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Prior functional magnetic resonance imaging (fMRI) studies in-
dicate that a core network of brain regions, including the
hippocampus, is jointly recruited during episodic memory, episodic
simulation, and divergent creative thinking. Because fMRI data are
correlational, it is unknown whether activity increases in the
hippocampus, and the core network more broadly, play a causal
role in episodic simulation and divergent thinking. Here we
employed fMRI-guided transcranial magnetic stimulation (TMS)
to assess whether temporary disruption of hippocampal brain net-
works impairs both episodic simulation and divergent thinking.
For each of two TMS sessions, continuous 0-burst stimulation
(cTBS) was applied to either a control site (vertex) or to a left
angular gyrus target region. The target region was identified on
the basis of a participant-specific resting-state functional connec-
tivity analysis with a hippocampal seed region previously associ-
ated with memory, simulation, and divergent thinking. Following
cTBS, participants underwent fMRI and performed a simulation,
divergent thinking, and nonepisodic control task. cTBS to the tar-
get region reduced the number of episodic details produced for
the simulation task and reduced idea production on divergent
thinking. Performance in the control task did not statistically differ
as a function of cTBS site. fMRI analyses revealed a selective and
simultaneous reduction in hippocampal activity during episodic simu-
lation and divergent thinking following cTBS to the angular gyrus
versus vertex but not during the nonepisodic control task. Our find-
ings provide evidence that hippocampal-targeted TMS can specifically
modulate episodic simulation and divergent thinking, and suggest
that the hippocampus is critical for these cognitive functions.
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pisodic memory (i.e., the ability to remember specific events

from the past) (1) is a constructive process whereby the in-
dividual elements of a past event are linked together at the time
of retrieval (2, 3). During the past decade numerous studies have
indicated that there are neurocognitive similarities between
episodic memory and episodic simulation (i.e., the ability to
imagine a novel and specific future episode) (for reviews, see
refs. 4, 5). These similarities have been taken as support for the
constructive episodic simulation hypothesis (6, 7). According to
this hypothesis, the cognitive and neural similarities reflect to a
large extent the role of episodic memory in supporting simula-
tions of the future, in that episodic retrieval processes allow for
the flexible recombination of elements of past episodes to con-
struct novel future events.

Several branches of evidence support this hypothesis. Studies
employing functional magnetic resonance imaging (fMRI)
demonstrate the existence of a common set of neural regions
(i.e., the “core network™) engaged during episodic remembering
and imagining (for review, see ref. 8). This set of regions, which
largely overlaps with the default network (9), includes the medial
temporal lobe (e.g., hippocampus), lateral parietal cortex (e.g.,
bilateral angular gyrus [AG]), medial parietal cortex, and medial
prefrontal cortex (among others). Because fMRI is a correla-
tional technique, recent studies have also employed repetitive
transcranial magnetic stimulation (rTMS) to demonstrate a
causal role of the core network during episodic memory retrieval
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and simulation. In one study (10), rTMS was applied to the left
AG. Following rTMS disruption to the left AG, relative to rTMS
to a control site (vertex), participants generated fewer episodic/
internal details (the who, what, when, and where of an episode)
(11) when remembering past and imagining novel future epi-
sodes. Critically, this effect was selective to episodic information,
as performance in a nonepisodic control task did not differ as a
function of TMS site. In addition, behavioral studies support the
idea that remembering and imagining share common cognitive
processes. One line of work used an episodic specificity induction
(ESI), or brief training in recollecting specific details from a
recent experience, to examine the role of episodic retrieval in
related cognitive processes, such as simulating future experiences
(for review, see ref. 12). After receiving the ESI, relative to a
control induction, participants subsequently remember and
imagine episodes in greater episodic detail but show no differ-
ences on tasks that do not draw on episodic processing (e.g.,
describing a picture or defining and comparing words) (13, 14).

Related studies have revealed a role for episodic retrieval in
other cognitive functions that do not require episodic memory,
but may still be influenced by it. One such cognitive function is
divergent thinking, or the ability to generate creative ideas by
combining diverse kinds of information in novel ways (15). For
example, 1) episodic memories are sometimes drawn upon dur-
ing divergent thinking (16-18), 2) patients with memory im-
pairments show deficits on divergent thinking (19), 3) participant-
level correlations have been observed between the amount of
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episodic detail in imagined future episodes and performance on
divergent thinking (20), and 4) the ESI selectively boosts per-
formance on divergent thinking (21, 22) relative to tasks that do
not engage divergent thinking. Paralleling these behavioral links,
several neuroimaging studies have demonstrated that core net-
work regions, such as the hippocampus, are engaged during
episodic memory, simulation, and divergent thinking (23-25).
fMRI studies have also demonstrated that the hippocampus,
among other core network regions, is linked to ESI-related in-
creases in episodic detail production in imagined future events
and divergent thinking (26, 27).

Taken together, these findings suggest that episodic retrieval
plays a role in supporting episodic simulation and divergent
thinking, but multiple caveats call this conclusion into question.
First, although episodic memories are drawn upon during di-
vergent thinking, they appear infrequently (e.g., ref. 16). Second,
the data from neuropsychological studies (e.g., ref. 19) require
interpretive caution because patients often exhibit deficits in
both episodic and semantic memory. Third, ESI-related evidence
stems from a global manipulation of episodic processing, and it is
also unclear whether the hippocampus, or other brain regions
involved in episodic retrieval, underlie the manipulation’s effi-
cacy (26, 27). Fourth, given the correlational nature of fMRI, it is
unknown whether any of the common neural activity observed
across remembering, imagining, and divergent thinking reflects a
necessary role of the common regions (e.g., ref. 23).

The aim of the present study was to provide a causal test of the
role of hippocampally dependent episodic retrieval in future
imagining and creative thinking by using fMRI-guided TMS in
the form of continuous 0-burst stimulation (cTBS) to disrupt
neural activity in the hippocampus, which has been consistently
engaged during episodic memory, simulation, and divergent
thinking. For each of two TMS sessions, cTBS was applied to
either a control site (vertex) or to a left AG target region.
Critically, the target region was identified on the basis of a
participant-specific resting-state functional connectivity analysis
with a hippocampal seed region previously associated with epi-
sodic memory, simulation, and divergent thinking (8, 25). Pre-
vious research has shown that TMS in the vicinity of our target
region impacts activity in connected regions, including the hip-
pocampus (28). Following application of c¢TBS, participants
underwent fMRI and performed three tasks. In each task,
participants were shown an object word and either imagined a
related personal event in the next few years (episodic simula-
tion task), generated creative and unusual object uses (the al-
ternate uses task [AUT], or divergent thinking task), or generated
associated objects and their definitions (nonepisodic control task).
Following scanning, participants verbally generated their thoughts
for each task cue.

Based on our prior rTMS findings (10), we predicted that
cTBS to a core network region (the left AG) would produce a
selective impairment in the generation of episodic details during
simulation, with no deficit in the nonepisodic control task. We
then tested whether cTBS would also produce a deficit in di-
vergent thinking. Critically, we hypothesized that cTBS-related
differences in the episodic detail of imagined events and the
number of creative uses produced for the divergent thinking task
would be linked to changes in neural activity in the hippocampus
(and possibly the core network more broadly). Finally, we
employed a resting-state functional connectivity analysis with the
hippocampal coordinate as the seed and the TMS site as the
target. This analysis assessed whether cTBS caused the left AG
and the hippocampus to become less synchronized with each
other, thus demonstrating that reduced coupling between these
two brain regions led to reduced ability to think creatively and to
imagine an episodic future event.
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Results

Our primary analyses examined the influence of cTBS to the AG
relative to the control site (vertex) (10, 29) on behavioral per-
formance (episodic simulation, divergent thinking, and non-
episodic control), resting-state fMRI connectivity involving the
hippocampus, and univariate fMRI effects during task perfor-
mance in the hippocampus and other brain regions.

TMS Behavioral Results. To replicate our prior findings and serve
as a manipulation check for the divergent thinking analysis, we
first examined impacts of cTBS on episodic simulation to assess
whether the manipulation led to expected decrements in episodic
detail production during episodic simulation but not the non-
episodic control task. An ANOVA with factors of cTBS site
(vertex and AG), Task (episodic simulation and nonepisodic
control), and Detail (internal/episodic and external/nonepisodic)
conducted on the generative responses collected during the
postscan interview (Fig. 14) revealed a significant three-way
interaction [F(1, 17) = 12.77, P = 0.002, partial n> = 0.43]. The
ANOVA also revealed significant main effects of ¢TBS site,
Task, and Detail [Fs(1, 17) > 10.21, Ps < 0.005, partial n2s >
0.38], as well as a cTBS site x Detail interaction [F(1, 17) = 7.35,
P = 0.02, partial n*> = 0.30]. The Task x Detail interaction was
not significant [F(1, 17) = 2.12, P = 0.16].

To decompose the significant three-way interaction, two
follow-up ANOVAs were conducted with factors ¢TBS site and
Task: one conducted on the internal details (Fig. 14, first four
bars) and another on the external details (Fig. 14, last four bars).
The ANOVA conducted on the internal details (Fig. 14, first
four bars) revealed significant main effects of cTBS site, with
more internal details produced following vertex vs. AG c¢TBS
[F(1, 17) = 13.35, P = 0.002, partial n* = 0.44], and Task, with
more details produced for the episodic simulation vs. non-
episodic control task [F(1, 17) = 6.19, P = 0.02, partial n* = 0.27].
Critically, the ¢cTBS site by Task interaction was significant
[F(1,17) = 13.28, P = 0.002, partial n* = 0.44]. Follow-up ¢ tests
revealed that, following cTBS to the AG vs. vertex, participants
generated fewer internal details when imagining a future epi-
sode [#(17) = 3.90, P = 0.001, d = 0.92] with no analogous
decrement in internal detail production for the nonepisodic
control task (f < 1). To confirm that this decrement was se-
lective to internal/episodic detail production, we conducted a
follow-up ANOVA with factors cTBS site and Task conducted
on only the external details (Fig. 14, last four bars) and found
only a main effect of Task, with more external details produced
for the episodic simulation vs. nonepisodic control task [F(1,
17) = 19.78, P < 0.001, partial n? = 0.54]; all other ANOVA
results were nonsignificant [Fs(1, 17) < 1.78, Ps > 0.20]. Taken
together, these findings replicate our prior findings (10) and
indicate that hippocampal-targeted cTBS through the AG (vs.
vertex) selectively impaired the generation of internal/episodic
details during episodic simulation.

We then tested for cTBS-related effects on divergent thinking
by assessing the effect of ¢cTBS on the generative responses
produced for the AUT (i.e., creative uses) in the postscan. Here,
we focused on two common metrics of divergent thinking per-
formance: fluency and flexibility (the latter being a more strin-
gent criterion for a use) (21, 27). Following cTBS to the AG vs.
vertex, participants generated significantly fewer uses (i.e., were
less fluent) (Fig. 1 B, Left) [t(17) = 3.14, P = 0.006; d = 0.74], and
these uses fit into significantly fewer distinct and appropriate
categories (i.e., were less flexible) (Fig. 1 B, Right) [t(17) = 2.24,
P =0.04, d = 0.53] (for an analysis of other metrics of divergent
thinking, see SI Appendix). We also conducted analyses on the
in-scan and additional postscan ratings to examine task compli-
ance, phenomenological characteristics, and the influence of
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Fig. 1.

TMS-behavioral results. (A) Mean number of internal and external details for the simulation and control tasks produced following vertex cTBS and left

AG cTBS. (B) Mean divergent thinking performance (measured as the total number of appropriate uses generated [fluency] and categories of appropriate uses
[flexibility]) following vertex cTBS and left AG cTBS. Error bars denote mean (+1 SE). Asterisks indicate significant results (see TMS Behavioral Results

for details).

cTBS (SI Appendix); there were no impacts of cTBS on subjective
ratings.

fMRI-TMS Results.

Resting-state analyses. Moving from behavioral to fMRI effects of
c¢TBS, we conducted a resting-state analysis to examine whether
seed-to-target (i.e., hippocampus-to-AG) connectivity decreased
after cTBS to the AG vs. vertex (Fig. 24 shows the cTBS targets
across the entire sample and Fig. 2B shows mean seed-to-target
connectivity as a function of the three cTBS sessions). In this
analysis, we extracted the correlation value at the AG coordinate
stimulated on an individual participant basis as a function of the
three cTBS sessions (no-cTBS, vertex, and AG). For each session
(no-cTBS, vertex cTBS, and AG c¢TBS), mean connectivity be-
tween the hippocampal seed and AG target was greater than
0 [ts(17) > 2.99, Ps < 0.008, ds > 0.70]. Following cTBS to the
AG, there was a significant reduction in connectivity between the
AG and the left anterior hippocampal seed vs. cTBS to the
vertex [#(17) = 2.33, P = 0.03, d = 0.61]. Seed-to-target con-
nectivity did not differ between the no-cTBS session and ¢cTBS to
the vertex (t < 1).

We also tested for the specificity of the effect of ¢cTBS on
connectivity between the hippocampal seed and AG target site.
In this analysis, we examined whether ¢cTBS to the AG relative to
the vertex also changed connectivity between the hippocampal
seed and two other known resting-state fMRI networks, the
frontoparietal control network (FPCN) and the visual attention
network (VAN; for full details, see ST Appendix). An ANOVA on
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the correlation values with factors Network (hippocampus-to-
FPCN, hippocampus-to-VAN, hippocampus-to-AG) and ¢cTBS
site (vertex, AG) revealed main effects of Network and TMS site
(Fs > 5.74, Ps > 0.03, partial n* > 0.25), and critically, a signif-
icant Network x cTBS site interaction [F(2, 34) 432, P =0.02,
partial n? = 0.20]. Follow-up pairwise comparisons revealed that
connectivity between the hippocampus and FPCN or VAN did
not change as a function of cTBS site [ts(17) < 1.40, Ps > 0.18],
relative to the significant change in hippocampus-to-AG con-
nectivity reported above. The significant interaction indicates
that ¢cTBS to the AG reduced connectivity specifically between
the seed (hippocampus) and target (AG), with no detectable
changes between the hippocampus and other known resting-state
networks (FPCN or VAN).
Univariate analyses. The following fMRI analyses were aimed at
identifying univariate cTBS effects specific to the episodic sim-
ulation and divergent thinking tasks: a neural analog of the ob-
served behavioral deficits in episodic simulation and divergent
thinking following cTBS to the AG vs. vertex. To achieve this
aim, we implemented an interaction contrast (episodic simula-
tion + divergent thinking > nonepisodic control for the vertex >
AG cTBS contrast), which identifies neural regions where task
effects common to both episodic simulation and divergent
thinking (i.e., episodic simulation + divergent thinking > non-
episodic control) differ as a function of cTBS site (Fig. 3). Unless
otherwise noted, all results are derived from statistical parame-
ters that survive a significance threshold of P < 0.05 corrected for
multiple comparisons (see Materials and Methods).
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Fig. 2.

(A) cTBS target sites for each of the 18 participants overlaid on the across-participant mean T1-weighted anatomical image. Each red square denotes

the cTBS target for each participant. The coronal slices are spaced every 1 mm with the most posterior (Upper Left) and anterior (Lower Right) corresponding
toy=-71and y=-61, respectively. (B) Group seed-to-target resting-state connectivity as a function of cTBS site. Error bars denote mean (+1 SE) connectivity.
Asterisks indicate significant results (see fMRI-TMS Results, Resting-state analyses for details).

Planned contrasts within the hippocampus. We first tested whether
hippocampal cTBS effects could be identified that were common
to the episodic simulation and divergent thinking tasks. Follow-
ing cTBS to the vertex, common activity during episodic simu-
lation and divergent thinking (relative to nonepisodic control)
was observed in the hippocampus (peak voxel of x =27,y = —13,
z = =24, peak Z of 3.33, 26 voxels) (Fig. 34). Following cTBS to
the AG, there was a reduction of the activity observed vs. cTBS
to the vertex (Fig. 3B). Critically, we then tested whether hip-
pocampal activity showed an interaction as a function of cTBS
site and task (i.e., reduced recruitment for constructing imagined
events and generating creative uses following AG cTBS vs. vertex
cTBS, with the opposite effect for the control task). The in-
teraction contrast identified two hippocampal clusters, one in

Fig. 3. fMRI-TMS results: Hippocampus. (A) Shown in red are hippocampal
regions demonstrating greater activity for the episodic simulation and di-
vergent thinking tasks relative to the nonepisodic control task following
cTBS to the vertex. (B) Hippocampal regions demonstrating greater activity
for the episodic simulation and divergent thinking tasks relative to the
nonepisodic control task following cTBS to the AG. Results are overlaid on
the across-participant mean T1-weighted anatomical image.
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each hemisphere, falling primarily in the anterior hippocampus
(Fig. 44, Upper, and Table 1). To further characterize the results,
we illustrate the parameter estimates for each cTBS site and task
(Fig. 4 A, Lower) extracted from the left hippocampus. These
estimates parallel the behavioral cTBS deficit and reveal cTBS
univariate effects for episodic simulation and divergent thinking
but not the nonepisodic control.

Of particular interest, the interaction effect identified in the
left anterior hippocampus overlapped the hippocampal seed
targeted via the seed-to-target resting-state analysis that was
identified in previous metaanalyses on divergent thinking (25)
and episodic memory and simulation (8) (Fig. 4B). These find-
ings suggest that cTBS to the AG identified on an individual
participant basis not only reduced functional connectivity to the
hippocampus during rest (Fig. 2B), but also reduced neural ac-
tivity during tasks that have been hypothesized to engage the
hippocampus (i.e., episodic simulation and divergent thinking).

To further link the key cTBS-related behavioral and hippo-
campal results, the behavioral scores were entered as modulators
of interest during the construction phase of imagined events,
divergent thinking, and control tasks (for similar procedures, see
ref. 26). For the behavioral index, episodic/internal details on the
imagine task, fluency scores on the divergent thinking task, and
internal details on the control task were used. Critically, cTBS-
related reductions in hippocampal activity were observed during
the construction of imagined events and divergent thinking over
the control task following cTBS to the vertex vs. AG (peak voxel
ofx = =22,y = -10, z = -22; peak Z of 2.98; these effects were
observed at an uncorrected two-tailed threshold of P < 0.005; for
full details, see SI Appendix). Akin to the main univariate anal-
ysis reported above, this modulatory effect overlapped the hip-
pocampal seed targeted via the seed-to-target resting-state
analysis. The parametric modulation analysis indicates that the
key cTBS-related behavioral effects (reduced episodic details
and fewer creative uses following cTBS to the vertex vs. AG)
modulated the key cTBS-related neural effect (i.e., reduced
hippocampal activity during episodic simulation and divergent
thinking following cTBS to the vertex vs. AG).

Thakral et al.
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Fig. 4. fMRI-TMS results: Hippocampus. (A) Shown in red are hippocampal
regions demonstrating a cTBS site by task interaction (i.e., reduced re-
cruitment for constructing imagined events and generating creative uses
following AG cTBS compared with cTBS to the vertex with the opposite ef-
fect for the control task). The chart depicts percent signal change (extracted
from the region’s peak voxel) for each task and cTBS site. Note that error
bars are not plotted as a result of potential noise, and significance tests were
not run on these data. (B) The fMRI-cTBS effect identified in the hippo-
campus (shown in red) overlapped the hippocampal seed region targeted
with cTBS (shown in blue; i.e., the coordinate employed in the seed-to-voxel
analysis to identify the cTBS target region in the left AG). Overlap is shown in
magenta. Results are overlaid on the across-participant mean T1-weighted
anatomical image.

Whole-brain analyses. Along with impacts of ¢TBS on hippo-
campal connectivity and activity, we probed further neural dif-
ferences (shown in Fig. 5) with an episodic simulation +
divergent thinking > nonepisodic control contrast as a function
of each cTBS site across the whole-brain. After cTBS to either
site (Fig. 5 4 and B, for vertex or AG, respectively), there was
common recruitment during both episodic simulation and di-
vergent thinking in core network regions (e.g., refs. 8, 25).
Critically, participants exhibited significantly reduced activation
in several core network regions following cTBS to AG vs. vertex
for episodic simulation and divergent thinking relative to the

Thakral et al.

nonepisodic control (Fig. 6), which included the ventromedial
prefrontal cortex, bilateral lateral temporal cortex (i.e., right and
left inferior and middle temporal gyri/sulci), and posterior cin-
gulate/retrosplenial cortex, among others (for a full list, see
Table 1). Common cTBS univariate effects were also observed in
regions comprising the frontoparietal control network, such as
the inferior frontal gyrus, regions previously associated with
episodic simulation and divergent thinking (e.g., refs. 27, 30, 31),
and thought to support cognitive control processes required for
the recombination of disparate episodic details. Illustrated are
the parameter estimates extracted from two representative re-
gions, the lateral temporal cortex and medial prefrontal cortex.
In each region, a cTBS effect (i.e., vertex > AG) was present for
both the episodic simulation and divergent thinking tasks but not
the nonepisodic control.*

Discussion

We tested the causal role played by episodic memory retrieval in
future imagining and creative thinking by using cTBS to the
parietal cortex (left AG) and targeting the hippocampus, two
brain regions involved in episodic memory. The left AG region
targeted for cTBS was identified on an individual participant
basis employing a baseline (no-cTBS) resting-state functional
connectivity analysis with a left anterior hippocampal seed region
previously associated with episodic memory, episodic simulation,
and divergent creative thinking. Replicating our prior findings,
compared with ¢TBS to the vertex, cTBS to the AG region re-
duced the number of episodic details produced for the simula-
tion task (10). Critically, cTBS to the AG relative to the vertex
also reduced the number of creative uses produced for the di-
vergent thinking task. In contrast, performance in the non-
episodic control task did not statistically differ as a function of
cTBS site. Analysis of the fMRI data revealed a selective and
simultaneous reduction in hippocampal activity during episodic
simulation and divergent thinking following cTBS to the AG vs.
vertex but not during the nonepisodic control task (i.e., a task
that engages semantic retrieval and imagery but requires little
divergent thinking or episodic processing). This hippocampal
c¢TBS univariate effect overlapped the region targeted via the
resting-state connectivity analysis. In addition, resting-state
analyses revealed that, following cTBS to the AG vs. vertex,
there was a significant reduction in functional connectivity be-
tween the left AG and hippocampus, suggesting that reduced
communication between these two core network regions led to
reduced ability to think creatively and to imagine an episodic
future event. Taken together, our findings provide evidence that
hippocampal-targeted ¢cTBS can specifically modulate episodic
simulation and divergent thinking, and suggest that the hippo-
campus supports a common and critical process during these
cognitive functions. Further support for a brain-behavior link
was identified via the parametric modulation analysis, which
revealed that cTBS-related behavioral differences in episodic
simulation and divergent thinking modulated cTBS-related
hippocampal activity. This latter finding should be taken as

*Note that the interaction contrast does not ensure that the magnitude of the cTBS
effects as a function of the two tasks of interests (episodic simulation and divergent
thinking) are statistically equivalent in magnitude. The interaction contrast only indi-
cates that the parameter estimates associated with neural activity following cTBS to the
vertex for both episodic simulation and divergent thinking are numerically greater than
the respective task conditions following cTBS to the AG (and the opposite for the non-
episodic control). To ensure a statistically common cTBS effect, we employed the inter-
action contrast restricted to only the episodic simulation and divergent thinking as a
function of cTBS site as an exclusive mask. That is, we statistically removed all voxels at
the lenient threshold of P < 0.05 where the magnitude of the cTBS effect for episodic
simulation differed from divergent thinking (and vice versa). Critically, the same peak
clusters were identified both at the whole-brain level and in the hippocampus. The
analysis confirms the reported commonality of the cTBS effect across the two tasks.
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Table 1. Loci of fMRI-TMS effects
MNI coordinates Number of
above-
threshold
X y z Peak Z voxels Region
Hippocampus =31 -17 -22 3.99 Left hippocampus
36
27 -13 -22 3.97 Right hippocampus
24
Whole brain 42 50 -12 5.39 Right inferior frontal gyrus
243
=27 7 17 5.30 Left frontal operculum
111
42 -7 41 3.65 Right middle frontal gyrus
228
5 55 -24 4.83 Right ventromedial prefrontal cortex
372
-12 51 -16 Left ventromedial prefrontal cortex
13 0 24 4.59 Right caudate nucleus
130
-5 -42 -50 4.52 Left cerebellum
231
5 -39 -38 Right cerebellum
=21 -78 -33 4.39 Left cerebellum
175
22 34 -7 4.33 Right orbital gyrus
162
56 -22 -19 4.33 Right inferior temporal sulcus
227
59 -13 -17 Right middle temporal gyrus
47 =24 =27 Right inferior temporal gyrus
13 -49 27 4.31 Right posterior cingulate/retrosplenial cortex
226
44 -53 25 Right angular gyrus
-9 -4 63 4.28 Left paracentral lobule
110
3 -30 64 Right paracentral lobule
-17 -52 =21 4.27 Left cerebellum
177
18 -76 54 4.21 Right superior parietal lobule
98
17 -85 42 Right superior occipital gyrus
37 4 20 4.19 Right frontal operculum
166
-65 -30 -24 4.19 Left inferior temporal gyrus
189
-55 -20 -17 Left middle temporal gyrus
-10 -80 29 3.99 Left superior occipital gyrus
172
13 46 15 3.94 Right dorsomedial prefrontal cortex
256
12 65 12 Right anterior prefrontal cortex
10 44 39 3.77 Right superior frontal gyrus
158
-2 -68 5 3.17 Left extrastriate cortex
96

MNI, Montreal Neurological Institute. Coordinates for cluster subpeaks that lie in distinct cortical regions are listed directly

below relevant peak cluster.

preliminary, however, as it only emerged at an uncorrected statistical
threshold.

The present findings have implications for our understanding
of the cognitive neuroscience of creativity. The dominant view is
that creativity, specifically divergent thinking is largely, if not
completely, supported by semantic memory (e.g., refs. 33-35).
This view has been supported by neural evidence indicating that
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regions associated with semantic control and retrieval are recruited
during divergent thinking tasks (e.g., refs. 36-38; for review, see ref.
25). Although some evidence suggests that episodic memory and
divergent thinking are supported by common cognitive and neural
underpinnings, such evidence has its weaknesses (see Introduction).
The current causal findings add to the small but growing body of
studies indicating that the dominant view needs revision to account
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Fig. 5.

fMRI-TMS results: Whole-brain. (A) Shown in red are whole-brain
regions demonstrating greater activity for the episodic simulation and di-
vergent thinking tasks relative to the nonepisodic control task following
CTBS to the vertex. (B) Whole-brain regions demonstrating greater activity
for the episodic simulation and divergent thinking tasks relative to the
nonepisodic control task following cTBS to the AG. Results are overlaid on
the across-participant mean T1-weighted anatomical image.

for the role of episodic retrieval in divergent creative thinking. Our
findings are also consistent with previous literature indicating that
the role of episodic retrieval in divergent thinking is best captured
by quantity but not quality measures. For example, and akin to the
present cTBS findings, the ESI primarily impacts fluency and flex-
ibility metrics of divergent thinking but not creativity ratings (21, 22,
27). Taken together, the present and previous findings suggest that
episodic retrieval can be considered a component process of di-
vergent thinking, likely impacting the production of creative output,
and provide support for the idea that the hippocampus, and core
network more broadly, contributes to performance on generative
tasks that nominally involve retrieval and reconstruction of episodic
information for completion (5, 39; for related perspectives, see refs.
40-42).

There are several limitations of the present study that deserve
mention. First, we failed to identify any cTBS-related univariate
effects as a function of episodic simulation and divergent
thinking in the region directly stimulated, the left AG. Such a

Fig. 6.

finding would suggest that ¢TBS has no effect on underlying
neural activity at the site of application, and therefore call into
question our prior claim that the left AG plays a necessary role
during episodic memory and simulation (10; see also, ref. 29).
However, several methodological differences between the pre-
sent study and our previous one (10) could explain the present
null finding. First, the present study utilized a different TMS
protocol (i.e., a cTBS protocol vs. the prior repetitive 1-Hz
stimulation protocol), and the cTBS target was identified on an
individual participant basis and varied in spatial location across
participants (e.g., spanning 10 mm in the y dimension; in our
prior study, the target site was identical across participants)
(Fig. 24). The relatively large spatial distribution of the cTBS
target site may have limited the ability to identify a common
across-participant univariate cTBS effect. Relevant to this point,
the cTBS seed location (i.e., left anterior hippocampus) was held
constant across participants, and was also a region where uni-
variate cTBS effects were observed (Fig. 4B). These findings
suggest that there may be a relationship between the ability to
detect TMS-related task univariate effects and the variability of
the target site across participants. To test this interpretation, we
extracted univariate activity for each of the three tasks from the
individualized target AG location as a function of the cTBS sites
(both using a single 1.7-mm voxel as well as a 6-mm sphere).
There were numeric decreases in univariate activity for both the
simulation and divergent thinking tasks, with the reverse for the
control task, following AG cTBS relative to vertex cTBS, but
these differences were not significant (i.e., there was no signifi-
cant reduction in univariate activity following AG cTBS relative
to vertex ¢cTBS for both the simulation and divergent thinking
tasks [ts(17) < 1.08, P = 0.30]). Most important, cTBS did result
in a significant reduction in seed-to-target connectivity, which
provides evidence that cTBS had an effect at the sites of interest
(i.e., left AG and hippocampus).

A second limitation stems from the fact that the resting-state
scans were acquired after the functional/task runs (see also refs.
26, 27). Because cTBS affected neural activity during the task
runs, it is unclear whether the change in seed-to-target connec-
tivity was a result of cTBS or the change in task performance/
neural activity as a result of cTBS (cf. ref. 43). A final limitation

-65 -30 -24
Vertex AG Vertex AG Vertex AG
Simulation Uses Control
0.9 1346 15
S o6
g 0.3
‘—g 0
©-0.3
»
<061
-0.9 4
Vertex AG | Vertex AG | Vertex AG
Simulation Uses Control

fMRI-TMS results: Whole-brain. Shown in red are whole-brain regions demonstrating a cTBS site by task interaction (i.e., reduced recruitment for

constructing imagined events and generating creative uses following cTBS to the left AG compared with cTBS to the vertex with the opposite effect for the
control task). The charts depict percent signal change extracted from peak voxels within two representative clusters within the left lateral temporal cortex
(x = —65, y = =30, z = —24) and medial prefrontal cortex (x = 13, y = 46, z = 15) for each task and cTBS site. Note that error bars are not plotted as a result of
potential noise, and significance tests were not run on these data. Results are projected onto a cortical surface using the skull-stripped template of MRIcroGL

(see ref. 32).
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stems from the lack of a ¢cTBS effect on subjective vividness
ratings. We have provided recent evidence that the hippocampus
(relative to other core network regions) plays a privileged role in
supporting the subjective experience of episodic content via self-
rated vividness (44, 45). Although the present null finding casts
doubt on the link between hippocampal activity and vividness
that was based on correlational fMRI data, any null effect should
be treated with caution as it can be accounted for in any number
of ways (e.g., low power). These limitations should be addressed
in future work.

The present study employed a cTBS protocol that was as-
sumed to be inhibitory and therefore produce a decrement in
behavioral performance. This assumption is supported by prior
work showing that cTBS reduces cortical excitability (46) as well
as univariate fMRI activity (47). In addition, cTBS disrupts be-
havioral performance in autobiographical memory tasks (29, 48).
The present and earlier findings indicating that cTBS can be
used to produce inhibitory behavioral effects are inconsistent
with some prior findings showing that application of cTBS en-
hances memory performance (49, 50). One difference between
the present observations and prior findings of enhancement is a
difference in the control ¢TBS condition. Here, the control
condition was cTBS to the vertex [akin to previous studies also
reporting decreases in behavioral performance (29, 48)]. In the
studies that have reported an increase in performance from
cTBS, the control condition was either TMS to the primary so-
matosensory cortex (49) or sham TMS (50). An additional pos-
sibility raised by Hebscher and Voss (51) is that studies reporting
behavioral increases from cTBS used complex visual memoranda
with laboratory-based episodic memory paradigms, which may
depend heavily on hippocampal retrieval processes (i.e., pattern
completion) with relatively little necessary involvement of the
AG. Thus, if stimulation were to disrupt local processing by the
AG yet enhance downstream processing by the hippocampus,
the disruptive effect of stimulation on episodic processing in the
present study could reflect disruption of AG involvement in
generating the retrieval cues that are presumably used by the
hippocampus to support performance. In contrast, in previous
studies finding behavioral enhancement, such cues were pro-
vided by the visual display and so beneficial effects of stimulation
on the hippocampal contribution could be observed. Additional
research is needed to clarify this issue.

An important point about the present pattern of results is that
the effect of cTBS on neural activity was not specific to the
hippocampus. As illustrated in Fig. 6, effects of cTBS on episodic
simulation and divergent thinking extended to other core net-
work regions, such as the medial prefrontal cortex, as well as
noncore regions, such as the inferior frontal gyrus, regions also
associated with both episodic simulation and divergent thinking.
Here, we highlight the findings pertaining to the hippocampus
given strong theoretical and experimental work demonstrating a
link between this region and divergent thinking and episodic
simulation (e.g., refs. 7, 8, 25, 39). An important avenue for fu-
ture work will be to combine TMS with analytic approaches
examining the direction of informational flow between regions
such as effective connectivity (cf., ref. 52; see also refs. 30, 31).
Finally, our analytical approach was aimed at identifying an in-
teraction between cTBS site and task, in part to identify neural
regions that tracked any cTBS behavioral effects. One drawback
of this procedure is that the regions identified might be differ-
entially sensitive to the episodic simulation and divergent
thinking tasks themselves (e.g., in the hippocampus, although the
average neural activity between simulation and divergent think-
ing was greater than in the control task following vertex cTBS,
the magnitude of activity was numerically greater for simulation
than divergent thinking) (Fig. 44). This pattern of effects would
suggest that the process or processes mediated by the hippocampus,
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although common, are engaged to a greater extent during simula-
tion relative to divergent thinking (cf., ref. 23).

In conclusion, the present findings provide evidence indicating
that episodic retrieval plays a causal role in supporting episodic
simulation and divergent thinking through common hippocampal-
mediated processes. It will be important for future studies to specify
the precise hippocampal process or processes shared across episodic
simulation and divergent thinking. In a prior study, for example, we
employed multivoxel pattern analysis and demonstrated that the
hippocampus supports the reinstatement of episode-specific in-
formation from memory during simulation (45). Such reinstatement
may also support the generation of creative output during divergent
thinking. Combining multivoxel pattern analysis with TMS may be a
fruitful approach for specifying the hippocampal processes common
not only to episodic simulation and divergent thinking, but also to
other functions that benefit from episodic retrieval.

Materials and Methods

Participants. Informed consent was obtained from all participants prior to
participation, with protocol approval from the Institutional Review Board of
Harvard University. Nineteen undergraduate and graduate students from the
local community were consented. One person was excluded due to falling
asleep in the scanner, leaving n = 18 in the analyzed sample (mean + [1 SE]
age of 21.2 + 0.38 y; range of 19 to 26 y; 14 females). All participants self-
reported to be native English speakers and right handed, with normal or
corrected-to-normal vision. See S/ Appendix for additional TMS-specific re-
cruitment parameters. An a priori sample size of 18 was chosen based on
recent fMRI-TMS within-participant studies of the left lateral parietal cortex
and episodic memory (28, 53; see also refs. 10, 54), and to also provide a full
counterbalanced set.

Experimental Design Overview. A three-session within-participants design was
used to assess the influence of inhibitory cTBS on hippocampal brain net-
works during episodic simulation and divergent thinking. Each session lasted
~3 h and occurred on a different day (mean delay between each session was
5.5 d, with the restriction that all three sessions were done in ~2 wk). In
session 1, participants came to the laboratory for fMRI only, where they
completed: 1) two task runs alternating between episodic simulation, di-
vergent thinking, and nonepisodic control tasks; 2) a resting-state scan; and
3) an anatomic scan (in that order). On each task trial, participants viewed an
object word cue, and for each cue generated a novel and specific future
event (i.e., the episodic simulation task), alternate uses of the object (i.e., the
divergent thinking task, AUT), or a sentence with typical associates of the
object, their meanings, and definitions (i.e., the nonepisodic control task).
Before scanning, participants were instructed on and practiced the three
tasks. Sessions 2 and 3 involved cTBS and were similar to session 1, with the
exception that an anatomic scan was not collected and, before participants
entered the scanner, cTBS was applied to the control site (vertex) or the AG
target. The AG target was identified on the basis of a resting-state func-
tional connectivity analysis (i.e., a seed-to-voxel analysis) using the resting-
state scan from session 1, with the left anterior hippocampus as the seed
(i.e., a hippocampal coordinate previously associated with episodic memory,
simulation, and divergent thinking; see below). Following fMRI data col-
lection in each session, participants completed a postscan interview about
their thoughts for each scanning cue. The order of ¢TBS site (vertex or AG)
was counterbalanced across participants, and different object cue words
were used across each session.

With the exception of the resting-state analyses, behavioral and fMRI
analyses were restricted to effects between the vertex and AG cTBS sessions
for two primary reasons. First, the order of cTBS session (i.e., no-cTBS, vertex,
AG vs. no-cTBS, AG, vertex) was randomly assigned across participants (with
half receiving vertex second and half AG second). Thus, differences associ-
ated with task familiarity (i.e., practice) between the vertex and AG cTBS
sessions were controlled (relative to performance being expectedly lower in
the no-cTBS session as it necessarily came first). Second, a comparison of data
between the vertex and AG cTBS sessions controls for nonspecific cTBS ef-
fects (see also ref. 10). All results are collapsed across cTBS session order
(i.e., vertex cTBS followed by AG cTBS, and vice versa). For all significant
results (at the P < 0.05 level), we report the relevant effect sizes (partial 12 in
the case of F tests, d for t tests) and in cases where P < 0.001, we report
as such.
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Experimental Materials and Procedure.

Main tasks. Further information on object cue words and task presentation are
contained in S/ Appendix. In each session, participants completed three fMRI
runs. In two initial task runs, participants viewed 54 object cues and com-
pleted the main tasks (episodic simulation, divergent thinking, and non-
episodic control), and for the last run participants completed a resting-state
scan. Each task run was ~11 min and included a pseudorandom presentation
of nine trials per task (for a total of 27 trials in each run) with the constraint
that no more than two trials per task were presented in succession. For task
trials (Fig. 7), the screen showed three lines of text for 15 s (first line: task;
second line: instruction reminder; and third line: object cue word). On each
trial, participants were presented with the construction-elaboration para-
digm for 15 s (see below), followed by two separate ratings each presented
for 2.5 s. The trial then ended with a variable fixation period (jittered at 2, 4,
and 6 s). Ratings were made with a five-button response box in their left
hand. Each fMRI run began and ended with a 5-s fixation period.

For simulation trials (Fig. 7, Top), participants were instructed to silently
imagine a novel and specific future episode from a first-person perspective
related to the cue. Each event had to occur in the next few years, be specific
in time and place over the course of a few minutes to an hour (i.e., an ep-
isodic event), and be as detailed as possible. With respect to construction—
elaboration, participants pressed their thumb when the future event had
come to mind (i.e., been constructed), following which they filled in all of
the details and elaborated on the event until the first rating appeared.
These details included—but were not limited to—the people, actions, and
emotions of the event. At the end of each simulation trial, participants first
rated the level of vividness or amount of subjectively rated detail associated
with the event they had generated on a 5-point scale (“least vivid with no or
few details” to “very vivid and highly detailed”), followed by the level of
difficulty on a 5-point scale (“very easy” to “very difficult”).

For divergent thinking trials (Fig. 7, Middle), participants were instructed
to silently generate as many unusual and creative uses related to the cue
during its 15-s presentation. Participants were told to be both creative and
to generate as many uses as possible given past research indicating that type
of instruction can impact divergent thinking (e.g., ref. 55). With respect to
construction—elaboration, participants pressed their thumb when they had
generated their first creative use (i.e., constructed it), following which they
were to generate as many additional uses as possible until the first rating
appeared. At the end of each divergent thinking trial, participants first rated
the level of vividness or amount of subjectively rated detail associated with
the uses they had generated on a 5-point scale (“least vivid with no or few
details” to “very vivid and highly detailed”), followed by the level of diffi-
culty on a 5-point scale (i.e., “very easy” to "very difficult”).

For nonepisodic control trials (Fig. 7, Bottom), participants were first
instructed to silently generate two associated objects related to the cue

Imagine
How Detailed
Near future event

word, and then to put all three in a sentence sorting the objects by their
relative physical size. With respect to construction-elaboration, participants
pressed their thumb when they had generated the size sentence, following
which they generated meanings and definitions for each object in as much
detail as possible. Participants were instructed to focus on meaning and
definition details, which included but were not limited to typical attributes,
functions, and characteristics. They were also told to generate details as if
they were coming from a dictionary or encyclopedia rather than related to
themselves or their lives. At the end of each control trial, participants first
rated the level of detail associated with the meanings and definitions they
had generated on a 5-point scale (“least vivid with no or few details” to
“very vivid and highly detailed”), followed by the level of difficulty (“very
easy” to “very difficult”). Here, the nonepisodic control task was chosen as a
comparison to both simulation and divergent thinking as it requires the
search, retrieval, and integration of information related to an object cue,
but did not involve the generation of a coherent episodic event or divergent
thinking (see analogous control tasks in prior studies as a comparison to
both episodic memory/simulation and divergent thinking) (8, 10, 21, 26, 27,
44, 56).
Resting state. After the two main task runs, participants completed a resting-
state scan for 7 min and 8 s (for similar procedures, see refs. 26, 27). During
this scan, participants were shown a white central fixation cross on a black
screen and were instructed to keep their eyes open for the scan.
Postscan interview. Immediately after scanning, participants completed a
postscan interview where they viewed each object cue from the scanner and
were instructed to verbally generate whatever they had thought about for
each cue (for similar postscan procedures, see refs. 14, 26, 27, 56). They were
specifically instructed to not add anything they had not thought about. Each
trial was self-paced, and participants hit the space bar when they had fin-
ished speaking. Following each trial, participants made additional ratings
regarding their responses (more details are contained in S/ Appendix).
Participants’ verbal responses were audio-recorded and transcribed for
analysis. For the episodic simulation task, each future event was scored in
accordance with the Autobiographical Interview (11). For the nonepisodic
control task, meanings and definitions were also segmented into internal
and external details (14, 26). Finally, for the divergent thinking task, we
computed standard measures related to the quantity and quality of the uses
(15, 20, 21, 27, 57). More details on scoring criteria are included in S/ Ap-
pendix. All scoring was conducted by two raters who were blind to cTBS
session (i.e., no-cTBS, vertex, or AG). We confirmed interrater reliability with
a separate and third rater who scored a random selection of ~25 responses
randomly sampled from each task and cTBS session and obtained high
interrater reliability (Cronbach’s o« > 0.90 across the divergent thinking
measures, and internal and external details for the episodic simulation and
control task).

How Difficult
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Easy Hard
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CLOCK
Vague Vivid
15 sec
2.5 sec
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How Detailed
Unusual and creative
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2-6 sec
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Fig. 7.
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Experimental design. In each task participants were shown an object word for 15 s. For the episodic simulation task (Top), participants were asked to

silently imagine a novel future experience related to the object. For the divergent thinking task (Middle), participants were asked to generate creative and
unusual uses for the object. For the control task (Bottom), participants were asked to generate two associated objects, put them in a sentence by their relative
size, and then generate definitions related to the objects. After each trial, participants rated the level of detail and difficulty on a 5-point scale. The trial

ended with a variable fixation period.
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fMRI Acquisition and Analysis.

Univariate analysis. Anatomic and functional images were acquired on a
3-Tesla Siemens scanner with a 32-channel head coil, and handled with
standard preprocessing steps in Statistical Parametric Mapping (SPM12,
Wellcome Department of Cognitive Neurology, London, United Kingdom). S/
Appendix contains additional information on scanning and preprocessing
parameters. Univariate analysis was conducted using a two-stage mixed
effects general linear model (GLM). In the first stage, neural activity asso-
ciated with the construction and elaboration periods were modeled sepa-
rately for each simulation, divergent thinking, and control trial using the
canonical hemodynamic response function in SPM12 (for similar univariate
analyses, see refs. 26, 56). The construction period was modeled with a delta/
stick function 2 s after cue onset, and the elaboration period with a delta/
stick function 2 s after participants made a button response (mean [+1 SE]
construction time of 5.09 + 0.39 s across tasks and cTBS conditions).” The
associated blood-oxygen level-dependent (BOLD) response was modeled by
convolving the boxcar functions with a canonical hemodynamic response
function to yield regressors in a GLM that modeled the BOLD response for
each event type. Each first-level model comprised 12 events modeling neural
activity as a function of task (episodic simulation, divergent thinking, and
nonepisodic control), cTBS site (vertex and AG), and trial phase (construction
and elaboration). Two additional events of no-interest included trials with-
out a response and the rating period. Six regressors modeling movement-
related variance were also included in the first-level model (three for rigid-
body translation and three for rotation). An autoregressive model of order 1
was used to correct for nonsphericity of the error covariance (58). The data
across the two cTBS sessions were concatenated. Temporal smoothing was
conducted before estimation of the parameter estimates using the default
high-pass filter of 128 s. Note that, although we modeled the elaboration
period of each trial, here we focus on construction-related neural activity as
this portion of the trial has been associated with retrieval processes hy-
pothesized to be shared across episodic simulation and divergent thinking
(20, 26, 27, 39, 44, 45, 52).

In the second stage, parameter estimates for the six events of interest
(i.e., construction-related activity for each of the three tasks and two cTBS
sites) and for each participant were entered into a repeated-measures
ANOVA with participants modeled as a random effect. To evaluate effects
within the hippocampus, a mask was created by manually tracing the hip-
pocampus using the across-participant mean normalized anatomical image
based on standard anatomical landmarks (59; for similar approaches, see
refs. 45, 60). An individual voxel two-tailed threshold of P < 0.005 was used
for targeted a priori contrasts aimed at identifying cTBS effects (see below)
within the hippocampus (44, 60-64). Correction for multiple comparisons (to
P < 0.05) was affected by imposition of a cluster extent threshold (65, 66) of
16 voxels within the hippocampal mask. The threshold was estimated using a
Monte Carlo simulation of 10,000 iterations with a full-width half-maximum
(FWHM) of 7.65 mm estimated using the residual mean-square image of the
participant-specific first-level models (i.e., the maximum FWHM across all
images). For whole-brain analyses, an individual voxel two-tailed threshold
of P < 0.005 was used, corrected to P < 0.05 by imposition of a cluster extent
of 94 voxels (estimated using the same procedure as just described). All
contrasts were conducted using the error term derived from the parent
ANOVA.

Our aim was to assess whether the hippocampus in particular would
demonstrate a common cTBS effect for both the episodic simulation and
divergent thinking tasks. To formally test for the presence of such an effect,
the vertex > AG contrast for the episodic simulation + divergent thinking >
nonepisodic control was analyzed (i.e., the interaction contrast; for similar
procedures, see refs. 26, 27). This interaction identifies regions exhibiting
significant reductions in activity following cTBS to the AG compared with
cTBS to the vertex during episodic simulation and divergent thinking, over
the nonepisodic control task.

Resting-state analysis. Resting-state images were acquired on the 3-Tesla
Siemens scanner with a 32-channel head coil, and preprocessed according to
standard guidelines in FSL 4.1.7 (FMRIB) and SPM12 (see details in S/ Ap-
pendix). A seed-to-voxel connectivity analysis was carried out on an indi-
vidual participant basis (67) to identify the left AG cTBS target functionally

*An ANOVA with factors Task (simulation, divergent thinking, and control) by cTBS site
(vertex and AG) on the construction times revealed solely a main effect of Task [F(2, 34) =
10.21, P < 0.001, partial n? =0.38] with construction times for the control (5.65 + 0.47 s)
greater than both simulation (4.69 + 0.40 s) and divergent thinking [5.01 + 0.34 s;
ts(17) > 2.44, Ps < 0.03, ds > 0.56]. Of most importance, the Task x cTBS site interaction
was not significant (F < 1).
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coupled to the hippocampal coordinate of interest. A 6-mm sphere was
centered at the left hippocampal coordinate of x = =25, y = -10, z = -19
(Fig. 8A). This coordinate was selected on the basis of a prior metaanalysis
demonstrating that the left hippocampus is associated with divergent rela-
tive to convergent thinking (25). Of importance, this coordinate overlapped
the hippocampal cluster reported in a relevant metaanalysis to be jointly
recruited during episodic memory and simulation (see figure 2 and table 3 in
ref. 8). These findings support the assumption that the chosen hippocampal
seed is associated with the three cognitive processes of interest. To create
whole-brain correlation images for each individual participant and cTBS
session, the averaged time series across all voxels comprising a seed
region-of-interest (ROI) was used as the variable of interest with the time
series corresponding to each voxel across the brain via Pearson’s correlation;
all statistical analyses of correlation data were performed on Fisher's
z-transformations. Our resting-state analysis was based on two of our prior
fMRI studies (26, 27). These two studies not only employed the same resting-
state data acquisition protocols, but also the same resting-state analysis
pipeline. Before conducting the present study, we ran pilot seed-to-target
connectivity analyses on individual participant resting-state data from our
prior studies to confirm that a 6-mm sphere was sufficient to identify left AG
target sites on an individual participant basis. These pilot analyses de-
termined that a 6-mm sphere together with the resting-state scanning
protocol was sufficient, and therefore we adopted the identical procedures.
fMRI-TMS procedure. Following similar procedures employed in prior fMRI-TMS
studies targeting hippocampal networks through the AG (e.g., refs. 28, 49,
50, 53), the cTBS target was selected on an individual participant basis as the
left AG coordinate with the strongest connectivity to the left hippocampal
seed (i.e., highest correlation) (Fig. 8B). The coordinate had to fall within the
left Brodmann area 39 (i.e., the left AG). Fig. 2A illustrates the cTBS targets
across the entire sample (mean AG cTBS coordinate [+1 SE] of x = —45.6 + 1.45,

A Hippocampal seed

Fig. 8. Representative-participant cTBS target identification. (4) On an in-
dividual participant basis, a seed-to-voxel analysis was conducted using the
resting-state data from the no-cTBS session (i.e., session 1). A 6-mm sphere
(shown in red) in the left anterior hippocampus was centered on a peak
voxel previously associated with divergent thinking, episodic simulation, and
episodic memory (x = =25, y = =10, z = -19; see fMRI Aquisition and
Analysis, Resting-state analysis for details). (B) Whole-brain correlation im-
ages were created by using the averaged time series across all voxels com-
prising the seed and the time series corresponding to each voxel across the
brain with Pearson’s correlation. The AG cTBS target (shown in red) was
selected as the peak coordinate in the left AG demonstrating the greatest
resting-state connectivity (i.e., Fisher-transformed correlation, r) and that fell
within the left Brodmann area 39 (i.e., the left AG). Resting-state results are
overlaid onto a representative participant anatomic image.
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y=-65.9 + 0.70, z = 33.1 + 1.85). As in our prior study (10), the vertex was
chosen as the control cTBS site. The vertex was identified on each partici-
pant’s anatomic image as the location at which the central sulci in each
hemisphere met (for other studies employing the same control site, see refs.
29, 48, 68, 69).

A MagPro X100 Magnetic Stimulator equipped with a Cool-B65 A/P 75-mm
coil was used to apply cTBS (46). The Brainsight (Rogue Research) neuro-
navigation system was used to apply the cTBS and allow real-time tracking
of the TMS coil relative to physical head and linked anatomic image. Further
details on the adopted cTBS approach and Brainsight neuronavigation sys-
tem on a participant-to-participant basis are contained in S/ Appendix. Fol-
lowing application of cTBS, participants were placed into the fMRI scanner.
The functional and resting-state scan began ~5 to 7 min and ~22 to 25 min
following cTBS offset, respectively. fMRI data acquisition was completed
within 60 min (i.e., the assumed duration of the effects of ¢TBS) (46). Post-
scan data collection began ~60 min following the cTBS offset. Although
prior studies indicate that the effects of the current cTBS protocol dissipate
within 60 min (46), no study has directly examined the timecourse of cTBS
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over the parietal cortex. We note that an analysis of additional postscan
data revealed null effects of TMS (e.g., as reported in S/ Appendix, Table S2,
there were no TMS effects in rated plausibility of event, self-rated creativity,
and so forth). These null effects suggest that the cTBS effects had dissipated.
Importantly, we did replicate our original TMS study where participants
verbally generated fewer episodic details during future imagining (with no
deficit in a nonepisodic control task) directly following rTMS to the left AG
relative to the vertex.
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