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Transcranial magnetic stimulation to the angular gyrus
modulates the temporal dynamics of the hippocampus
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Transcranial magnetic stimulation (TMS) delivered to the angular gyrus (AG) affects hippocampal function and associated behaviors
(Thakral PP, Madore KP, Kalinowski SE, Schacter DL. Modulation of hippocampal brain networks produces changes in episodic
simulation and divergent thinking. 2020a. Proc Natl Acad Sci U S A. 117:12729-12740). Here, we examine if functional magnetic resonance
imaging (fMRI)-guided TMS disrupts the gradient organization of temporal signal properties, known as the temporal organization, in
the hippocampus (HPC) and entorhinal cortex (ERC). For each of 2 TMS sessions, TMS was applied to either a control site (vertex) or
to a left AG target region (N =18; 14 females). Behavioral measures were then administered, and resting-state scans were acquired.
Temporal dynamics were measured by tracking change in the fMRI signal (i) “within” single voxels over time, termed single-voxel
autocorrelation and (ii) “between” different voxels over time, termed intervoxel similarity. TMS reduced AG connectivity with the
hippocampal target and induced more rapid shifting of activity in single voxels between successive time points, lowering the
single-voxel autocorrelation, within the left anteromedial HPC and posteromedial ERC. Intervoxel similarity was only marginally
affected by TMS. Our findings suggest that hippocampal-targeted TMS disrupts the functional properties of the target site along the
anterior/posterior axis. Further studies should examine the consequences of altering the temporal dynamics of these medial temporal

areas to the successful processing of episodic information under task demand.

Key words: angular gyrus; functional connectivity; hippocampus; intervoxel and intravoxel pattern analysis; TMS.

Introduction

The temporal dynamics of the brain help us understand
how it encodes information about the world at multiple
scales. Distinctiveness or variability within neural gradi-
ents that exist along the axes of specific brain regions
underlie this temporal organization and can be used to
parcellate brain regions into distinct areas with specific
functions (Fulcher et al. 2019; Spitmaan et al. 2020; El-
Gaby et al. 2021). For example, the anteroposterior hip-
pocampal gradient underlies memory acquisition, reten-
tion, and retrieval (Tambini and Davachi 2013; Brunec
et al. 2018) by contributing to the hierarchical organi-
zation of memory from fine grained to gist-like encod-
ing or retrieval of information (Poppenk and Moscovitch
2011; Poppenk et al. 2013; Robin and Moscovitch 2017;
Grady 2019). Measuring neural gradients in humans has
been made possible with recent advances in record-
ing the properties of the functional magnetic resonance
imaging (fMRI) signal over time. For example, the fMRI

signal has been tracked with (i) single-voxel autocorrela-
tion (i.e. the intravoxel similarity of single-voxel signals
over time, AC) and (ii) intervoxel similarity (i.e. similarity
between all regional voxel signals over time), both of
which provide insights into the distribution of tempo-
ral dynamics across the neural gradient. Adopting such
methods has allowed us to move beyond simply examin-
ing the anteroposterior axis of the human hippocampus
(HPC), and opened up investigation of an anteromedial-
posterolateral HPC division (Bouffard et al. in press) that
was previously only seen in rodents (Jung et al. 1994;
Hasselmo 2008; Kjelstrup et al. 2008; Komorowski et al.
2013; Igarashi et al. 2014). These methods give us greater
insights into the organizational principles within the
HPC, but we still do not know what cortical connec-
tions are associated with the functional properties of the
medial temporal regions that support normal memory.
To investigate this, we focused on fMRI-guided tran-
scranial magnetic stimulation (TMS) to the angular gyrus
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(AG), a well-characterized component of the cortical-
hippocampal network, on the basis of hypothesized
interactions and functional connectivity between HPC
and parietal cortex (Wagner et al. 2005; Kahn et al. 2008;
Ritchey et al. 2015). For example, by applying magnetic
TMS to the AG, we can alter hippocampal network
connectivity and behaviors related to hippocampal
function either positively (e.g. Wang et al. 2014; Freedberg
et al. 2019) or negatively (Thakral et al. 2020). Thakral
et al. (2020) recently showed that hippocampal-targeted
TMS in the form of continuous #-burst stimulation to
the AG disrupts hippocampal network connectivity and
subsequently hampers episodic simulation performance.
Using the data from the Thakral et al. (2020) study,
we ask: would perturbing the functional connections
between HPC and AG via TMS also alter the temporal
dynamics along the anterior/posterior axis of the human
HPC, and, if so, would these alterations be related to
functional connectivity of the HPC to neocortex?

We first set out to characterize the temporal orga-
nization of subdivisions within the bilateral HPC and
entorhinal cortex (ERC) under a control TMS condition
(i.e. following application of TMS to the vertex). This was
achieved by means of a data-driven clustering approach,
which moves beyond a simple parcellation of hippocam-
pal and entorhinal subdivisions by means of anatomical
masks. We included the ERC because the main interface
between the HPC and higher association areas of the
cortex is the ERC. We then examined the effect of TMS
on temporal organization of these regions unilaterally,
using two techniques: single-voxel autocorrelation and
intervoxel similarity. As the left anterior HPC is the main
target of this modulation, we expected that TMS would
reduce functional connectivity between AG and the left
anterior HPC compared with the control TMS condition
and that the temporal dynamic in the left anterior HPC
would be altered compared with the control TMS con-
dition. We hypothesized that of the two metrics used,
single-voxel autocorrelation may be more sensitive to
TMS than intervoxel similarity, as prior studies have
shown that intravoxel autocorrelation is more sensitive
to external manipulations (e.g. a task) than intervoxel
similarity (Brunec et al. 2018).

Materials and methods
Participants, procedure, and MRI acquisition

This study included 18 young, healthy individuals
(21.6 £1.6 years old; 10 females). Informed consent was
obtained from all participants prior to participation, with
protocol approval from the Institutional Review Board
of Harvard University. All participants self-reported
to be native English speakers and right-handed, with
normal or corrected-to-normal vision. Details of the
MRI acquisition and TMS procedures are described in
Thakral et al. (2020). TMS that evokes long-lasting (i.e.
~60 min) effects in the form of continuous 6-burst
stimulation was applied to the control site (vertex) or

the left AG on different days in a counterbalanced order.
Following application of TMS and a series of functional
tasks, including an episodic simulation task based on
visual word cues, a resting-state scan was acquired. The
resting-state scan was collected ~ 25 min after TMS and
was the focus of the current investigation. The left AG
TMS target was identified on the basis of a participant-
specific functional connectivity analysis (i.e. a seed-to-
voxel analysis) from a resting-state scan acquired where
no TMS was delivered, with the left anterior HPC as
the seed (coordinate of x=-25, y=-10, and z=-19;
Wu et al. 2015). Resting-state images were acquired
with a multiband echo-planar imaging sequence (time
repetition, TR of 650 ms, time echo, TE 34.80 ms,
matrix size of 90 x 90, 64 slices [8 slices acquired
simultaneously], and 2.3-mm? resolution).

MRI data were preprocessed using a pipeline written in
bash, which incorporated several tools from the FMRIB
Software Library (FSL, Oxford; Smith et al. 2004). Pre-
processing was conducted with “MELODIC” (multivariate
exploratory linear optimized decomposition into inde-
pendent component, Beckmann 2012) to remove artifacts
such as motion, CSF signal, white matter signal, as well as
physiology and scanner artifacts. This included removal
of the first 5 volumes ( to account for signal steady-state
transition and T1w equilibration), slice timing correction,
and head motion correction. To spatially normalize the
functional EPI image, the T1w images were used to reg-
ister the functional data to their corresponding anatom-
ical images, and the resulting aligned T1w dataset was
transformed into MNI space. Functional images were
resampled to 2 mm?® and spatially smoothed using a 4-
mm full-width half-maximum (FWHM) Gaussian kernel.
To correct for low-frequency drifts, we applied temporal
high-pass filtering (100 s or 0.01 Hz). Given the modest
sample size, automated de-noising approaches such as
FIX and AROMA were not appropriate.

Protocol for TMS manipulation

The TMS protocol was composed of 50-Hz triplets (3 sin-
gle pulses separated 8 by 20 ms) repeated at a frequency
of 5 Hz (every 200 ms) for a duration of 40 s (or 600 pulses)
using parameters from Huang et al. (2005) This TMS
protocol was assumed to be inhibitory and was expected
to impair performance (Thakral et al. 2020). Continuous
theta burst stimulation (cTBS) intensity was determined
from the participant-specific motor threshold. In this
procedure, the left motor cortex was identified on each
participant’s anatomic image and motor threshold was
defined as the lowest single-pulse TMS intensity that
produced 5 out of 10 motor responses in the right hand
namely, visual detection of a finger twitch in the right
hand; motor threshold was set at 70% of stimulator
output if no twitch was evident at this intensity. Once
identified, cTBS intensity was set at 90% of the resting
motor threshold of 60.73. In contrast to repeated TMS,
cTBS disrupts neural activity with shorter TMS durations,
namely, 40 s relative to 60 min of 1 Hz TMS, which would
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produce roughly equivalent durations of inhibitory TMS
effects. Therefore, for reasons of participant comfort and
overall feasibility, a cTBS as opposed to repeated TMS
protocol was adopted.

Statistical analysis

Single-voxel autocorrelation

We used data-driven clustering of single-voxel autocor-
relation to discover potentially novel organizations of
neural distinctiveness along both the bilateral HPC and
ERC axes. This included a bilateral analysis as we wanted
to confirm that the temporal organization of the HPC and
ERC axes were similar by hemisphere. We calculated the
autocorrelation of individual voxels, toisolate as small an
area of each structure as possible. HPC and ERC masks
were generated using the Harvard-Oxford Atlas in FSL
(v6.0.0) and the timeseries for each voxel in each struc-
ture was extracted for both fMRI runs (i.e. following TMS
to the vertex and AG) using niftiread in MATLAB (2018).
The degree of similarity between a voxel’s signal and the
temporally shifted version of the signal was measured
over 650-ms time intervals, 5 times in total. The total
duration of 3,200 ms was chosen based on evidence that
the resting-state autocorrelation is very close to zero
after 4 s, following preprocessing (Bollmann et al. 2018;
Chen et al. 2019). Applying this procedure resulted in
5 single-voxel autocorrelation values representing each
shift, allowing us to assess the signal similarity over
time within a single voxel. Autocorrelation values were
z scored by subtracting the mean and dividing by the
standard deviation across voxels within each mask, so
that meaningful comparisons could be made between
regions.

We then applied the Louvain clustering method on the
extracted single-voxel autocorrelation values (5 values
per voxel based on 5 shifts), within the bilateral ERC and
HPC separately, for both the vertex and AG TMS con-
ditions. Thus, there were no pre-specified AC threshold
values. The Louvain clustering method was originally
developed to detect communities based on neural sim-
ilarity. Here, we used this approach to extract autocor-
relation clusters based on the 5 single-voxel autocor-
relation vector values. The Euclidean distance between
the autocorrelation of each pair of neighboring voxels
was calculated to create a distance matrix. This similar-
ity matrix was used to generate regional clusters using
the algorithm (Blondel et al. 2008; Wickramaarachchi
et al. 2014). In addition to clustering at the level of each
individual in both TMS fMRI runs, we created group
cluster maps in the vertex control condition averaged
across the 18 study participants to investigate whether
the community clusters fall in the same anatomical
location as the expected neural subdivisions of the HPC
and ERC axes. We used the Jaccard similarity index (also
known as Jaccard similarity coefficient) to measure the
amount of spatial overlap between clusters, giving us an
anatomically consistent percentage across participants.
Coefficients can range from 0% to 100%, with a higher
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percentage reflecting more consistent clusters across
participants. Average single-voxel autocorrelation was
then submitted to a repeated-measure analysis of vari-
ance (ANOVA) with subdivision (generated clusters) and
TMS condition (AG vs vertex) as factors. Given the apriori
hypothesis as it relates to AG TMS effects on the anterior-
medial HPC, we did not correct for multiple comparisons.
We also tested whether correlations between regional
subdivisions differed by TMS condition, using Fisher r-
to-Z transformed rs (ZPF), which tests for the difference
between two nonindependent correlations and differs
from the Z test for the difference between indepen-
dent correlations by the adjustment factor (Raghunathan
et al. 1996).

Finally, as temporal signal-to-noise ratio (SNR) may
interfere with the estimation of the autocorrelation of
the fMRI signal, we aimed to rule out the possibility
that the hippocampal and entorhinal autocorrelation
subdivisions are being driven by fMRI noise. We thus
calculated the temporal SNR for each subdivision and
tested whether the hippocampal autocorrelation could
be explained by temporal SNR. The results of this anal-
ysis showed that SNR could not explain our primary
results and are found in the Supplementary Materials.

Intervoxel similarity

Next, we applied the group level regional subdivision (i.e.
cluster) masks generated using the single-voxel auto-
correlation method. Our aim was to assess if intervoxel
similarity (i.e. the similarity in signal from spatially sepa-
rable voxels) of our HPC and ERC subdivisions of interest
differed in terms of their mean intervoxel similarity.
Such a finding would suggest that temporal dynamics
along the axes can be defined by intervoxel similarity as
well as single-voxel autocorrelation. Voxelwise activity
estimates were standardized. We calculated the Pear-
son correlations between each pair of voxels per mask,
which was then r to z transformed. Average estimates
of similarity were derived leaving only one estimate of
similarity between every pairwise combination of voxels,
which were then averaged to produce an overall estimate
of intervoxel similarity. These estimates, along with the
average single-voxel autocorrelation, were then submit-
ted to a repeated-measure ANOVA with subdivision and
TMS condition as factors.

Functional connectivity

Functional connectivity between the left HPC subdivi-
sions (generated using single-voxel autocorrelation clus-
tering) and the left AG target was analyzed by extract-
ing the first eigenvector from the blood oxygen level-
dependent (BOLD) timeseries for each regions of inter-
est, and each single participant, using “fslmeants.” This
timerseries was used to determine whether functional
connectivity between AG and the anterior division of the
HPC (i.e. the target region) was reduced following TMS
to the AG compared with the vertex, consistent with
Thakral et al. (2020). A simple linear regression model
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was also applied to test whether the pattern of functional
connectivity change (vertex—AG condition) between the
left AG and the TMS target site predicted change in the
single-voxel autocorrelation in the TMS target site.

Episodic simulation behavioral measure

Participants also completed a post-scan interview in
which they re-viewed the object word cues that had
been shown during scanning and were instructed
to report verbally what they had thought about for
each cue during the episodic simulation task. During
scanning, participants covertly imagined a novel and
specific future episode using the cue as a starting point.
Responses were audio-recorded and transcribed for
analysis (see Thakral et al. 2020 for further details).
Each future event was scored in accordance with the
Autobiographical Interview (Levine et al. 2002) and
assessed for both internal (episodic) and external (non-
episodic) details. These behavioral data were included in
the analysis for exploratory purposes as a secondary aim
to determine if altered functional organization along the
HPC and ERC axes correlated with TMS-related deficits
in memory performance.

Results

Our first analysis examined the location and consis-
tency of single-voxel autocorrelation clusters (subdivi-
sions) along the HPC and ERC axes, in the vertex control
fMRI run. We then compared average autocorrelation
values of the generated subdivisions to confirm that
mean subdivision values significantly differed from one
another. In order to validate the vertex condition as
our control condition, we assessed whether the location
of single-voxel autocorrelation clusters overlapped with
those identified by Bouffard et al. (in press), who imple-
mented the same data-driven parcellation in a resting
fMRI run without TMS. Next, we examined the effects of
TMS on the autocorrelation clusters along the HPC and
ERC axes to examine if changes in AG connectivity as
a function of TMS condition, namely, vertex relative to
AG, modulates single-voxel autocorrelation. Such a result
would suggest that AG connectivity modulates temporal
dynamics along the HPC and ERC axes.

Temporal organization of HPC and ERC axes

The group cluster map based on the resting-state data
collected following TMS to the vertex revealed subdi-
visions along the axes, with high single-voxel autocor-
relation clusters situated in the anteromedial HPC and
the posteromedial ERC consistent with Bouffard et al. (in
press). The low single-voxel autocorrelation clusters were
situated in the posterolateral HPC and the anterolateral
ERC (Fig. 1A). Note that for the HPC only; an interme-
diate autocorrelation cluster was also generated. Using
Jaccard’s coefficient, we compared the consistency of
the cluster locations across participants in the vertex
condition, by calculating the amount of overlap across

the participants. This analysis revealed 43-58% overlap
of HPC and ERC cluster locations across all participants
in both hemispheres. In contrast, the location of the
intermediate HPC cluster showed only 10-13% overlap or
consistency in its location across participants. Given the
significant variability of this cluster’s location across par-
ticipants in our sample, and the fewer voxels it contained,
it was not retained for TMS analyses. Please refer to
Table 1 for the mean single-voxel autocorrelation values.

Effects of TMS on functional connectivity and
single-voxel autocorrelation along the left HPC
and ERC axes

We first confirmed that following TMS to the AG there
was reduced functional connectivity between the left AG
and the target anterior division of the left HPC (charac-
terized above with the single-voxel autocorrelation clus-
tering method). There was a significant reduction in
connectivity between left AG and the left anteromedial
HPC following TMS to the AG (Mean: 0.456; SD: 0.205)
relative to the vertex (Mean: 0.551; SD: 0.178; t=-1.97,
df =17, P=0.042, Cohen’s d=0.48). Connectivity with the
left posterolateral HPC was not affected by stimulation,
nor was AG connectivity with either of the ERC subdivi-
sions (P’s > 0.15).

We next investigated the effect of TMS to the left
AG on (i) single-voxel autocorrelation and (ii) intervoxel
similarity along the neural gradient of the left HPC and
ERC axes presented in Fig. 1A. We were interested in
whether AG stimulation altered the autocorrelation of
the target site, such that the mean autocorrelation was
reduced in the anteromedial HPC following TMS to the
AG relative to the vertex.

Single-voxel autocorrelation

A 2-way repeated-measure ANOVA model assessing
the effects of subdivision and TMS condition (AG and
vertex) revealed a main effect of TMS condition on the
left HPC axis (F(1,17)=5.67, P=0.025; np2:0.261), with
no TMS condition x HPC cluster interaction (P=0.854).
Although the interaction was not significant, paired-
sample t-tests were utilized to evaluate the effect of
TMS condition on the 2 subdivisions independently to
investigate if the effect of TMS specifically altered the
autocorrelation of the anteromedial HPC, as expected
from the results of Thakral et al. (2020). TMS to the
AG relative to the vertex significantly decreased the
mean single-voxel autocorrelation of the anteromedial
HPC (t=—2.453, df =17, P=0.025; Cohen’s d=0.50), but
did not significantly decrease single-voxel autocorre-
lation in the posterolateral HPC (P=0.097; see Fig. 2B).
Pearson correlations further showed that following AG
TMS, single-voxel autocorrelation measures in the 2
clusters were significantly correlated with one another
(r=0.662, P=0.001), unlike in the vertex TMS condition
(r=0.176, P=0.437). Correlations differed by TMS con-
dition (ZPF=1.692, 1-tailed P=0.045), suggesting that
normal variability of temporal dynamics along the long
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Fig. 1. Temporal organization along the HPC and ERC axes generated using Louvain clustering on the autocorrelation of a single-voxel timecourses.
A) Group-average clusters generated by averaging the similarity matrices across all participants. Blue: low single-voxel autocorrelation cluster yellow:
high single-voxel autocorrelation cluster. First, we identified divisions of the HPC and ERC based on the amount of single-voxel autocorrelation in the
BOLD-signal on an intravoxel level. B Individual effects (n=18) of TMS to the vertex (top row) and AG (bottom row) on the single-voxel autocorrelation
(illustrated along the x axis; see next section for statistical effects). Blue: low single-voxel autocorrelation division (fMRI signal from any given voxel is
variable and not correlated with itself over time). Yellow/orange: high single-voxel autocorrelation division (fMRI signal from any given voxel is highly
correlated with itself over time). Z-transformed values are presented since the relative autocorrelation values in subdivisions was the metric interest

(over raw absolute values).

axis of the HPC was reduced in the AG TMS condition.
Individual effects of TMS (AG vs vertex) on the single-
voxel autocorrelation are presented in Fig. 1B. Finally,
we tested whether reduced functional connectivity
between the left AG and the anteromedial HPC predicted
reduced single-voxel autocorrelation in the anteromedial
HPC specifically, as this was the AG TMS target site.
As expected, a simple linear regression showed that
reduced functional connectivity was associated with
lower single-voxel autocorrelation in the anteromedial
HPC (F(1,17)=6.736, P=0.020; Fig. 2C), but not the
posterolateral HPC (F(1,17)=0.488, P=0.495).

Along the axis of the ERC, there was a main effect of
TMS condition on the left ERC (F(1,17)=8.265, P=0.011,
77p2 =0.341), as well as a significant TMS condition
x ERC cluster interaction (F(1,17)=4.576, P=0.048,
np?=0.222), which revealed that the mean single-
voxel autocorrelation of the posteromedial division
was significantly decreased following TMS to the AG
relative to the vertex (t=2.78, df =17, P=0.013, Cohen’s
d=0.652), whereas the mean autocorrelation of the
anterolateral division did not change (P=0.277; Fig. 2D).
Pearson correlations further showed that following AG
TMS, the ERC clusters were significantly correlated with
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Table 1. Summary of the statistical effects.

Regional subdivision TMS stimulation condition Mean single-voxel TMS condition main effect Subdivision x TMS

(i.e. cluster) autocorrelation statistics stimulation statistics
Left HPC axis
Anteromedial Vertex 0.386 + 0.146 P=0.025* (F=6.02) P=0.854 (F=0.37)
AG 0.309 £+ 0.157
Posterolateral Vertex —0.949 +0.118 P=0.091 (F=3.08)
AG —1.02 £0.169
Left ERC axis
Posteromedial Vertex 0.133 £0.122 P=0.013* (F=7.24) P=0.032* (F=5.21)
AG —0.038 £ 0.168
Anterolateral Vertex —0.672 £ 0.158 P=0.277 (F=2.12)
AG —0.613 £ 0.088

Note: Effects of TMS on the single-voxel autocorrelation within subdivisions of the left HPC and ERC. HPC: HPC; entorhinal cortex: ERC; transcranial magnetic
stimulation: TMS; interaction: X. *denotes significance
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Fig. 2. Experimental design and TMS effects on the single-voxel autocorrelation along the HPC and ERC axes. A) Before participants entered the scanner,
TMS was applied to the control site (vertex) or the left AG target on different days. The AG target was identified on the basis of a resting-state functional
connectivity analysis (i.e. a seed-to-voxel analysis) with the left anterior HPC as the seed when no TMS was applied (red indicates squares that illustrate
the individualized AG TMS targets). B) Significant main effect of stimulation on the left anteromedial HPC, wherein TMS significantly decreased the
mean single-voxel autocorrelation. C) Significantly reduced functional connectivity (FC; vertex—AG) predicts reduced single-voxel autocorrelation (TAC;
vertex—AG,) in the targeted anteromedial division of the HPC. D) Significant main effect of stimulation on the AC of the left posteromedial ERC, with a
significant stimulation x subdivision interaction. Shift: the degree of similarity between a timeseries and the temporally shifted version of the timeseries
was measured over 650-ms time intervals, 5 times in total. This resulted in 5 single-voxel autocorrelation values for each regional voxel representing
each shift, illustrated along the x axis of B) and D).

one another (r=-.519, P=0.033) (left hemisphere only),
unlike following TMS to the vertex (r=-.023, P=0.241),
with a significant difference between correlations (ZPF
=1.728, 1-tailed P=0.041). Thus, both the HPC and
ERC results indicate that TMS resulted in reduced
single-voxel autocorrelation differences between the
subdivisions of these structures (i.e. a less differentiated
neural gradient). See Table 1 for a summary of the TMS
effects and mean single-voxel autocorrelation cluster
values.

Results for the right HPC and right ERC as non-targeted
regions are detailed in the supplementary materials (see
Supplementary Table 1 and Supplementary Figs. 1 and 2).

Intervoxel similarity

A two-way repeated-measure ANOVA model with factors
subdivision and TMS condition, showed that there was
a main effect of subdivision along the left HPC axis,
with higher intervoxel similarly in the anteromedial
compared with the posterolateral subdivision (F=69.54,
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Fig. 3. Effects on the intervoxel similarity along the HPC and ERC axes as a function of TMS condition (vertex and AG) and Louvain clustering generated
subdivision. A) Main effect of subdivision on intervoxel similarity, but no effect of TMS along the HPC axis. Like the pattern single-voxel temporal

autocorrelation, intervoxel similarity is higher in the anteromedial division and lower in the posterolateral division of the left HPC. B) Main effect of

stimulation on intervoxel similarity across the ERC axis. No main effect of subdivision on intervoxel similarity.

Table 2. Intervoxel similarity and single-voxel autocorrelation.

Autocorrelation AM HPC Autocorrelation PL HPC

Intervoxel PL HPC Pearson R
Intervoxel AM HPC Pearson R
Intervoxel PM ERC Pearson R
Intervoxel AL ERC Pearson R

—0.079 0.267

-0.127 0.277

Autocorrelation PM ERC Autocorrelation AL ERC
0.298 —0.398

0.011 —0.148

Note: Pearson correlation showed that these measures are not correlated. HPC: HPC; ERC: Entorhinal cortex; AM: Anteromedial; PM: Posteromedial; AL:

Anterolateral. PL: Posterolateral.

P=0.000, and np? = 0.804). There was no effect of TMS
condition on the mean intervoxel similarity of the HPC
axis (P=0.348),and no TMS x HPC subdivision interaction
(P=0.760 Fig. 3A). In contrast, there was no main effect
of subdivision on intervoxel similarity along the left
ERC axis (P=0.117), but there was a main effect of TMS
condition along the ERC axis (F(1,17)=4.36, P=0.043,
np? = 0.220; Fig. 3B). Mean values showed that TMS to the
AG relative to the vertex decreased the overall intervoxel
similarity along the left ERC. The TMS condition x ERC
subdivision interaction, however, was not significant
(P=0.518). Results for the right HPC and ERC are detailed
in the Supplementary Materials.

Based on the above set of results, the single-voxel auto-
correlation along the HPC and ERC axes was more sensi-
tive to TMS than intervoxel similarity. We thus examined
the relation between single-voxel autocorrelation and
intervoxel similarity following TMS to the vertex, since
evidence exists that these two metrics relate differently
to behavior (Brunec et al. 2018). Indeed, these measures
were not correlated with one another (Table 2), suggest-
ing that the intravoxel vs intervoxel signals may tap
into dissociable neural characteristics along the HPC and
ERC axes.

Episodic simulation and the temporal dynamics
in HPC and ERC following TMS

Thakral et al. (2020) found no significant relation
between functional connectivity at-rest and behavior.
Nevertheless, in an exploratory analysis, we used a

univariate ANOVA to test whether within-subject mean
single-voxel autocorrelation change in each subdivision
of either structure (4 in total) following TMS to the AG
and vertex predicted declines in episodic simulation
performance between the two TMS conditions as
measured by the number of episodic details generated.
We focused on single-voxel autocorrelation because
this metric was more vulnerable to the effects of TMS
than intervoxel similarity (see above). None of the brain
predictor variables had a significant effect on measures
of episodic simulation performance.

Discussion

We found that TMS to the left AG that targeted the
left anterior HPC, compared with TMS to a control site,
altered the single-voxel autocorrelation of the anterome-
dial HPC and posteromedial ERC, both of which were in a
high state of autocorrelation in the vertex condition. The
axial divisions in the vertex control condition followed
the divisions reported by Bouffard et al. (2023), who
implemented the same data-driven clustering method
in a non-TMS fMRI run, suggesting that the vertex
condition used here reflects the temporal dynamics
across the axis of the HPC and ERC in their natural
state. Functional connectivity between the anteromedial
HPC and AG was reduced following TMS, and this
pattern of functional connectivity change was correlated
with single-voxel autocorrelation change in the same
subdivision of the HPC. Thus, intact hippocampal
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connectivity with the left inferior parietal lobule appears
to be associated with sustaining neural distinctiveness
along the axis, which in turn help characterizes its
organization. Interestingly, TMS had no noticeable effect
on organization measured by intervoxel similarity in
the HPC.

As expected, we observed evidence of temporal
dynamics along the HPC and ERC axes, which has been
previously documented in rodents (Jung et al. 1994;
Hasselmo 2008; Kjelstrup et al. 2008; Komorowski et al.
2013) and in one human study to date (Bouffard et al.
2023) that used the same clsutering method reported
in this study. Specifically, the anteromedial HPC and
the posteromedial ERC demonstrated higher single-
voxel autocorrelation and a slower changing signal over
longer timescales. In turn, the posterior-lateral HPC and
anterior-lateral ERC demonstrated lower single-voxel
autocorrelation and a faster changing signal at shorter
timescales. This organizational pattern is consistent with
rodent models showing that the temporal dynamics of
the HPC is characterized by greater firing stability of
neurons over time in the anteromedial HPC compared
with the posterolateral HPC (Jung et al. 1994; Hasselmo
2008; Kjelstrup et al. 2008; Komorowski et al. 2013). This
HPC and ERC distinctiveness between subdivisions may
then support coarse-to-fine grained representational
scales, although the former is anterior to posterior,
whereas the latter is posterior to anterior.

Building on this observation, we also found that the
intervoxel similarity follows the same temporal charac-
terization along the HPC axis, but not along the ERC axis.
Reasons for the inconsistency between the single-voxel
autocorrelation and intervoxel similarity along the ERC
may include (i) not enough statistical power in a sample
of 18 participants to detect temporal dynamics along the
relatively short axis of the ERC using a cruder measure of
temporal dynamics such as intervoxel similarity and (ii)
the single-voxel autocorrelation and intervoxel similarity
measures capture separable aspects of representational
encoding, as suggested by Brunec et al. (2018).

Hippocampal-targeted TMS reduced the single-voxel
autocorrelation along the long axis of the HPC. The ERC
and HPC subdivisions that had characteristically higher
single-voxel autocorrelation at control (i.e. vertex stim-
ulation) were most vulnerable to TMS to the left AG
(i.e. the posteromedial ERC and the anteromedial HPC).
This finding suggests that compromised AG connectivity
co-occurs with disrupted organizational firing of broad
cell ensembles, reducing the inherent distinctiveness in
neuronal firing along the axes, which may be necessary
for optimal functioning (Poppenk et al. 2013). Supporting
this interpretation, autocorrelation values in the regional
subdivisions became highly correlated following TMS to
the AG, but not the vertex. The organization of the ERC,
from where the HPC receives its inputs, was also altered
such that subdivisions showed less distinctive autocor-
relation following TMS. However, ERC connectivity to AG
was not affected by AG TMS. Future studies should thus

examine whether autocorrelation changes in the ERC
influence temporal dynamics in the HPC or vice versa.

Interestingly, intervoxel similarity along the HPC axis
was not modulated by AG TMS stimulation. Brunec et al.
(2018) also found no modulation of intervoxel similarity
along the HPC axis in response to navigational task diffi-
culty, though there was modulation of single-voxel auto-
correlation along the HPC axis. Thus, TMS may impact
the signal stability (i.e. autocorrelation) of large cell pop-
ulations in a similar way, so that the relation between
voxels (intervoxel similarity) would not change following
stimulation. That is, if the cells in anteromedial HPC
are all changing their autocorrelation in a similar way
due to TMS, the correlation between a given cell’s activ-
ity pattern and that of its neighbors would not differ
compared with control. Alternatively, the absence of an
effect on intervoxel similarity may suggest that signal
complexity between voxels within the HPC is resistant
to fluctuations from the inferior parietal cortex, unlike
the temporal shifting patterns within-voxels. Whatever
the interpretation, both metrics may tap into dissociable
HPC functions.

Our single-voxel autocorrelation measure may relate
to spatially and temporally organized traveling waves
that are characterized by theta and alpha oscillations
observed in the HPC and the cortex (Zhang et al. 2018;
Lubenov et al. 2009). Zhang et al. (2018) show that theta
and alpha oscillations cluster to form spatial phase gra-
dients at frequencies (2-15 Hz) that are higher than what
is achieved with fMRI (~0.01-0.1 Hz). These oscillatory
clusters (measured via direct brain recordings during
neurosurgery) propagate in a posterior-to-anterior direc-
tion in a similar fashion to the autocorrelation clusters
on BOLD-signal reported here. Behaviorally, the direction
of oscillations is related to episodic memory. We did not
detect a brain-behavioral association on the autocorre-
lation derived from the resting-state BOLD-signal, which
may in part be due to the low-frequency band that char-
acterizes the BOLD-signal. The high temporal resolution
may provide stronger/more robust autocorrelation read-
outs due to this density of electrocorticographic data.

There are limitations of this work and recommenda-
tion for future research. First, there is evidence that local
field potentials are correlated with fMRI signals (Logo-
thetis et al. 2001; Killian et al. 2012; Strange et al. 2014),
but the spatial resolution of fMRI is much coarser then
that of invasive recordings. Today, most studies comprise
voxel volumes of 8-30 mm? (isotropic voxel with side
length 2-3 mm), including 10°~10° neurons (Vanni et al.
2015). The single- voxel autocorrelation and intervoxel
similarity of the BOLD-signal, therefore, captures the
behavior of populations of neurons. It would be inter-
esting to know how the behavior of these populations
relate to the behavior of single neurons. Future investi-
gations should aim to replicate these findings in rodent
studies (Strange et al. 2014) and in humans (Quiroga,
2019). Although no brain-behavior relation was found, we
expect single-voxel autocorrelation during task demand
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or with a larger sample size will be related to behavior,
as shown by Bouffard et al. (2023). TMS may also have
effects on regions outside the inferior parietal cortex and
medial temporal lobe, such as on resting-state networks
including the frontoparietal control network and the
visual attention network (Freedberg et al. 2019; Thakral
et al. 2020). Here, we highlighted the findings pertaining
to the HPC given strong experimental work demonstrat-
ing that AG TMS affects normal hippocampal function.
In the future, we hope to extend this analysis to other
regions.

It is notable that resting-state functional connectivity
change between the left AG and anteromedial HPC co-
occurred with organizational changes that were most
notable in the anteromedial HPC and posterolateral ERC.
It is still unknown, however, whether (i) AG TMS reduces
this functional connectivity with negative consequences
for the organization of neurons in the HPC and ERC
or (i) disruption to the organization of HPC and ERC
neurons leads to reduced hippocampal connectivity with
the AG. Understanding the causal pattern of effects will
aid our understanding of the role of neural gradients
and their organization, in terms of their contribution
to functional connectivity patterns between the mem-
ory dependent regions of the medial temporal lobe and
the cortex. Finally, AG TMS did not appreciably alter
intervoxel similarity within the anteromedial HPC rela-
tive to vertex TMS. This may suggest that there are at
least two types of hierarchical organization, but further
research comparing these temporal (within-voxel) and
spatial (between-voxel) autocorrelation techniques are
needed before such assumptions can be drawn.

TMS affected higher mean single-voxel autocorrela-
tion in the more anterior division of the HPC. In line with
this finding, previous research shows that the anterior
HPC is more involved in encoding than the posterior
HPC (Schacter and Wagner 1999; Kim 2015; Grady 2019;
Fritch et al. 2020), suggesting that the natural state of the
anterior division is for high single-voxel autocorrelation
and a bias for encoding. Thus, AG TMS may alter episodic
encoding of new information but have less impact on
retrieval processes, which may rely on faster tempo-
ral changes in the posterior division. More research is
needed to test this hypothesis.

In conclusion, our findings provide novel evidence that
TMS to the inferior parietal cortex modulates the tem-
poral dynamics of the HPC and ERC axes. Specifically,
temporal dynamics in the anteromedial HPC and pos-
teromedial ERC shifted more rapidly between successive
time points (lowering the single-voxel autocorrelation)
following TMS to the inferior parietal lobe. This effect was
concentrated in these two axial subdivisions that show
higher signal stability (or higher single-voxel autocorre-
lation) and led to a reduction in differentiation along
the axes that we know traditionally supports optimal
memory and navigation. The combination of TMS and
temporal dynamics used here to map neural distinctive-
ness that characterizes the organization of brain regions,
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opens new ways to investigate the organization of the
HPC and related structures, their functional interaction
with neocortex, and their relation to behavior.

Supplementary material

Supplementary material is available at Cerebral Cortex
online.
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