyrus and other brain regions (Petit et al.,
2023     ; Seghier, 2013     ), we proceeded with a connectivity analysis as a next step. To gain a
deeper understanding of the connectivity changes between linked (A and B) events before and
after gaining insight, we conducted a sliding window coherence analysis in electrode-space on the
same contrasts that we found in our RSA analyses. Therefore, this analysis specifically focused on
the comparison between imagined and observed links, utilizing the concept of imaginary
coherence (Nolte et al., 2004     ). Imaginary coherence quantifies the synchronization between two
electrodes, accounting for phase-lag at a specific frequency and minimizing the influence of
volume conduction effects. We first computed a frequency analysis focusing on the mean theta
frequency (5.5 Hz; dpss-taper = 1.5 Hz). Then, we computed imaginary coherence for all possible
electrode combinations. To capture the temporal dynamics, we employed a sliding window
approach that spanned the duration of the video display (0-2 seconds) in 500ms windows, sliding
forward in steps of 50ms. By applying this sliding window analysis, we obtained a coherence
spectrum matrix of 64 (electrodes) × 64 (electrodes) for each of the 31 time windows in each
participant. We calculated the average coherence matrices for both A and B, resulting in a single
coherence matrix that represents the connectivity patterns of the linked events. Subsequently, we
focused on the same interaction that was yielded by the previous RSA by examining the changes in
coherence spectra from pre-to post-phase (post - pre) for the imagined (vs. observed) linked
events. To determine the statistical significance of the observed differences between groups (sham
vs. cTBS), we utilized an independent sample cluster-based permutation t-test across all 31 time
windows, correcting for the multiple comparisons of channels and time windows.
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In order to investigate the changes in connectivity from pre-to post-phase for the non-linked event
(X), we conducted a sliding window coherence analysis following the same procedure as described
above. Please note that the non-linked event was treated separately and not averaged with any
other event to maintain its distinct characteristics. Similar to the linked events analysis, we
obtained 31 time windows representing the change from pre-to post-phase (post - pre) for the
imagined (vs. observed) non-linked event, which was the same interaction as in the previous RSA.
To evaluate the statistical significance of these changes between the groups (sham vs. cTBS), we
employed an independent sample cluster-based permutation t-test.

Correlational analysis
To relate the findings from the RSA and the coherence analyses to the behavioral results, we
extracted the significant clusters. We then proceeded to estimate the correlation between the
extracted neural cluster activity and behavioral outcomes. Specifically, we correlated neural
similarity and activity with behavioral outcomes separately for the cTBS and sham groups.
Subsequently, we compared these correlations to determine if they differed significantly from
each other (Eid et al., 2017     ).

Control variables
In order to ensure that the observed effects were solely attributable to the TMS manipulation and
not influenced by other factors, we comprehensively evaluated several trait and state variables. To
account for potential variations in anxiety levels that could impact our results, we specifically
measured state and trait anxiety using STAI-S and STAI-T (Laux et al., 1981     ), thus minimizing the
potential confounding effects of anxiety on our findings (Charpentier et al., 2021     ). Additionally,
we evaluated participants’ chronic stress levels using the TICS (Schulz & Schlotz, 1999     ) to
exclude any group variations that might explain the effect on memory, cosidering the well-
established impact of stress on memory (Sandi & Pinelo-Nava, 2007     ; Schwabe et al., 2012     ).
Moreover, we assessed participants’ depressive symptoms employing the BDI (Hautzinger et al.,
2006     ), to guarantee group comparability on this clinical measure. We further assessed
fundamental personality dimensions using the BFI-2 (Danner et al., 2016     ) to exclude any
potential group discrepancies that could account for differences observed. Lastly, we assessed
participants’ imaginative capacities using the FFIS (Zabelina & Condon, 2019     ), to ensure
uniformity across groups regarding this central variable, considering the significant role of
imagination in relation to the cTBS-targeted angular gyrus (Thakral et al., 2017     ).

Data availability

The data generated in this study as well as all original code is available at https://doi.org/10.25592
/uhhfdm.12928     . For any additional information needed to reanalyze the reported data, please
contact the lead researcher directly.

Author contributions

A.G.: Conceptualization, Data curation, Formal analysis, Investigation, Visualization, Methodology,
Writing – original draft, Writing – review and editing; H.H.: Formal analysis, Methodology,
Visualization, Writing – review and editing; B.M.: Conceptualization, Writing – review and editing;
C.D.: Conceptualization, Writing – review and editing; L.S.: Funding acquisition, Conceptualization,
Resources, Supervision, Writing – original draft; Writing – review and editing

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.25592/uhhfdm.12928


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 25 of 52

References

Addis D. R., Wong A. T., Schacter D. L (2007) Remembering the past and imagining the
future: Common and distinct neural substrates during event construction and
elaboration Neuropsychologia 45:1363–1377 https://doi.org/10.1016/j.neuropsychologia.2006
.10.016

Backus A. R., Schoffelen J.-M., Szebényi S., Hanslmayr S., Doeller C. F. (2016) Hippocampal-
Prefrontal Theta Oscillations Support Memory Integration Current Biology 26:450–
457 https://doi.org/10.1016/j.cub.2015.12.048

Bates D., Mächler M., Bolker B., Walker S (2015) Fitting Linear Mixed-Effects Models Using
lme4 Journal of Statistical Software 67 https://doi.org/10.18637/jss.v067.i01

Bellana B., Liu Z.-X., Diamond N. B., Grady C. L., Moscovitch M (2017) Similarities and
differences in the default mode network across rest, retrieval, and future imagining
Human Brain Mapping 38:1155–1171 https://doi.org/10.1002/hbm.23445

Benoit R. G., Schacter D. L (2015) Specifying the core network supporting episodic
simulation and episodic memory by activation likelihood estimation Neuropsychologia
75:450–457 https://doi.org/10.1016/j.neuropsychologia.2015.06.034

Bonner M. F., Peelle J. E., Cook P. A., Grossman M (2013) Heteromodal conceptual processing
in the angular gyrus NeuroImage 71:175–186 https://doi.org/10.1016/j.neuroimage.2013.01
.006

Bonnici H. M., Cheke L. G., Green D. A. E., FitzGerald T. H. M. B., Simons J. S (2018) Specifying a
Causal Role for Angular Gyrus in Autobiographical Memory Journal of Neuroscience
38:10438–10443 https://doi.org/10.1523/JNEUROSCI.1239-18.2018

Boorman E. D., Sweigart S. C., Park S. A (2021) Cognitive maps and novel inferences: A
flexibility hierarchy Current Opinion in Behavioral Sciences 38:141–149 https://doi.org/10.1016
/j.cobeha.2021.02.017

Branzi F. M., Pobric G., Jung J., Lambon Ralph M. A (2021) The Left Angular Gyrus Is Causally
Involved in Context-dependent Integration and Associative Encoding during Narrative
Reading Journal of Cognitive Neuroscience 33:1082–1095 https://doi.org/10.1162/jocn_a_01698

Cattaneo Z., Silvanto J., Pascual-Leone A., Battelli L (2009) The role of the angular gyrus in the
modulation of visuospatial attention by the mental number line NeuroImage 44:563–
568 https://doi.org/10.1016/j.neuroimage.2008.09.003

Charpentier C. J. et al. (2021) How representative are neuroimaging samples? Large-scale
evidence for trait anxiety differences between fMRI and behaviour-only research
participants Social Cognitive and Affective Neuroscience 16:1057–1070 https://doi.org/10.1093
/scan/nsab057

Cohn-Sheehy B. I., Delarazan A. I., Crivelli-Decker J. E., Reagh Z. M., Mundada N. S., Yonelinas A.
P., Zacks J. M., Ranganath C (2021) Narratives bridge the divide between distant events in
episodic memory Memory & Cognition https://doi.org/10.3758/s13421-021-01178-x

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1016/j.neuropsychologia.2006.10.016
https://doi.org/10.1016/j.cub.2015.12.048
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/hbm.23445
https://doi.org/10.1016/j.neuropsychologia.2015.06.034
https://doi.org/10.1016/j.neuroimage.2013.01.006
https://doi.org/10.1523/JNEUROSCI.1239-18.2018
https://doi.org/10.1016/j.cobeha.2021.02.017
https://doi.org/10.1162/jocn_a_01698
https://doi.org/10.1016/j.neuroimage.2008.09.003
https://doi.org/10.1093/scan/nsab057
https://doi.org/10.3758/s13421-021-01178-x


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 26 of 52

Cohn-Sheehy B. I., Delarazan A. I., Reagh Z. M., Crivelli-Decker J. E., Kim K., Barnett A. J., Zacks J.
M., Ranganath C (2021) The hippocampus constructs narrative memories across distant
events Current Biology 31:4935–4945 https://doi.org/10.1016/j.cub.2021.09.013

Collin S. H. P., Milivojevic B., Doeller C. F (2015) Memory hierarchies map onto the
hippocampal long axis in humans Nature Neuroscience 18:1562–1564 https://doi.org/10.1038
/nn.4138

Coughlan G., Bouffard N. R., Golestani A., Thakral P. P., Schacter D. L., Grady C., Moscovitch M
(2023) Transcranial magnetic stimulation to the angular gyrus modulates the temporal
dynamics of the hippocampus and entorhinal cortex Cerebral Cortex 33:3255–3264 https://
doi.org/10.1093/cercor/bhac273

Coutanche M. N., Gianessi C. A., Chanales A. J. H., Willison K. W., Thompson-Schill S. L (2013)
The role of sleep in forming a memory representation of a two-dimensional space
Hippocampus 23:1189–1197 https://doi.org/10.1002/hipo.22157

Cruzat J., Torralba M., Ruzzoli M., Fernández A., Deco G., Soto-Faraco S (2021) The phase of
Theta oscillations modulates successful memory formation at encoding Neuropsychologia
154 https://doi.org/10.1016/j.neuropsychologia.2021.107775

Danner D., Rammstedt B., Bluemke M., Treiber L., Berres S., Soto C. J., John O. P (2016) Danner,
D., Rammstedt, B., Bluemke, M., Treiber, L., Berres, S., Soto, C. J., & John, O. P. (2016). Die
deutsche Version des Big Five Inventory 2 (BFI-2). Die deutsche Version des Big Five Inventory
2 (BFI-2)

Deng Z.-D., Lisanby S. H., Peterchev A. V (2013) Electric field depth–focality tradeoff in
transcranial magnetic stimulation: Simulation comparison of 50 coil designs Brain
Stimulation 6:1–13 https://doi.org/10.1016/j.brs.2012.02.005

Eid M., Gollwitzer M., Schmitt M. (2017) Eid, M., Gollwitzer, M., & Schmitt, M. (2017). Statistik
und Forschungsmethoden (5th ed.). Beltz Verlag.
https://www.beltz.de/produkt_detailansicht/8413-statistik-und-
forschungsmethoden.html

Faul F., Erdfelder E., Lang A.-G., Buchner A (2007) G*Power 3: A flexible statistical power
analysis program for the social, behavioral, and biomedical sciences Behavior Research
Methods 39:175–191 https://doi.org/10.3758/BF03193146

Fell J., Axmacher N (2011) The role of phase synchronization in memory processes Nature
Reviews Neuroscience 12 https://doi.org/10.1038/nrn2979

Fernandez C., Jiang J., Wang S.-F., Choi H. L., Wagner A. D (2023) Representational integration
and differentiation in the human hippocampus following goal-directed navigation eLife
12 https://doi.org/10.7554/eLife.80281

Frey S., Campbell J. S. W., Pike G. B., Petrides M (2008) Dissociating the Human Language
Pathways with High Angular Resolution Diffusion Fiber Tractography Journal of
Neuroscience 28:11435–11444 https://doi.org/10.1523/JNEUROSCI.2388-08.2008

Grabner R. H., Ansari D., Koschutnig K., Reishofer G., Ebner F., Neuper C (2009) To retrieve or
to calculate? Left angular gyrus mediates the retrieval of arithmetic facts during
problem solving Neuropsychologia 47:604–608 https://doi.org/10.1016/j.neuropsychologia
.2008.10.013

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1016/j.cub.2021.09.013
https://doi.org/10.1038/nn.4138
https://doi.org/10.1093/cercor/bhac273
https://doi.org/10.1002/hipo.22157
https://doi.org/10.1016/j.neuropsychologia.2021.107775
https://doi.org/10.1016/j.brs.2012.02.005
https://doi.org/10.3758/BF03193146
https://doi.org/10.1038/nrn2979
https://doi.org/10.7554/eLife.80281
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1016/j.neuropsychologia.2008.10.013


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 27 of 52

Griffiths B. J., Fuentemilla L (2020) Event conjunction: How the hippocampus integrates
episodic memories across event boundaries Hippocampus 30:162–171 https://doi.org/10
.1002/hipo.23161

Grob A.-M., Milivojevic B., Alink A., Doeller C. F., Schwabe L (2023) Imagining is not seeing:
Lower insight-driven memory reconfiguration when imagining the link between
separate events. Cerebral Cortex bhad 48 https://doi.org/10.1093/cercor/bhad048

Grob A.-M., Milivojevic B., Alink A., Doeller C. F., Schwabe L (2023) Stress disrupts insight-
driven mnemonic reconfiguration in the medial temporal lobe NeuroImage 265 https://doi
.org/10.1016/j.neuroimage.2022.119804

Hassabis D., Kumaran D., Vann S. D., Maguire E. A (2007) Patients with hippocampal amnesia
cannot imagine new experiences Proceedings of the National Academy of Sciences 104:1726–
1731 https://doi.org/10.1073/pnas.0610561104

Hautzinger M., Keller F., Kühner C. (2006) BDI-II. Beck depressions inventar revision—
Manual Harcourt Test Services

He Q., Liu J. L., Beveridge E. H., Eschapasse L., Vargas V., Brown T. I (2022) Episodic memory
integration shapes value-based decision-making in spatial navigation Journal of
Experimental Psychology: Learning, Memory, and Cognition, No Pagination Specified-No Pagination
Specified https://doi.org/10.1037/xlm0001133

Heinbockel H., W.E.M. Quaedflieg C., Wacker J., Schwabe L. (2022) Spatio-temporal theta
pattern dissimilarity in the right centro-parietal area during memory generalization
Brain and Cognition 164 https://doi.org/10.1016/j.bandc.2022.105926

Herhaus B., Petrowski K (2018) Cortisol Stress Reactivity to the Trier Social Stress Test in
Obese Adults Obesity Facts 11:491–500 https://doi.org/10.1159/000493533

Hermiller M. S., Chen Y. F., Parrish T. B., Voss J. L (2020) Evidence for Immediate
Enhancement of Hippocampal Memory Encoding by Network-Targeted Theta-Burst
Stimulation during Concurrent fMRI Journal of Neuroscience 40:7155–7168 https://doi.org/10
.1523/JNEUROSCI.0486-20.2020

Hermiller M. S., VanHaerents S., Raij T., Voss J. L (2019) Frequency-specific noninvasive
modulation of memory retrieval and its relationship with hippocampal network
connectivity Hippocampus 29:595–609 https://doi.org/10.1002/hipo.23054

Herweg N. A., Solomon E. A., Kahana M. J (2020) Theta Oscillations in Human Memory Trends
in Cognitive Sciences 24:208–227 https://doi.org/10.1016/j.tics.2019.12.006

Horner A. J., Bisby J. A., Bush D., Lin W.-J., Burgess N (2015) Evidence for holistic episodic
recollection via hippocampal pattern completion Nature Communications 6:1–11 https://doi
.org/10.1038/ncomms8462

Huang Y.-Z., Edwards M. J., Rounis E., Bhatia K. P., Rothwell J. C (2005) Theta Burst Stimulation
of the Human Motor Cortex Neuron 45:201–206 https://doi.org/10.1016/j.neuron.2004.12.033

Humphreys G. F., Jackson R. L., Lambon Ralph M. A (2020) Overarching Principles and
Dimensions of the Functional Organization in the Inferior Parietal Cortex Cerebral Cortex
30:5639–5653 https://doi.org/10.1093/cercor/bhaa133

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1002/hipo.23161
https://doi.org/10.1093/cercor/bhad048
https://doi.org/10.1016/j.neuroimage.2022.119804
https://doi.org/10.1073/pnas.0610561104
https://doi.org/10.1037/xlm0001133
https://doi.org/10.1016/j.bandc.2022.105926
https://doi.org/10.1159/000493533
https://doi.org/10.1523/JNEUROSCI.0486-20.2020
https://doi.org/10.1002/hipo.23054
https://doi.org/10.1016/j.tics.2019.12.006
https://doi.org/10.1038/ncomms8462
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1093/cercor/bhaa133


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 28 of 52

Humphreys G. F., Lambon Ralph M. A., Simons J. S (2021) A Unifying Account of Angular
Gyrus Contributions to Episodic and Semantic Cognition Trends in Neurosciences 44:452–
463 https://doi.org/10.1016/j.tins.2021.01.006

Jannati A., Oberman L. M., Rotenberg A., Pascual-Leone A (2023) Assessing the mechanisms
of brain plasticity by transcranial magnetic stimulation Neuropsychopharmacology
48 https://doi.org/10.1038/s41386-022-01453-8

Kawasaki M., Kitajo K., Yamaguchi Y (2014) Fronto-parietal and fronto-temporal theta phase
synchronization for visual and auditory-verbal working memory Frontiers in Psychology 5

Kriegeskorte N., Mur M (2012) Inverse MDS: Inferring Dissimilarity Structure from Multiple
Item Arrangements Frontiers in Psychology 3 https://doi.org/10.3389/fpsyg.2012.00245

Kriegeskorte N., Mur M., Bandettini P. A (2008) Representational similarity analysis—
Connecting the branches of systems neuroscience Frontiers in Systems Neuroscience 2 https:
//doi.org/10.3389/neuro.06.004.2008

Kumaran D., Summerfield J. J., Hassabis D., Maguire E. A (2009) Tracking the Emergence of
Conceptual Knowledge during Human Decision Making Neuron 63:889–901 https://doi.org
/10.1016/j.neuron.2009.07.030

Kwon S., Richter F. R., Siena M. J., Simons J. S (2022) Episodic Memory Precision and Reality
Monitoring Following Stimulation of Angular Gyrus Journal of Cognitive Neuroscience :1–
12 https://doi.org/10.1162/jocn_a_01814

Laux L., Glanzmann P., Schaffner P., Spielberger C. D (1981) Laux, L., Glanzmann, P.,
Schaffner, P., & Spielberger, C. D. (1981). State-Trait Anxiety Inventory—Manual of the
German version

Lewis G. A., Poeppel D., Murphy G. L (2019) Contrasting Semantic versus Inhibitory
Processing in the Angular Gyrus: An fMRI Study Cerebral Cortex 29:2470–2481 https://doi
.org/10.1093/cercor/bhy118

Li Y., Umeno K., Hori E., Takakura H., Urakawa S., Ono T., Nishijo H (2009) Global
synchronization in the theta band during mental imagery of navigation in humans
Neuroscience Research 65:44–52 https://doi.org/10.1016/j.neures.2009.05.004

Makris N., Kennedy D. N., McInerney S., Sorensen A. G., Wang R., Caviness V. S., Pandya D. N
(2005) Segmentation of Subcomponents within the Superior Longitudinal Fascicle in
Humans: A Quantitative, In Vivo, DT-MRI Study Cerebral Cortex 15:854–869 https://doi.org
/10.1093/cercor/bhh186

Makris N., Papadimitriou G. M., Sorg S., Kennedy D. N., Caviness V. S., Pandya D. N (2007) The
occipitofrontal fascicle in humans: A quantitative, in vivo, DT-MRI study NeuroImage
37:1100–1111 https://doi.org/10.1016/j.neuroimage.2007.05.042

Maris E., Oostenveld R (2007) Nonparametric statistical testing of EEG-and MEG-data
Journal of Neuroscience Methods 164:177–190 https://doi.org/10.1016/j.jneumeth.2007.03.024

Milivojevic B., Vicente-Grabovetsky A., Doeller C. F (2015) Insight Reconfigures Hippocampal-
Prefrontal Memories Current Biology 25:821–830 https://doi.org/10.1016/j.cub.2015.01.033

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1016/j.tins.2021.01.006
https://doi.org/10.1038/s41386-022-01453-8
https://doi.org/10.3389/fpsyg.2012.00245
https://doi.org/10.3389/neuro.06.004.2008
https://doi.org/10.1016/j.neuron.2009.07.030
https://doi.org/10.1162/jocn_a_01814
https://doi.org/10.1093/cercor/bhy118
https://doi.org/10.1016/j.neures.2009.05.004
https://doi.org/10.1093/cercor/bhh186
https://doi.org/10.1016/j.neuroimage.2007.05.042
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.cub.2015.01.033


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 29 of 52

Nakazawa K. et al. (2002) Requirement for Hippocampal CA3 NMDA Receptors in
Associative Memory Recall Science https://doi.org/10.1126/science.1071795

Nicolás B., Sala-Padró J., Cucurell D., Santurino M., Falip M., Fuentemilla L (2021) Theta rhythm
supports hippocampus-dependent integrative encoding in schematic/semantic memory
networks NeuroImage 226 https://doi.org/10.1016/j.neuroimage.2020.117558

Nilakantan A. S., Bridge D. J., Gagnon E. P., VanHaerents S. A., Voss J. L (2017) Stimulation of
the Posterior Cortical-Hippocampal Network Enhances Precision of Memory Recollection
Current Biology 27:465–470 https://doi.org/10.1016/j.cub.2016.12.042

Nolte G., Bai O., Wheaton L., Mari Z., Vorbach S., Hallett M (2004) Identifying true brain
interaction from EEG data using the imaginary part of coherency Clinical Neurophysiology
115:2292–2307 https://doi.org/10.1016/j.clinph.2004.04.029

Oostenveld R., Fries P., Maris E., Schoffelen J.-M (2011) FieldTrip: Open source software for
advanced analysis of MEG, EEG, and invasive electrophysiological data Computational
Intelligence and Neuroscience 2011:1–9

Pacheco Estefan D., Zucca R., Arsiwalla X., Principe A., Zhang H., Rocamora R., Axmacher N.,
Verschure P. F. M. J. (2021) Volitional learning promotes theta phase coding in the human
hippocampus Proceedings of the National Academy of Sciences 118 https://doi.org/10.1073
/pnas.2021238118

Pehrs C., Zaki J., Taruffi L., Kuchinke L., Koelsch S (2018) Hippocampal-Temporopolar
Connectivity Contributes to Episodic Simulation During Social Cognition Scientific Reports
8 https://doi.org/10.1038/s41598-018-24557-y

Petit L., Ali K. M., Rheault F., Boré A., Cremona S., Corsini F., De Benedictis A., Descoteaux M.,
Sarubbo S. (2023) The structural connectivity of the human angular gyrus as revealed by
microdissection and diffusion tractography Brain Structure and Function 228:103–120 https:
//doi.org/10.1007/s00429-022-02551-5

Pinheiro J. C., Bates D. M (2000) Linear mixed-effects models: Basic concepts and examples
Mixed-Effects Models in S and S-Plus :3–56

Pizem D., Novakova L., Gajdos M., Rektorova I (2022) Is the vertex a good control stimulation
site? Theta burst stimulation in healthy controls Journal of Neural Transmission 129:319–
329 https://doi.org/10.1007/s00702-022-02466-9

Ramanan S., Piguet O., Irish M (2018) Rethinking the Role of the Angular Gyrus in
Remembering the Past and Imagining the Future: The Contextual Integration Model The
Neuroscientist 24:342–352 https://doi.org/10.1177/1073858417735514

Sandi C., Pinelo-Nava M. T (2007) Stress and Memory: Behavioral Effects and
Neurobiological Mechanisms Neural Plasticity 2007 https://doi.org/10.1155/2007/78970

Sarnthein J., Petsche H., Rappelsberger P., Shaw G. L., von Stein A. (1998) Synchronization
between prefrontal and posterior association cortex during human working memory
Proceedings of the National Academy of Sciences 95:7092–7096 https://doi.org/10.1073/pnas.95
.12.7092

Schacter D. L., Addis D. R., Buckner R. L (2008) Episodic Simulation of Future Events Annals of
the New York Academy of Sciences 1124:39–60 https://doi.org/10.1196/annals.1440.001

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1126/science.1071795
https://doi.org/10.1016/j.neuroimage.2020.117558
https://doi.org/10.1016/j.cub.2016.12.042
https://doi.org/10.1016/j.clinph.2004.04.029
https://doi.org/10.1073/pnas.2021238118
https://doi.org/10.1038/s41598-018-24557-y
https://doi.org/10.1007/s00429-022-02551-5
https://doi.org/10.1007/s00702-022-02466-9
https://doi.org/10.1177/1073858417735514
https://doi.org/10.1155/2007/78970
https://doi.org/10.1073/pnas.95.12.7092
https://doi.org/10.1196/annals.1440.001


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 30 of 52

Schielzeth H., Dingemanse N. J., Nakagawa S., Westneat D. F., Allegue H., Teplitsky C., Réale D.,
Dochtermann N. A., Garamszegi L. Z., Araya-Ajoy Y. G (2020) Robustness of linear mixed-
effects models to violations of distributional assumptions Methods in Ecology and Evolution
11:1141–1152 https://doi.org/10.1111/2041-210X.13434

Schlichting M. L., Preston A. R (2015) Memory integration: Neural mechanisms and
implications for behavior Current Opinion in Behavioral Sciences 1:1–8 https://doi.org/10.1016
/j.cobeha.2014.07.005

Schmalbach I., Herhaus B., Pässler S., Runst S., Berth H., Wolff-Stephan S., Petrowski K (2020)
Cortisol reactivity in patients with anorexia nervosa after stress induction Translational
Psychiatry 10 https://doi.org/10.1038/s41398-020-00955-7

Schulz P., Schlotz W (1999) Trierer Inventar zur Erfassung von chronischem Sre (TICS):
Skalenkonstruktion, teststatistische Überprüfung und Validierung der Skala
Arbeitsüberlastung. [The Trier Inventory for the Assessment of Chronic Stress (TICS).
Scale construction, statistical testing, and validation of the scale work overload
Diagnostica 45:8–19 https://doi.org/10.1026//0012-1924.45.1.8

Schurz M., Radua J., Aichhorn M., Richlan F., Perner J (2014) Fractionating theory of mind: A
meta-analysis of functional brain imaging studies Neuroscience & Biobehavioral Reviews
42:9–34 https://doi.org/10.1016/j.neubiorev.2014.01.009

Schwabe L., Joëls M., Roozendaal B., Wolf O. T., Oitzl M. S (2012) Stress effects on memory: An
update and integration Neuroscience & Biobehavioral Reviews 36:1740–1749 https://doi.org/10
.1016/j.neubiorev.2011.07.002

Seghier M. L (2013) The Angular Gyrus: Multiple Functions and Multiple Subdivisions The
Neuroscientist 19:43–61 https://doi.org/10.1177/1073858412440596

Shohamy D., Daw N. D (2015) Integrating memories to guide decisions Current Opinion in
Behavioral Sciences 5:85–90 https://doi.org/10.1016/j.cobeha.2015.08.010

Spalding K. N., Schlichting M. L., Zeithamova D., Preston A. R., Tranel D., Duff M. C., Warren D. E
(2018) Ventromedial Prefrontal Cortex Is Necessary for Normal Associative Inference and
Memory Integration Journal of Neuroscience 38:3767–3775 https://doi.org/10.1523
/JNEUROSCI.2501-17.2018

Steyer R., Schwenkmezger P., Notz P., Eid M (1997) Der Mehrdimensionale
Befindlichkeitsfragebogen

Summerfield C., Mangels J. A (2005) Coherent theta-band EEG activity predicts item-context
binding during encoding NeuroImage 24:692–703 https://doi.org/10.1016/j.neuroimage.2004
.09.012

Tambini A., Nee D. E., D’Esposito M (2018) Hippocampal-targeted Theta-burst Stimulation
Enhances Associative Memory Formation Journal of Cognitive Neuroscience 30:1452–
1472 https://doi.org/10.1162/jocn_a_01300

Thakral P. P., Madore K. P., Kalinowski S. E., Schacter D. L (2020) Modulation of hippocampal
brain networks produces changes in episodic simulation and divergent thinking
Proceedings of the National Academy of Sciences 117:12729–12740 https://doi.org/10.1073/pnas
.2003535117

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1111/2041-210X.13434
https://doi.org/10.1016/j.cobeha.2014.07.005
https://doi.org/10.1038/s41398-020-00955-7
https://doi.org/10.1026//0012-1924.45.1.8
https://doi.org/10.1016/j.neubiorev.2014.01.009
https://doi.org/10.1016/j.neubiorev.2011.07.002
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1016/j.cobeha.2015.08.010
https://doi.org/10.1523/JNEUROSCI.2501-17.2018
https://doi.org/10.1016/j.neuroimage.2004.09.012
https://doi.org/10.1162/jocn_a_01300
https://doi.org/10.1073/pnas.2003535117


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 31 of 52

Thakral P. P., Madore K. P., Schacter D. L (2017) A Role for the Left Angular Gyrus in Episodic
Simulation and Memory Journal of Neuroscience 37:8142–8149 https://doi.org/10.1523
/JNEUROSCI.1319-17.2017

Thielscher A., Kammer T (2004) Electric field properties of two commercial figure-8 coils in
TMS: Calculation of focality and efficiency Clinical Neurophysiology 115:1697–1708 https://
doi.org/10.1016/j.clinph.2004.02.019

Tulving E (1983) Elements of Episodic Memory

Uddin L. Q., Supekar K., Amin H., Rykhlevskaia E., Nguyen D. A., Greicius M. D., Menon V (2010)
Dissociable Connectivity within Human Angular Gyrus and Intraparietal Sulcus: Evidence
from Functional and Structural Connectivity Cerebral Cortex 20:2636–2646 https://doi.org
/10.1093/cercor/bhq011

Wammes J., Norman K. A., Turk-Browne N (2022) Increasing stimulus similarity drives
nonmonotonic representational change in hippocampus eLife 11 https://doi.org/10.7554
/eLife.68344

Wang J. X., Rogers L. M., Gross E. Z., Ryals A. J., Dokucu M. E., Brandstatt K. L., Hermiller M. S.,
Voss J. L (2014) Targeted enhancement of cortical-hippocampal brain networks and
associative memory Science 345:1054–1057 https://doi.org/10.1126/science.1252900

Wang Q., Bui V.-K., Song Q (2015) Narrative organisation at encoding facilitated children’s
long-term episodic memory Memory 23:602–611 https://doi.org/10.1080/09658211.2014
.914229

Wu X., Chen X., Li Z., Han S., Zhang D (2007) Binding of verbal and spatial information in
human working memory involves large-scale neural synchronization at theta frequency
NeuroImage 35:1654–1662 https://doi.org/10.1016/j.neuroimage.2007.02.011

Zabelina D. L., Condon D. M (2019) The Four-Factor Imagination Scale (FFIS): A measure for
assessing frequency, complexity, emotional valence, and directedness of imagination
Psychological Research https://doi.org/10.1007/s00426-019-01227-w

Zeidman P., Maguire E. A (2016) Anterior hippocampus: The anatomy of perception,
imagination and episodic memory Nature Reviews Neuroscience 17 https://doi.org/10.1038
/nrn.2015.24

Zeithamova D., Dominick A. L., Preston A. R (2012) Hippocampal and Ventral Medial
Prefrontal Activation during Retrieval-Mediated Learning Supports Novel Inference
Neuron 75:168–179 https://doi.org/10.1016/j.neuron.2012.05.010

Zhang B. B. B., Stöhrmann P., Godbersen G. M., Unterholzner J., Kasper S., Kranz G. S.,
Lanzenberger R (2022) Normal component of TMS-induced electric field is correlated with
depressive symptom relief in treatment-resistant depression. Brain Stimulation: Basic
Translational, and Clinical Research in Neuromodulation 15:1318–1320 https://doi.org/10.1016/j
.brs.2022.09.006

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

https://doi.org/10.7554/eLife.91033.2
https://doi.org/10.1523/JNEUROSCI.1319-17.2017
https://doi.org/10.1016/j.clinph.2004.02.019
https://doi.org/10.1093/cercor/bhq011
https://doi.org/10.7554/eLife.68344
https://doi.org/10.1126/science.1252900
https://doi.org/10.1080/09658211.2014.914229
https://doi.org/10.1016/j.neuroimage.2007.02.011
https://doi.org/10.1007/s00426-019-01227-w
https://doi.org/10.1038/nrn.2015.24
https://doi.org/10.1016/j.neuron.2012.05.010
https://doi.org/10.1016/j.brs.2022.09.006


Anna-Maria Grob et al., 2024 eLife. https://doi.org/10.7554/eLife.91033.2 32 of 52

Article and author information

Anna-Maria Grob
Department of Cognitive Psychology, Institute of Psychology, Universität Hamburg, 20146
Hamburg, Germany
ORCID iD: 0000-0001-6108-6432

Hendrik Heinbockel
Department of Cognitive Psychology, Institute of Psychology, Universität Hamburg, 20146
Hamburg, Germany
ORCID iD: 0000-0002-9149-6755

Branka Milivojevic
Radboud University, Donders Institute for Brain, Cognition and Behaviour, 6525 AJ Nijmegen,
the Netherlands
ORCID iD: 0000-0002-1850-4114

Christian F. Doeller
Max-Planck-Insitute for Human Cognitive and Brain Sciences, 04103 Leipzig, Germany, Kavli
Institute for Systems Neuroscience, Centre for Neural Computation, The Egil and Pauline
Braathen and Fred Kavli Centre for Cortical Microcircuits, Jebsen Centre for Alzheimer’s
Disease, Norwegian University of Science and Technology, 7491 Trondheim, Norway, Wilhelm
Wundt Institute of Psychology, 04109 Leipzig University, Leipzig, Germany

Lars Schwabe
Department of Cognitive Psychology, Institute of Psychology, Universität Hamburg, 20146
Hamburg, Germany
For correspondence: Lars.Schwabe@uni-hamburg.de
ORCID iD: 0000-0003-4429-4373

Copyright

© 2023, Grob et al.

This article is distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use and redistribution provided that the original author and
source are credited.

Editors
Reviewing Editor
Anna Schapiro
University of Pennsylvania, Philadelphia, United States of America

Senior Editor
Timothy Behrens
University of Oxford, Oxford, United Kingdom

Reviewer #2 (Public Review):

The formation of long-term memory representations requires the continuous updating of
ongoing representations. Various studies have shown that the left angular gyrus (AG) may
support this cognitive operation. However, this study demonstrates that this brain region
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plays a causal role in the formation of long-term memory representations, affecting both the
neural and behavioural measures of information binding.

A significant strength of this work is that it is the first one to test the hypothesis that the left
angular gyrus has a causal role in the reconfiguration and binding of long-term memory
representations by comparing when insights are primarily derived from direct observation
versus imagination. Consequently, the results from this manuscript have the potential to be
informative for all areas of cognitive research, including basic perception, language cognition
and memory.

Furthermore, this study presents a comprehensive set of measurements on the same
individuals, encompassing various task-related behavioural measures, EEG data, and
questionnaire responses.

A weakness of the manuscript is the use of different groups of participants for the key TMS
intervention.

https://doi.org/10.7554/eLife.91033.2.sa1

Reviewer #3 (Public Review):

The authors have done a fine job of updating the manuscript and it is substantially improved.
In particular, the paragraphs towards the end of the Introduction and Discussion are vastly
improved. The last paragraph of the Introduction now clearly explicates the hypotheses (save
one minor point of confusion). The limitations section of the Discussion is also very helpful
and fair. However, there are still areas where claims need to be tempered.

Major criticisms
• The results still do not lead to the conclusion that the angular gyrus is causally involved in
insight-driven memory configuration. Although the authors do state that other regions such
as the hippocampus may have contributed to the pattern of results, there is still no evidence
of target engagement or a link between target engagement and the behavioral results. Thus,
while the results support that cTBS to the angular gyrus affects insight-driven memory
configuration, it is a strong overstep to say that the angular gyrus is causally involved in
insight-driven memory reconfiguration. In particular, this applies to both the title and the last
line of the Abstract. In relation to this, have the authors conducted any target engagement
analyses? It seems like a good starting point would be to identify the censor closest to the
stimulation site in each individual, Hjorth transforms the signal of that sensor by subtracting
the average of the surrounding sensors to increase signal localization, and then measure the
effects of stimulation on theta power. Presumably, we would expect that cTBS would decrease
theta power relative to sham stimulation. Although this isn't the only type of analysis that
could at least partially confirm target engagement, there needs to be some sort of formal
analysis to maintain the claims of the title and last line of the Abstract.
• The authors removed the mentions of "inhibitory stimulation" from the manuscript to their
credit, but a rigorous and fair treatment of the effects of cTBS is still lacking, and it is still
unclear why cTBS to the angular gyrus would cause an inhibitory effect in the first place. The
authors state that

"Previous evidence has demonstrated the inhibitory effect of cTBS on the targeted brain
region under stimulation (Huang et al., 2005; Jannati et al., 2023). Nonetheless, the effects of
cTBS appear to vary based on the targeted region, with cTBS to parietal regions
demonstrating the capability to enhance hippocampal connectivity (Hermiller et al., 2019,
2020)."

https://doi.org/10.7554/eLife.91033.2
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The inhibitory effects of motor cortex cTBS s on corticospinal excitability in nine subjects
from the Huang paper and the Jannati review (not a primary source) do not constitute
sufficient evidence to hypothesize an inhibitory effect on insight-driven memory
reconfiguration. The second sentence provides much more sufficient evidence that parietal
stimulation should have some sort of a facilitatory effect, but this is simply glossed over
without an explanation of why cTBS to the parietal cortex should inhibit insight-driven
memory reconfiguration. Pilot data showing such inhibitory effects or a body of evidence
showing inhibitory effects of angular gyrus stimulation on closely-related areas of cognition
would have given reason to believe this. However, without these, an a priori assumption that
parietal cTBS would be inhibitory seems highly debatable and paints the results as
provisional, rather than confirmatory"

https://doi.org/10.7554/eLife.91033.2.sa0

Author Response

Responses to public reviews

Reviewer 1

We thank the reviewer for the valuable and constructive comments and are pleased that
the re-viewer finds our study timely and our behavioral results clear.

1. The RSA basically asks on the lowest level, whether neural activation patterns (as
measured by EEG) are more similar between linked events compared to non-linked
events. At least this is the first question that should be asked. However, on page 11 the
authors state: "We ex-amined insight-induced effects on neural representations for linked
events [...]". Hence, the critical analysis reported in the manuscript fully ignores the non-
linked events and their neu-ral activation patterns. However, the non-linked events are a
critical control. If the reported effects do not differ between linked and non-linked events,
there is no way to claim that the effects are due to experimental manipulation - neither
imagination nor observation. Hence, instead of immediately reporting on group
differences (sham vs. control) in a two-way in-teraction (pre vs. post X imagination vs.
observation), the authors should check (and re-port) first, whether the critical
experimental manipulation had any effect on the similarity of neural activation patterns
in the first place.

We completely agree that the non-link items are a critical control. Therefore, we had reported
not only the results for linked but also for non-linked events on page 15, lines 336-350. We
clarified this important point now on page 12 lines 283-286:

“Subsequently, we examined insight-induced effects on neural representations for linked (vs.
non-linked) events by comparing the change from pre- to post-insight (post-pre) and the
difference between imagination and observation (imagination - observation) between cTBS
and sham groups using an independent cluster-based permutation t-test.”

Moreover, to directly compare linked and non-linked events we performed a four-way in-
teraction including link vs. non-link. This analysis yielded a significant four-way interaction,
showing that the interaction of time (pre vs. post), mode of insight (imagination vs. obser-
vation) and cTBS differed for linked vs. non-linked items. We then report the follow-up
analyses, separately for linked and non-linked events. Please see pages 12-13, lines 287-294:

“First, we included the within-subject factors time (pre vs. post), mode of insight (imagina-
tion vs. observation) and link (vs. non-link) by calculating the difference waves. Subse-
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quently we conducted a cluster-based permutation test comparing the cTBS and the sham
groups. This analysis yielded a four-way interaction within a negative cluster in a fronto-
temporal region (electrode: FT7; p = 0.007, ci-range = 0.00, SD = 0.00). This result indicates that
the impact of cTBS over the angular gyrus on the neural pattern reconfiguration follow-ing
imagination- vs. observation-based insight may differ between linked and non-linked events.
For linked events, this analysis yielded a […]”

1. Overall, the focus on the targeted three-way interaction is poorly motivated. Also, a func-
tional interpretation is largely missing.

In order to better explain our motivation for the three-way interaction, we em-phasized in
the introduction the importance of disentangling potential differences due to the mode of
insight, given the known role of the angular gyrus in imagination on pages 4-5, lines 107-115:

“Considering this involvement of the angular gyrus in imaginative processes, we expected
that the effect of cTBS on the change in representational similarity from pre- to post-insight
will differ based on the mode of insight – whether this insight was gained via imagination or
observation. Specifically, we expected a more pronounced impairment in the neural recon-
figurations when insight is gained via imagination, as this function may depend more on an-
gular gyrus recruitment than insight gained via observation. Additionally, we expected cTBS
to the left angular gyrus to interfere with the increase in neural similarity for linked events
and with the decrease of neural similarity for non-linked event.”

As discussed on page 21 (starting from line 478; see also the intro on page 4), we expected that
the angular gyrus would be particularly implicated in imagination-based insight, given its
known role in imagination (e.g.: Thakral et al., 2017). Moreover, given the angular gyrus’s
strong connectivity with other regions, the results observed may not be driven by this re-gion
alone but also by interconnected regions, such as the hippocampus. We clarified these
important points at the very end of the discussion on pages 23-24, lines 543-560:

“Furthermore, the differential impact of cTBS to the angular gyrus on neural reconfigura-
tions between events linked via imagination and those linked via observation may be at-
tributed to its crucial role in imaginative processes (Ramanan et al., 2018; Thakral et al.,
2017). Another intriguing aspect to consider is that the stimulated site was situated in the
more ventral portion of the angular gyrus, recognized for its stronger connectivity to the
episodic hippocampal memory system in contrast to its more dorsal counterpart (Seghier,
2013; Uddin et al., 2010). This stronger connectivity between the ventral angular gyrus and
the hippocampus may shed light on the greater impact of cTBS to the angular gyrus on im-
agination-based insight. Given the angular gyrus’s robust connectivity with other brain re-
gions, including the hippocampus (Seghier, 2013), it is plausible that the observed changes
might not solely stem from alterations within the angular gyrus itself, but could also origi-
nate from these interconnected regions. This notion may bear particular importance given
the required accessibility to the hippocampus during imaginative processes (Benoit &
Schacter, 2015; Grob et al., 2023a; Zeidman & Maguire, 2016). Interactions between the an-
gular gyrus and the hippocampus may give rise to rich memory representations (Ramanan et
al., 2018). In line with this, recent studies have demonstrated that cTBS to the angular gy-rus
resulted in enhanced hippocampal connectivity and improved associative memory
(Hermiller et al., 2019; Tambini et al., 2018; Wang et al., 2014).”

1. "Interestingly, we observed a different pattern of insight-related representational pattern
changes for non-linked events." It is not sufficient to demonstrate that a given effect is
pre-sent in one condition (linked events) but not the other (non-linked events). To claim
that there are actually different patterns, the authors would need to compare the critical
condi-tions directly (Nieuwenhuis et al., 2011).
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We completely agree and now compared the two conditions directly. Specifical-ly, we now
report the significant four-way interaction, including the factor link vs. non-link, before
delving into separate analyses for linked and non-linked events on pages 12-13, lines 287-294:

“First, we included the within-subject factors time (pre vs. post), mode of insight (imagina-
tion vs. observation) and link (vs. non-link) by calculating the difference waves. Subse-
quently we conducted a cluster-based permutation test comparing the cTBS and the sham
groups. This analysis yielded a four-way interaction within a negative cluster in a fronto-
temporal region (electrode: FT7; p = 0.007, ci-range = 0.00, SD = 0.00). This result indicates that
the impact of cTBS over the angular gyrus on the neural pattern reconfiguration follow-ing
imagination- vs. observation-based insight may differ between linked and non-linked events.
For linked events, this analysis yielded a […]”

1. "This analysis yielded a negative cluster (p = 0.032, ci-range = 0.00, SD = 0.00) in the
parieto-temporal region (electrodes: T7, Tp7, P7; Fig. 3B)." (p. 11). The authors report
results with specificity for certain topographical locations. However, this is in stark
contrast to the fact that the authors derived time X time RSA maps.

We did derive time × time similarity maps for each electrode within each partic-ipant, which
allowed us to find a cluster consisting of specific electrodes. We apologize for not making this
aspect clear enough and have, therefore, modified the respective part of our methods section
on page 38, lines 951-952:

“In total, this analysis produced eight Representational Dissimilarity Matrices (RDMs) for
each electrode and each participant.”

1. "These theta power values were then combined to create representational feature
vectors, which consisted of the power values for four frequencies (4-7 Hz) × 41 time
points (0-2 sec-onds) × 64 electrodes. We then calculated Pearson's correlations to
compare the power pat-terns across theta frequency between the time points of linked
events (A with B), as well as between the time points of non-linked events (A with X) for the
pre- and the post-phase separately, separately for stories linked via imagination and via
observation. To ensure un-biased results, we took precautions not to correlate the same
combination of stories twice, which prevented potential inflation of the data. To facilitate
statistical comparisons, we ap-plied a Fisher z-transform to the Pearson's rho values at
each time point. This yielded a global measure of similarity on each electrode site. We,
thus, obtained time × time similarity maps for the linked events (A and B) and the non-
linked events (A and X) in the pre- and post-phases, separately for the insight gained
through imagination and observation." (p. 34+35).

If RSA values were calculated at each time point and electrode, the Pearson correlations
would have been computed effectively between four samples only, which is by far not
enough to derive reliable estimates (Schönbrodt & Perugini, 2013). The problem is aggra-
vated by the fact that due to the time and frequency smoothing inherent in the time-
frequency decomposition of the EEG data, nearby power values across neighboring theta
frequencies are highly similar to start with. (e.g., Schönauer et al., 2017; Sommer et al.,
2022).

Alternative approaches would be to run the correlations across time for each electrode
(re-sulting in the elimination of the time dimension) or to run the correlations at each
time point across electrodes (resulting in the elimination of topographic specificity).

At least, the authors should show raw RSA maps for linked and non-linked events in the
pre- and post-phases separately for the insight gained through imagination and
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observa-tion in each group, to allow for assessing the suitability of the input data (in the
supple-ments?) before progressing to reporting the results of three-way interactions.

Although we do see the reviewer’s point, we think that an RSA specific to the theta range
yielding electrode specific time × time similarity maps must be run this way, otherwise, as
you pointed out, one or the other dimension is compromised. Running an RSA across time for
each electrode will lead to computing a similarity measure between the events without
information on when these stimuli become more or less similar, thereby ig-noring the
temporal dynamics crucial to EEG data and not taking advantage of the high temporal
resolution. Conversely, conducting an RSA across electrodes might result in an overall
similarity measure per participant, disregarding the spatial distribution and potential
variations among electrodes. Although EEG has limited spatial resolution, different elec-
trodes can capture differences that may aid in understanding neural processing. However, as
suggested by the reviewer, we included the raw RSA maps for linked and non-linked events
separately for pre- and post-phases, imagination and observation and link and non-link in the
supplement and refer to these data in the results section on pages 12-13, lines 293-295:

“For linked events, this analysis yielded a negative cluster (p = 0.032, ci-range = 0.00, SD =
0.00) in the parieto-temporal region (electrodes: T7, Tp7, P7; Fig. 3B; Figure 3 – Figure sup-
plement 1).”

And on page 15, lines 339-341:

“This analysis yielded a positive cluster (p = 0.035, ci-range = 0.00, SD = 0.00) in a fronto-
temporal region (electrode: FT7; Fig. 3C; Figure 3 – Figure supplement 2).”

We thank the reviewer for the very helpful and constructive comments and appreciate that
the reviewer finds our study relevant to all areas of cognitive research.

1. While the observed memory reconfiguration/changes are attributed to the angular gyrus
in this study, it remains unclear whether these effects are solely a result of the AG's role
in re-configuration processes or to what extent the hippocampus might also mediate
these memory effects (e.g., Tambini et al., 2018; Hermiller et al., 2019).

We agree that, in addition to the critical role of the angular gyrus, there may be an
involvement of the hippocampus. We point now explicitly to the modulatory capacities of
angular gyrus stimulation on the hippocampus. Please see page 4, lines 81-88:

“One promising candidate that may contribute to insight-driven memory reconfiguration is
the angular gyrus. The angular gyrus has extensive structural and functional connections to
many other brain regions (Petit et al., 2023), including the hippocampus (Coughlan et al.,
2023; Uddin et al., 2010). Accordingly, previous studies have shown that stimulation of the
angular gyrus resulted in altered hippocampal activity (Thakral et al., 2020; Wang et al.,
2014). Furthermore, the angular gyrus has been implicated in a myriad of cognitive func-
tions, including mental arithmetic, visuospatial processing, inhibitory control, and theory-of-
mind (Cattaneo et al., 2009; Grabner et al., 2009; Lewis et al., 2019; Schurz et al., 2014).”

We further added a new paragraph to the discussion pointing at the possibility that not solely
the angular gyrus but another brain region, such as the hippocampus, may have me-diated
the changes observed in our study on pages 23-24, lines 546-562:

“Another intriguing aspect to consider is that the stimulated site was situated in the more
ventral portion of the angular gyrus, recognized for its stronger connectivity to the episodic
hippocampal memory system in contrast to its more dorsal counterpart (Seghier, 2013; Ud-
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Reviewer 2

We thank the reviewer for the very helpful and constructive comments and appreciate that
the reviewer finds our study relevant to all areas of cognitive research.

1. While the observed memory reconfiguration/changes are attributed to the angular gyrus
in this study, it remains unclear whether these effects are solely a result of the AG's role
in re-configuration processes or to what extent the hippocampus might also mediate
these memory effects (e.g., Tambini et al., 2018; Hermiller et al., 2019).

We agree that, in addition to the critical role of the angular gyrus, there may be an
involvement of the hippocampus. We point now explicitly to the modulatory capacities of
angular gyrus stimulation on the hippocampus. Please see page 4, lines 81-88:

“One promising candidate that may contribute to insight-driven memory reconfiguration is
the angular gyrus. The angular gyrus has extensive structural and functional connections to
many other brain regions (Petit et al., 2023), including the hippocampus (Coughlan et al.,
2023; Uddin et al., 2010). Accordingly, previous studies have shown that stimulation of the
angular gyrus resulted in altered hippocampal activity (Thakral et al., 2020; Wang et al.,
2014). Furthermore, the angular gyrus has been implicated in a myriad of cognitive func-
tions, including mental arithmetic, visuospatial processing, inhibitory control, and theory-of-
mind (Cattaneo et al., 2009; Grabner et al., 2009; Lewis et al., 2019; Schurz et al., 2014).”

We further added a new paragraph to the discussion pointing at the possibility that not solely
the angular gyrus but another brain region, such as the hippocampus, may have me-diated
the changes observed in our study on pages 23-24, lines 546-562:

“Another intriguing aspect to consider is that the stimulated site was situated in the more
ventral portion of the angular gyrus, recognized for its stronger connectivity to the episodic
hippocampal memory system in contrast to its more dorsal counterpart (Seghier, 2013; Ud-
din et al., 2010). This stronger connectivity between the ventral angular gyrus and the hip-
pocampus may shed light on the greater impact of cTBS to the angular gyrus on imagination-
based insight. Given the angular gyrus’s robust connectivity with other brain regions, includ-
ing the hippocampus (Seghier, 2013), it is plausible that the observed changes might not
solely stem from alterations within the angular gyrus itself, but could also originate from
these interconnected regions. This notion may bear particular importance given the re-
quired accessibility to the hippocampus during imaginative processes (Benoit & Schacter,
2015; Grob et al., 2023a; Zeidman & Maguire, 2016). Interactions between the angular gyrus
and the hippocampus may give rise to rich memory representations (Ramanan et al., 2018).
In line with this, recent studies have demonstrated that cTBS to the angular gyrus resulted in
enhanced hippocampal connectivity and improved associative memory (Hermiller et al.,
2019; Tambini et al., 2018; Wang et al., 2014). However, it should be noted that our study
detected impaired associative memory following cTBS to the angular gyrus.”

1. Another weakness in this manuscript is the use of different groups of participants for the
key TMS intervention, along with underspecified or incomplete hypotheses/predictions.

In our view, the chosen between-subjects design is to be preferred over a crossover design for
several reasons. First, our choice aimed to eliminate potential se-quence effects that may
have adversely affected performance in the narrative-insight task (NIT). Second, this
approach ensured consistency in expectations regarding the story links while also mitigating
potential differences induced by fatigue. Additionally, we accounted for the potential
advantage of a within-subject design – the stimulation of the same brain – by utilizing neuro-
navigated TMS for targeting the stimulation coordinate. Finally, it is im-portant to note that
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we measured the event representations pre- and post-insight and that also the mode of
insight was manipulated within-subject. Thus, our design did include a within-subject
component and we are convinced that the chosen paradigm balances the different strengths
and weaknesses of within-subject and between-subjects designs in the best possible manner.
We specified our rationale for choosing a between-subjects ap-proach in the introduction on
page 5, lines 122-126:

“We intentionally adopted a mixed design, combining both between-subjects and within-
subject methodologies. The between-subjects approach was chosen to minimize the risk of
carry-over effects and sequence biases. Simultaneously, we capitalized on the advantages of a
within-subject design by altering the pre- to post-insight comparison and the mode of insight
(imagination vs. observation) within each participant.”

Moreover, to provide a comprehensive portrayal of the two groups, we incorporated de-
scriptions concerning trait and state variables alongside age and motor thresholds and in-
cluded t-test comparisons between these variables on page 7, lines 157-160:

“Notably, the groups did not differ on levels of subjective chronic stress (TICS), state and trait
anxiety (STAI-S, STAI-T), depressive mood (BDI), imaginative capacities (FFIS), person-ality
dimensions (BFI), age, and motor thresholds (for descriptive statistics see Table 1; all p >
0.053).”

And further included age and motor thresholds as control variables in Table 1 on page 18,
lines 402-404:

“Overall, levels of subjective chronic stress, anxiety, and depressive mood were relatively low
and not different between groups. The groups did further not differ in terms of per-sonality
traits, imagination capacity, age or motor thresholds (all p > 0.053; see Table 1).”

For greater precision in outlining our hypotheses, we specified these at the end of the in-
troduction on pages 4-55, lines 107-118:

“Considering this involvement of the angular gyrus in imaginative processes, we expected
that the effect of cTBS on the change in representational similarity from pre- to post-insight
will differ based on the mode of insight – whether this insight was gained via imagination or
observation. Specifically, we expected a more pronounced impairment in the neural recon-
figurations when insight is gained via imagination, as this function may depend more on an-
gular gyrus recruitment than insight gained via observation. Additionally, we expected cTBS
to the left angular gyrus to interfere with the increase in neural similarity for linked events
and with the decrease of neural similarity for non-linked events. We further predicted that
cTBS to the left angular gyrus would reduce the impact of (imagination-based) insight into the
link of initially unrelated events on memory performance during free recall, given its higher
variability compared to other memory measures.”

1. Furthermore, in some instances, the types of analyses used do not appear to be suitable
for addressing the questions posed by the current study, and there is limited explanation
pro-vided for the choice of analyses and questionnaires.

We addressed this concern by inserting a new section “control variables” in the methods
explaining our rationale for employing the different questionnaires as control var-iables on
pages 40-41, lines 1003-1019:

“Control variables In order to ensure that the observed effects were solely attributable to the
TMS manipula-tion and not influenced by other factors, we comprehensively evaluated
several trait and state variables. To account for potential variations in anxiety levels that
could impact our re-sults, we specifically measured state and trait anxiety using STAI-S and
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STAI-T (Laux et al., 1981), thus minimizing the potential confounding effects of anxiety on our
findings (Char-pentier et al., 2021). Additionally, we evaluated participants’ chronic stress
levels using the TICS (Schulz & Schlotz, 1999) to exclude any group variations that might
explain the effect on memory, cosidering the well-established impact of stress on memory
(Sandi & Pinelo-Nava, 2007; Schwabe et al., 2012). Moreover, we assessed participants’
depressive symp-toms employing the BDI (Hautzinger et al., 2006), to guarantee group
comparability on this clinical measure. We further assessed fundamental personality
dimensions using the BFI-2 (Danner et al., 2016) to exclude any potential group discrepancies
that could account for dif-ferences observed. Lastly, we assessed participants’ imaginative
capacities using the FFIS (Zabelina & Condon, 2019), to ensure uniformity across groups
regarding this central varia-ble, considering the significant role of imagination in relation to
the cTBS-targeted angular gyrus (Thakral et al., 2017).”

We further specified why we chose to analyze our behavioral data using LMMs on page 34,
lines 849-85:

“For our behavioral analyses we opted to employ linear-mixed models (LMM), given their
high robustness regarding the underlying distribution and high sensitivity to individual
varia-tion (Pinheiro & Bates, 2000; Schielzeth et al., 2020).”

Moreover, we added an explanation on why we opted for the RSA approach in the meth-ods
section on page 37, lines 920-923:

“This method is ideally suited to measure neural representation changes and was specifical-ly
chosen as it has been previously identified as the preferred approach for quantifying in-sight-
induced neural changes (Grob et al., 2023b; Milivojevic et al., 2015).”

To clarify on the rationale behind our coherence analysis, we incorporated an explanatory
sentence in the methods section on page 39, lines 966-967:

“Due to the robust connectivity between the angular gyrus and other brain regions (Petit et
al., 2023; Seghier, 2013), we proceeded with a connectivity analysis as a next step.”

We thank the reviewer for the constructive and very helpful comments. We are pleased that
the reviewer considered our experimental design to be strong and our behavioral results to
be striking.

1. My major criticism relates to the main claim of the paper regarding causality between
the angular gyrus and the authors' behavior of interest. Specifically, I am not convinced
by the evidence that the effects of stimulation noted in the paper are attributable
specifically to the angular gyrus, and not other regions/networks.

While our results showed specific changes after cTBS over the angular gyrus, demonstrating
a causal involvement of the angular gyrus in these effects, we completely agree that this does
not rule out an involvement of additional areas. In particular, there is evidence suggesting
that cTBS over parietal regions, such as the angular gyrus, could poten-tially influence
hippocampal functioning. We address this issue now in a new paragraph that we have added
to the discussion, on pages 23-24, lines 546-564:

“Another intriguing aspect to consider is that the stimulated site was situated in the more
ventral portion of the angular gyrus, recognized for its stronger connectivity to the episodic
hippocampal memory system in contrast to its more dorsal counterpart (Seghier, 2013; Ud-
din et al., 2010). This stronger connectivity between the ventral angular gyrus and the hip-
pocampus may shed light on the greater impact of cTBS to the angular gyrus on imagination-
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Reviewer 3

We thank the reviewer for the constructive and very helpful comments. We are pleased that
the reviewer considered our experimental design to be strong and our behavioral results to
be striking.

1. My major criticism relates to the main claim of the paper regarding causality between
the angular gyrus and the authors' behavior of interest. Specifically, I am not convinced
by the evidence that the effects of stimulation noted in the paper are attributable
specifically to the angular gyrus, and not other regions/networks.

While our results showed specific changes after cTBS over the angular gyrus, demonstrating
a causal involvement of the angular gyrus in these effects, we completely agree that this does
not rule out an involvement of additional areas. In particular, there is evidence suggesting
that cTBS over parietal regions, such as the angular gyrus, could poten-tially influence
hippocampal functioning. We address this issue now in a new paragraph that we have added
to the discussion, on pages 23-24, lines 546-564:

“Another intriguing aspect to consider is that the stimulated site was situated in the more
ventral portion of the angular gyrus, recognized for its stronger connectivity to the episodic
hippocampal memory system in contrast to its more dorsal counterpart (Seghier, 2013; Ud-
din et al., 2010). This stronger connectivity between the ventral angular gyrus and the hip-
pocampus may shed light on the greater impact of cTBS to the angular gyrus on imagination-
based insight. Given the angular gyrus’s robust connectivity with other brain regions, includ-
ing the hippocampus (Seghier, 2013), it is plausible that the observed changes might not
solely stem from alterations within the angular gyrus itself, but could also originate from
these interconnected regions. This notion may bear particular importance given the re-
quired accessibility to the hippocampus during imaginative processes (Benoit & Schacter,
2015; Grob et al., 2023a; Zeidman & Maguire, 2016). Interactions between the angular gyrus
and the hippocampus may give rise to rich memory representations (Ramanan et al., 2018).
In line with this, recent studies have demonstrated that cTBS to the angular gyrus resulted in
enhanced hippocampal connectivity and improved associative memory (Hermiller et al.,
2019; Tambini et al., 2018; Wang et al., 2014). However, it should be noted that our study
detected impaired associative memory following cTBS to the angular gyrus. Expanding upon
this idea, it is conceivable that targeting a more dorsal segment of the angular gyrus might
exert a stronger influence on observation-based linking – an aspect that warrants future in-
vestigations.”

Responses to reviewer recommendations

Reviewer 1

1. On page 26, the authors write: "[...] different video events (A, B, and X) were recalled from
day one [...]". I may have missed this point, but I had the impression that the task was
con-ducted within one day.

Indeed, this study was conducted within a single day. We rephrased the respec-tive statement
accordingly. Please see page 7, lines 149-153:

“To test this hypothesis and the causal role of the angular gyrus in insight-related memory
reconfigurations, we combined the life-like video-based narrative-insight task (NIT) with
representational similarity analysis of EEG data and (double-blind) neuro-navigated TMS
over the left angular gyrus in a comprehensive investigation within a single day.”
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We further included this information in the methods section on page 27, lines 634-635:

“In total, the experiment took about 4.5 hours per participant and was completed within a
single day. ”

Reviewer 2

1. There is a substantial disconnection between the introduction and the methods/results
sec-tion. One reason is that there is not sufficient detail regarding the
hypotheses/predictions and the specific types of analyses chosen to test these
hypotheses/predictions. Additionally, it is not explained what comparisons and outcomes
would be informative/expected. This should be made clear. Second and related to the
above, the rationale for conducting certain types of analyses (correlation, coherence, see
below) sometimes is not specified.

To address this concern, we elaborated on our hypotheses incorporating specif-ic predictions
for the free recall, given its higher variability than the other memory measures, and for
imagination vs. observation at the end of the introduction on pages 4-5, lines 107-122:

“Considering this involvement of the angular gyrus in imaginative processes, we expected
that the effect of cTBS on the change in representational similarity from pre- to post-insight
will differ based on the mode of insight – whether this insight was gained via imagination or
observation. Specifically, we expected a more pronounced impairment in the neural recon-
figurations when insight is gained via imagination, as this function may depend more on an-
gular gyrus recruitment than insight gained via observation. Additionally, we expected cTBS
to the left angular gyrus to interfere with the increase in neural similarity for linked events
and with the decrease of neural similarity for non-linked events. We further predicted that
cTBS to the left angular gyrus would reduce the impact of (imagination-based) insight into the
link of initially unrelated events on memory performance during free recall, given its higher
variability compared to other memory measures. Considering the high connectivity profile of
the angular gyrus within the brain (Seghier, 2013), we conducted an EEG connec-tivity
analysis building upon prior findings concerning alterations in neural reconfigurations. To
establish a link between neural and behavioral findings, we chose a correlational ap-proach
to relate observations from these two domains.”

Moreover, we made our rationale for the employed analyses more explicit and specified why
we chose to analyze our behavioral data using LMMs on page 34, lines 849-851:

“For our behavioral analyses we opted to employ linear-mixed models (LMM), given their
high robustness regarding the underlying distribution and high sensitivity to individual
varia-tion (Pinheiro & Bates, 2000; Schielzeth et al., 2020).”

Moreover, we added an explanation on why we opted for the RSA approach in the meth-ods
section on page 37, lines 920-923:

“This method is ideally suited to measure neural representation changes and was specifical-ly
chosen as it has been previously identified as the preferred approach for quantifying in-sight-
induced neural changes (Grob et al., 2023b; Milivojevic et al., 2015).”

To clarify on the rationale behind our coherence analysis, we incorporated an explanatory
sentence in the methods section on page 39, lines 966-967:

“Due to the robust connectivity between the angular gyrus and other brain regions (Petit et
al., 2023; Seghier, 2013), we proceeded with a connectivity analysis as a next step.”
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1. The authors suggest that besides Branzi et al. (2021), this is one of the first studies
showing that memory update is linked to the AG. I suggest having a look at work from
Tambini, Nee, & D'Esposito, 2018, JoCN, and other papers from Joel Voss' group that
target a similar re-gion of AG/Inferior parietal cortex. Many studies, using multiple TMS
protocols, have now shown this brain region is causally involved in episodic and
associative memory encoding.

As mentioned above, further consideration of this literature is important as it delves into
the region's hippocampal connectivity (and other network properties), and how that
mediates the memory effects. Indeed because of the nature of the methods employed in
this study, we do not know if the memory-related behavioural effects are due to TMS-
changes induced at the AG's versus the hippocampal' s level, or both. How do the current
findings square with the existing TMS effects from this region? Can the connectivity
profile of the target re-gion highlighted by previous studies provide further insight into
how the current behaviour-al effect arises? Some comments on this could be added to
the discussion.

We completely agree that the other studies showing enhanced associative memory after TMS
to parietal regions need to be addressed. Therefore, we updated the discussion on page 20,
lines 449-453:

“Interestingly, recent work has additionally indicated that targeting parietal regions with
TMS led to alterations in hippocampal functional connectivity, thereby enhancing associa-tive
memory (Nilakantan et al., 2017; Tambini et al., 2018; Wang et al., 2014), potentially shedding
light on the underlying mechanisms involved.”

Moreover, we included a section specifically addressing the possibility that the effects ob-
served may pertain to having modulated other regions via the targeted region and updated
the discussion on pages 23-24, lines 543-562:

“Furthermore, the differential impact of cTBS to the angular gyrus on neural reconfigura-
tions between events linked via imagination and those linked via observation may be at-
tributed to its crucial role in imaginative processes (Ramanan et al., 2018; Thakral et al.,
2017). Another intriguing aspect to consider is that the stimulated site was situated in the
more ventral portion of the angular gyrus, recognized for its stronger connectivity to the
episodic hippocampal memory system in contrast to its more dorsal counterpart (Seghier,
2013; Uddin et al., 2010). This stronger connectivity between the ventral angular gyrus and
the hippocampus may shed light on the greater impact of cTBS to the angular gyrus on im-
agination-based insight. Given the angular gyrus’s robust connectivity with other brain re-
gions, including the hippocampus (Seghier, 2013), it is plausible that the observed changes
might not solely stem from alterations within the angular gyrus itself, but could also origi-
nate from these interconnected regions. This notion may bear particular importance given
the required accessibility to the hippocampus during imaginative processes (Benoit &
Schacter, 2015; Grob et al., 2023a; Zeidman & Maguire, 2016). Interactions between the an-
gular gyrus and the hippocampus may give rise to rich memory representations (Ramanan et
al., 2018). In line with this, recent studies have demonstrated that cTBS to the angular gy-rus
resulted in enhanced hippocampal connectivity and improved associative memory
(Hermiller et al., 2019; Tambini et al., 2018; Wang et al., 2014). However, it should be noted
that our study detected impaired associative memory following cTBS to the angular gyrus.”
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1. Another comment I have regards the results observed for the observation vs imagination
insight conditions. The authors mention that the 'changes in representational similarity
for the observation condition should be interpreted with caution, as these seemingly
opposite changes appeared to be at least in part driven by group differences already in
the pre-phase before participants gained insight.' I wonder what these group differences
are and whether the authors have any hypothesis about what factors determined them.

We could only speculate about the basis of the observed pre-insight phase dif-ferences.
However, we provide now the raw RSA data as supplemental material to make the pattern of
the (raw) RSA findings in the pre- and post-insight phases more transparent. We refer the
interested reader to this material on pages 12-13, lines 293 to 295:

“For linked events, this analysis yielded a negative cluster (p = 0.032, ci-range = 0.00, SD =
0.00) in the parieto-temporal region (electrodes: T7, Tp7, P7; Fig. 3B; Figure 3 – Figure sup-
plement 1).”

And on page 15, lines 339-341:

“This analysis yielded a positive cluster (p = 0.035, ci-range = 0.00, SD = 0.00) in a fronto-
temporal region (electrode: FT7; Fig. 3C; Figure 3 – Figure supplement 2).”

Furthermore, the age of participants is not reported separately for the two groups (cTBS
to AG vs Sham), I think. This should be reported including a t-test showing that the two
groups have the same age.

We agree and report now explicitly that groups did not significantly differ in rel-evant
control variables including age. Please see page 7, lines 157-160:

“Notably, the groups did not differ on levels of subjective chronic stress (TICS), state and trait
anxiety (STAI-S, STAI-T), depressive mood (BDI), imaginative capacities (FFIS), person-ality
dimensions (BFI), age, and motor thresholds (for descriptive statistics see Table 1; all p >
0.053).”

And further included age and motor thresholds as control variables in Table 1 on page 18,
lines 402-412:

“Overall, levels of subjective chronic stress, anxiety, and depressive mood were relatively low
and not different between groups. The groups did further not differ in terms of per-sonality
traits, imagination capacity, age or motor thresholds (all p > 0.053; see Table 1).”

The fact this study is not a within-subject design makes difficult the interpretation of the
results and this should be recognised as an important limitation of the study.

As outlined above, a within-subject design would in our view come with several
disadvantages, such as significant sequence/carry-over effects. Moreover, the neural rep-
resentation change was measured in a pre-post design, enabling us to measure the insight-
driven neural reconfiguration at the individual level.

We clarify our rationale for the between-subjects factor TMS in the introduction on page 5,
lines 122-126:

“We intentionally adopted a mixed design, combining both between-subjects and within-
subject methodologies. The between-subjects approach was chosen to minimize the risk of
carry-over effects and sequence biases. Simultaneously, we capitalized on the advantages of a
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within-subject design by altering the pre- to post-insight comparison and the mode of insight
(imagination vs. observation) within each participant.”

Furthermore, we included our rationale for choosing a between-subjects approach for the
crucial TMS manipulation in the methods section on page 25, lines 601-604:

“We implemented a mixed-design including the within-subject factors link (linked vs. non-
linked events), session (pre- vs. post-link), and mode (imagination vs. observation) as well as
the between-subjects factor group (cTBS to the angular gyrus vs. sham) to mitigate the risk of
carry-over effects and sequence biases of the crucial cTBS manipulation.”

1. The angular gyrus is a heterogeneous region with multiple graded subregions. The one
tar-geted in the present study is the ventral AG which has strong connections with the
episodic-hippocampal memory system. I was wondering if this might explain why the AG
TMS ef-fects on representational changes have been observed for events linked via
imagination but not direct observation. Perhaps the stimulation of a more 'visual' AG
subregion (see Hum-phreys et al., 2020, Cerebral Cortex) would have resulted in a
different (opposite) pattern of results. It would be good to add some comments on this in
the discussion.

We appreciate this interesting perspective offered regarding the potential out-comes of our
study, particularly in relation to the activation of a more ventral sub region of the angular
gyrus. We incorporated this idea into our discussion, alongside considerations regarding the
potential effects of a more dorsal angular gyrus stimulation on observation-based linking.
However, caution is warranted recognizing the inherent limitations posed by the precision of
TMS manipulations, which is further underscored by our electric field simu-lations, utilizing
a 10 mm radius. We included this section in the discussion on pages 23-24, lines 546-569:

“Another intriguing aspect to consider is that the stimulated site was situated in the more
ventral portion of the angular gyrus, recognized for its stronger connectivity to the episodic
hippocampal memory system in contrast to its more dorsal counterpart (Seghier, 2013; Ud-
din et al., 2010). This stronger connectivity between the ventral angular gyrus and the hip-
pocampus may shed light on the greater impact of cTBS to the angular gyrus on imagina-tion-
based insight. Given the angular gyrus’s robust connectivity with other brain regions,
including the hippocampus (Seghier, 2013), it is plausible that the observed changes might
not solely stem from alterations within the angular gyrus itself, but could also originate from
these interconnected regions. This notion may bear particular importance given the re-
quired accessibility to the hippocampus during imaginative processes (Benoit & Schacter,
2015; Grob et al., 2023a; Zeidman & Maguire, 2016). Interactions between the angular gyrus
and the hippocampus may give rise to rich memory representations (Ramanan et al., 2018).
In line with this, recent studies have demonstrated that cTBS to the angular gyrus resulted in
enhanced hippocampal connectivity and improved associative memory (Hermiller et al.,
2019; Tambini et al., 2018; Wang et al., 2014). However, it should be noted that our study
detected impaired associative memory following cTBS to the angular gyrus. Expanding upon
this idea, it is conceivable that targeting a more dorsal segment of the angular gyrus might
exert a stronger influence on observation-based linking – an aspect that warrants future in-
vestigations. Yet, while acknowledging the functional heterogeneity within the angular gy-rus
(Humphreys et al., 2020), pinpointing specific sub regions via TMS remains challenging due to
its limited focal precision at the millimeter level (Deng et al., 2013; Thielscher & Kammer,
2004), as reinforced by our electric field simulations utilizing a 10 mm radius. Hence, drawing
definitive conclusions regarding distinct angular gyrus sub regions requires future research
employing rigorous checks to assess the focality of their stimulation.”
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1. Regarding the methods section, I have the following specific queries. It is unclear what is
the purpose of the coherence and correlation analyses (pages 35, 36). Could the authors
pro-vide further clarification on this? These analyses seem not to be mentioned anywhere
in the introduction. This should be clarified briefly in the introduction and then in the
methods sec-tion. The same for the questionnaires (anxiety, stress, etc): It is unclear the
reason for col-lecting this type of data. This should be clarified in the introduction as
well.

We agree, and have updated the introduction as follows on page 5, lines 118-122:

“Considering the high connectivity profile of the angular gyrus within the brain (Seghier,
2013), we conducted an EEG connectivity analysis building upon findings from the RSA anal-
yses concerning alterations in neural reconfigurations. To establish a link between neural
and behavioral findings, we chose a correlational approach to relate observations from these
two domains.”

We additionally provided an explanation for including these questionnaires in the introduc-
tion on page 5, lines 126-129:

“To control for any group differences beyond the TMS manipulation, we gathered various
control variables through questionnaires, including trait- and state-anxiety, depressive
symptoms, chronic stress levels, personality dimensions, and imaginative capacities.”

Moreover, we elaborated on the underlying rationale guiding our chosen analytical ap-
proaches. Therefore, we specified why we chose to analyze our behavioral data using LMMs
on page 34, lines 849-851:

“For our behavioral analyses we opted to employ linear-mixed models (LMM), given their
high robustness regarding the underlying distribution and high sensitivity to individual
varia-tion (Pinheiro & Bates, 2000; Schielzeth et al., 2020).”

Furthermore, we added an explanation on why we opted for the RSA approach in the
methods section on page 37, lines 920-923:

“This method is ideally suited to measure neural representation changes and was specifical-ly
chosen as it has been previously identified as the preferred approach for quantifying in-sight-
induced neural changes (Grob et al., 2023b; Milivojevic et al., 2015).”

To clarify on the rationale behind our coherence analysis, we incorporated an explanatory
sentence in the methods section on page 39, lines 966-967:

“Due to the robust connectivity between the angular gyrus and other brain regions (Petit et
al., 2023; Seghier, 2013), we proceeded with a connectivity analysis as a next step.”

1. The preregistration webpage is in German. This is not ideal as it means that the
information is available only to German speakers.

This webpage can easily be switched to English by changing the settings in the top right
corner:

To address this issue, we included a description of how to set the webpage to English in the
methods section on page 25, lines 581-582:

“For translation to English, please adjust the page settings located in the top right corner.”
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1. Page 18. 'NIT' and 'MAT' - avoid abbreviations when possible.

We included the full name for the narrative-insight task (NIT) on page 7, line 151, line 153,
and line 165, page 8 lines 177-178 and line 187, page 19 on line 427, page 26 on line 615, line
629 and line 632, page 27, line 653, page 30, lines 730-731, page 31, line 754, page 35, line 870,
line 873, and page 36 and line 885.

We further included the full name for the multi-arrangements task (MAT) on page 19, lines
428-429.

1. Line 21....we further observed DECREASED...should be replaced with INCREASED, if I am
not wrong.

We checked the sentence again and it looks correct to us, since it describes the change for
observation-based insight, not imagination-based insight. We clarified that this finding
pertains to observation-based linking by modifying the sentence on page 23, lines 525-528, as
follows:

“Following cTBS to the angular gyrus, we further observed decreased pattern similarity for
non-linked events in the observation-based condition, resembling the pattern change ob-
served in the sham group for linked events, which may highlight the role of the angular gy-
rus in representational separation during observation-based linking”

Reviewer 3

1. The major claim of the paper is that the angular gyrus is causally involved in insight-
driven memory reconfiguration. To the authors' credit, they localized stimulation to the
angular gyrus using an anatomical scan, the strength of the estimated electromagnetic
field in the angular gyrus correlated with their behavioral results, and there were also
brain-behavior correlations involving sensors located in the parietal lobe. However, the
minimum evidence needed to claim causality is 1) evidence of a behavioral change
(which the authors found) and 2) evidence of target engagement in the angular gyrus. It
is also important to show brain-behavior correlations between target engagement and
behavior. Although the au-thors stimulated the angular gyrus, that does not mean that
rTMS specifically affected this region or that the behavioral results can be attributed to
rTMS effects on the angular gyrus. As the authors point out, the angular gyrus has dense
connections with other regions such as the hippocampus. In fact, several studies have
shown that angular gyrus (or near AG) stimulation affects the hippocampal network
(Wang et al., 2014, Science; Freedberg et al. 2019, eNeuro; Thakral et al., 2020, PNAS).
EEG also has a poor spatial resolution, so even though the results were attributable to
parieto-temporal sensors, this is not sufficient evi-dence to claim that the angular gyrus
was modulated. Source localization would be re-quired to reconstruct the signal
specifically from the AG. Thus, with the manuscript written as is, the authors can claim
that "cTBS to the angular gyrus modulates insight-driven memory reconfiguration," but
the current claim is not sufficiently substantiated.

While acknowledging the potential role of the angular gyrus in driving the ob-served
changes, we recognize that the available evidence may not be sufficient. Conse-quently, we
have introduced several modifications within our manuscript to address this concern.

In the revised Introduction, we now explicitly address the possibility of a stimulation of the
hippocampus via the angular gyrus on page 4, lines 84-85:
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“Accordingly, previous studies have shown that stimulation of the angular gyrus resulted in
altered hippocampal activity (Thakral et al., 2020; Wang et al., 2014).”

Additionally, we included relevant evidence demonstrating previous instances of targeted
stimulation of the angular gyrus, which led to alterations in hippocampal connectivity and
associative memory. These insights have been included in the discussion on page 20, lines
449-453:

“Interestingly, recent work has additionally indicated that targeting parietal regions with
TMS led to alterations in hippocampal functional connectivity, thereby enhancing associa-tive
memory (Nilakantan et al., 2017; Tambini et al., 2018; Wang et al., 2014), potentially shedding
light on the underlying mechanisms involved.”

Next, we have integrated crucial modifications essential for establishing a conclusive infer-
ence of causality in our study. Moreover, we now explore the potential mediation of the
effects observed from angular gyrus stimulation through other brain regions, like the hip-
pocampus. In addition, we have highlighted prior work where such stimulation coincided
with alterations in associative memory. For the updated discussion section, please see pag-es
23-24, lines 538-562:

“Although our study provided evidence suggesting a causal role of the angular gyrus in in-
sight-driven memory reconfigurations – highlighted by behavioral changes after cTBS to the
angular gyrus, neural changes in left parietal regions, and relevant brain-behavior associa-
tions – it is important to acknowledge the limitations imposed by the spatial resolution of
EEG. Consequently, the precise source of the observed signal changes in the parietal re-gions
remains uncertain, potentially tempering the definitive nature of these findings. Fur-
thermore, the differential impact of cTBS to the angular gyrus on neural reconfigurations
between events linked via imagination and those linked via observation may be attributed to
its crucial role in imaginative processes (Ramanan et al., 2018; Thakral et al., 2017). An-other
intriguing aspect to consider is that the stimulated site was situated in the more ven-tral
portion of the angular gyrus, recognized for its stronger connectivity to the episodic
hippocampal memory system in contrast to its more dorsal counterpart (Seghier, 2013; Ud-
din et al., 2010). This stronger connectivity between the ventral angular gyrus and the hip-
pocampus may shed light on the greater impact of cTBS to the angular gyrus on imagina-tion-
based insight. Given the angular gyrus’s robust connectivity with other brain regions,
including the hippocampus (Seghier, 2013), it is plausible that the observed changes might
not solely stem from alterations within the angular gyrus itself, but could also originate from
these interconnected regions. This notion may bear particular importance given the re-
quired accessibility to the hippocampus during imaginative processes (Benoit & Schacter,
2015; Grob et al., 2023a; Zeidman & Maguire, 2016). Interactions between the angular gyrus
and the hippocampus may give rise to rich memory representations (Ramanan et al., 2018).
In line with this, recent studies have demonstrated that cTBS to the angular gyrus resulted in
enhanced hippocampal connectivity and improved associative memory (Hermiller et al.,
2019; Tambini et al., 2018; Wang et al., 2014). However, it should be noted that our study
detected impaired associative memory following cTBS to the angular gyrus.”

We further replaced terms that imply inhibition of the angular gyrus with a more operation-
ally descriptive phrase:

“cTBS to the angular gyrus”
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1. The authors frequently claim that cTBS is "inhibitory stimulation" and that inhibition of
the angular gyrus caused their effects. There is a common misconception within the
cognitive neuroscience literature that stimulation is either "inhibitory" or "excitatory," but
there is no such thing as either. The effects of rTMS are dependent on many
physiological, state, and trait-specific variables and the location of stimulation. For
example, while cTBS does repro-ducibly inhibit behavior supported by the motor cortex
(Wilkinson et al., 2010, Cortex; Rosenthal et al., 2009, J Neurosci), cTBS of the posterior
parietal cortex reproducibly en-hances hippocampal network functional connectivity and
episodic memory (Hermiller et al., 2019, Hippocampus; Hermiller et al., 2020, J Neurosci).
The authors reference the Huang et al. (2005) paper as evidence of its inhibitory effects
but work in this paper is not sufficient to broadly categorize cTBS as inhibitory. First,
Huang et al. stimulated the motor cortex and measured the effects on corticospinal
excitability, which is significantly different from what the current authors are measuring.
Furthermore, this oft-cited study only included 9 sub-jects. Other studies have found that
the effects of theta-burst are significantly more varia-ble when more subjects are used.
For example, intermittent theta-burst, which is assumed to be excitatory based on the
Huang paper, was found to produce unreliable excitatory ef-fects when more subjects
were examined (Lopez-Alonso, 2014, Brain Stimulation). Thus, the a priori assumption
that stimulation would be inhibitory is weak and cTBS should not be dis-cussed as
"inhibitory."

We agree and included now a statement in the methods section that explicitly states that cTBS
effects may be region-specific on page 33, lines 817-819:

“Nonetheless, the effects of cTBS appear to vary based on the targeted region, with cTBS to
parietal regions demonstrating the capability to enhance hippocampal connectivity
(Hermiller et al., 2019, 2020).”

We further substituted all terminology suggestive of an inhibitory effect with the phrase:

“cTBS to the angular gyrus”.

However, it is important to note, that while other studies (Hermiller et al., 2019; Tambini et
al., 2018; Wang et al., 2014) found increased hippocampal connectivity after rTMS to a parie-
tal region as well as enhanced associative memory, we observed impaired memory for the
linked events. We included this clarification in the discussion on page 24, lines 558-562:

“In line with this, recent studies have demonstrated that cTBS to the angular gyrus resulted in
enhanced hippocampal connectivity and improved associative memory (Hermiller et al.,
2019; Tambini et al., 2018; Wang et al., 2014). However, it should be noted that our study
detected impaired associative memory following cTBS to the angular gyrus.”

1. The hypothesis at the end of the introduction did not strike me as entirely clear. From this
hypothesis, it seems that the authors are just comparing the differences in memory and
re-configuration during imagination-based insight links. However, the authors also
include ob-servation-based links and a non-linking condition, which seem ancillary to the
main hy-pothesis. Thus, I am confused about why these extra factors were included and
exactly what statistical results would confirm the authors' hypothesis.

We agree, and have clarified our hypotheses on pages 4-5, lines 107-115:

“Considering this involvement of the angular gyrus in imaginative processes, we expected
that the effect of cTBS on the change in representational similarity from pre- to post-insight
will differ based on the mode of insight – whether this insight was gained via imagination or
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observation. Specifically, we expected a more pronounced impairment in the neural recon-
figurations when insight is gained via imagination, as this function may depend more on an-
gular gyrus recruitment than insight gained via observation. Additionally, we expected cTBS
to the left angular gyrus to reduce the increase in neural similarity for linked events and in-
crease of neural dissimilarity for non-linked events.”

1. Many of the distributions throughout the paper do not look normal. Was normality
checked? Are non-parametric stats warranted?

We evaluated and reported the normality assumption in our behavioral anal-yses. Despite the
non-normal distribution of our data, we chose to utilize linear-mixed models due to their
robust performance even in case of deviations from normal distribu-tions. This update in our
methods section can be found on page 36, lines 890-896:

“After outlier correction, we identified non-normality in our data using a Shapiro-Wilk test
(narrative-insight task: W = 0.92, p < 0.001; multi-arrangements task: W = 0.94, p < 0.001;
forced-choice recognition: W = 0.50, p < 0.001; free recall details: W = 0.85, p < 0.001; free
recall naming of linking events: W = 0.94, p < 0.001). However, we mitigated this by employ-
ing linear-mixed models (LMMs), recognized for their robustness even with non-normally
distributed data (Schielzeth et al., 2020).”

We recalculated the correlational analysis between the RSA data and the behavioral recall of
linking events by using the Spearman method on page 13, lines 306-308:

“Furthermore, to address a deviation from the normality assumption, the correlational
analysis was repeated using the Spearman method, which indicated an even stronger cor-
relation (r(59) = 0.32, p = 0.012).”

We further recalculated the correlation between the change in coherence for linked events
and the recall of details for events linked via imagination on page 16, lines 376-378:

“Please note that for addressing a deviation from the normality assumption, the correla-
tional analysis was repeated using the Spearman method, which yielded a significant corre-
lation of similar strength (r(59) = 0.31, p = 0.015).”

Our EEG analyses , including RSA and coherence analyses, utilized a cluster-based permuta-
tion test (Fieldtrip; Oostenveld et al., 2011). These tests do not assume a normal distribu-tion
by utilizing empirical sampling for statistical inference. This approach ensures robust-ness
without constraints imposed by specific distributional assumptions. Subsequent t-tests,
stemming from significant clusters identified in the initial non-parametric analyses, were
extensions of the robust non-parametric approach and did not require additional normality
testing.

1. Can the authors include more detail about the sham coil? Was it subthreshold? Did the
EMF cross the skull?

The sham coil, also obtained from MAG & More GmbH, München, Germany, provided a
similar sensory experience; however, the company did not specify any field strength (n.a.) as
this coil was purposefully designed to prevent the induction of an elec-tromagnetic field
(EMF) capable of penetrating the skull, thereby ensuring it had no impact on the brain. We
clarified on this point in the methods section on pages 31-32, lines 772-778:

“Two identically looking but different 70 mm figure-of-eight-shaped coils were used de-
pending on the TMS condition: The PMD70-pCool coil (MAG & More GmbH, München,
Germany) with a 2T maximum field strength was used for cTBS, while the PMD70-pCool-
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SHAM coil (MAG & More GmbH, München, Germany), with minimal magnetic field strength,
was employed for sham, providing a similar sensory experience, with stimulation pulses
being scattered over the scalp and not penetrating the skull.”

1. There are differences between exclusion criteria in pre-registration and report. For
example, BMI is an exclusion factor in the report, but not in the pre-registration. Can the
authors provide a reason for this deviation?

This discrepancy is due to (partial) participant recruitment from previous fMRI studies
conducted in our lab that involved a stress induction protocol (as a structural MRI image was
needed for the ‘neuronavigated’ TMS). Owing to the distinct cortisol stress reac-tivity
observed in individuals with varying body mass indices (BMIs), participants with a BMI
below 19 or above 26 kg/m² were excluded from these studies. To maintain consistency
within our sample, only participants meeting these criteria were included. We elaborated on
this point in the methods section on page 25, lines 586-592:

“Participants were screened using a standardized interview for exclusion criteria that com-
prised a history of neurological and psychiatric disease, medication use and substance abuse,
cardiovascular, thyroid, or renal disease, evidence of COVID-19 infection or expo-sure, and
any contraindications to MRI examination or TMS. Additionally, participants with a body
mass index (BMI) below 19 or above 26 kg/m² were excluded. This decision stemmed from
recruiting some participants from prior studies that incorporated stress induction pro-tocols,
which imposed this specific criterion (Herhaus & Petrowski, 2018; Schmalbach et al., 2020).”

1. Were impedances monitored and minimized during EEG?

Yes, they were monitored. We clarified this point in the methods section on page 34, lines 845-
847:

“We maintained impedances within a range of ± 20 μV using the common mode sense (CMS)
and driven right leg (DRL) electrodes, serving as active reference and ground, re-spectively”

1. I think there may be a typo related to the Thakral coordinates. I believe Thakral used MNI
coordinates -48,-64, 30, whereas the authors stated they used -48,-67,30. Is this a
mistake?

Upon reevaluation of our study coordinates, we identified a slight deviation in our
stimulation coordinates compared to those reported by Thakral et al. (2017; +3mm on the y-
axis). This variance resulted from the required MNI to Talairach (TAL) transformations
necessary for utilizing the neuronavigation software Powermag View! (MAG & More GmbH,
München, Germany). Notably, this deviation was consistent across all participants in our
study. While TMS is more precise than tDCS, its focality is not as fine-grained down to the
millimeter level. Despite this, our electric field simulations, adopting a 10mm radius, ef-
fectively encompassed the original coordinates specified by Thakral et al. (2017). This radius
ensured coverage over the intended target area, mitigating the impact of this minor devia-
tion on the overall study outcomes. We updated the methods section accordingly on page 33,
lines 800-806:

“Based on the individual T1 MR images, we created 3D reconstructions of the participants'
heads, allowing us to precisely locate the left angular gyrus coordinate (MNI: -48, -67, 30),
initially derived from previous work (Thakral et al., 2017), for TMS stimulation. Despite a mi-
nor deviation in coordinates due to necessary MNI to Talairach transformations for soft-ware
compatibility (Powermag View! by MAG & More GmbH, München, Germany), our
methodology ensured precise localization of the angular gyrus target area.”
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1. How was the tail of the coil positioned during stimulation? Was it individualized so that
the lobes of the coil are perpendicular to the nearest gyrus, as is commonly done?

The coil handle always pointed upwards to maintain optimal positioning with the coil holder.
We followed the positioning procedure in the neuronavigation software Powermag View!,
which did not indicate any positioning of the coil handle but specified the position and angle
of the coil itself. To incorporate this aspect, we updated the legend of figure 2 on page 11,
lines 260-261:

“Please note that in the study, the coil handle was oriented upwards; however, in this illus-
tration, it has been intentionally depicted as pointing downwards for better visibility pur-
poses.”

We further updated the method section on page 33, lines 723-824:

“The coil was positioned tangentially on the head and mechanically fixed in a coil holder,
with its handle pointing upwards to maintain its position”
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