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COGNITIVE NEUROSCIENCE

Noninvasive modulation of the hippocampal-entorhinal
complex during spatial navigation in humans
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Maximillian J. Wessel"*°#, Traian Popa1'2’6, Menoud Pauline'?, Esra Neufeld’'3,
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Because of the depth of the hippocampal-entorhinal complex (HC-EC) in the brain, understanding of its role in
spatial navigation via neuromodulation was limited in humans. Here, we aimed to better elucidate this relation-
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ship in healthy volunteers, using transcranial temporal interference electric stimulation (tTIS), a noninvasive tech-
nique allowing to selectively neuromodulate deep brain structures. We applied tTIS to the right HC-EC in either
continuous or intermittent theta-burst stimulation patterns (cTBS or iTBS), compared to a control condition, during
a virtual reality-based spatial navigation task and concomitant functional magnetic resonance imaging. iTBS
improved spatial navigation performance, correlated with hippocampal activity modulation, and decreased grid
cell-like activity in EC. Collectively, these data provide the evidence that human HC-EC activity can be directly and
noninvasively modulated leading to changes of spatial navigation behavior. These findings suggest promising
perspectives for patients suffering from cognitive impairment such as following traumatic brain injury or dementia.

INTRODUCTION

Cognitive deficits in navigation and spatial memory are commonly
observed in the aging population (I1-3) and in neurodegenerative
conditions ranging from mild cognitive impairment to dementia, in-
cluding Alzheimer’s disease (4, 5). Deterioration of these functions
highly influences daily life and the autonomy of the affected indi-
viduals (6), and, thus, many efforts have been made to better under-
stand the brain networks underlying them (7-9) as a starting point
for the development of innovative treatment strategies. Decades of
research in animals and humans have demonstrated that spatial nav-
igation and memory functions depend on regions of the medial tem-
porallobe (MTL), including the hippocampus and entorhinal cortex
(10-12). The hippocampal-entorhinal complex (HC-EC) in the MTL
has been highlighted as a core region for spatial cognitive func-
tions, including the discovery of the well-studied place and grid cells
(10, 13-18). These cells were identified on the basis of their spatial-
selective firings (i.e., they fire at specific subject locations in space). In
particular, grid cells manifest characteristic geometrically arranged
firing patterns, composing a hexagonal grid (14). Together with other
types of specialized cells, place and grid cells are thought to create a

"Defitech Chair of Clinical Neuroengineering, Neuro-X Institute (INX), Ecole Poly-
technique Fédérale de Lausanne (EPFL), Geneva, Switzerland. 2Defitech Chair of
Clinical Neuroengineering, Neuro-X Institute (INX), Clinique Romande de Réadap-
tation, Ecole Polytechnique Fédérale de Lausanne (EPFL Valais), Sion, Switzerland.
3Laboratory of Cognitive Neuroscience, Neuro-X Institute (INX), Ecole Polytechnique
Fédérale de Lausanne (EPFL), Geneva, Switzerland. “Center for Bionics, Biomedical
Research Institute, Korea Institute of Science and Technology (KIST), Seoul,
South Korea. *Department of Neurology, University Hospital Wiirzburg, Wiirzburg,
Germany. *Department of Clinical Neurosciences, Lausanne University Hospital
and University of Lausanne, Lausanne, Switzerland. ’Foundation for Research
on Information Technologies in Society (IT'IS), Zurich, Switzerland. 8ZMT Zurich
MedTech AG, Zurich, Switzerland. °Department of Clinical Neuroscience, University
of Geneva Medical School, Geneva, Switzerland.

*Corresponding author. Email: friedhelm.hummel@epfl.ch (F.C.H); olaf.blanke@epfl.
ch (0.B)

1These authors contributed equally to this work.

$These authors contributed equally to this work.

§These authors contributed equally to this work.

Beanato et al., Sci. Adv. 10, eado4103 (2024) 30 October 2024

mental map of the environment that supports spatial navigation and
memory (15). While these findings have been well established in
animal studies, translation to humans has been challenging because
of the invasiveness of grid cell recordings (19), limiting the possibil-
ity to assess their causal impacts on behavior (20, 21). However, in a
seminal study, Doeller et al. (22) observed grid cell-like representa-
tion (GCLR) in humans in a noninvasive, associative way, via func-
tional magnetic resonance imaging (fMRI), which is thought to reflect
the activation of grid cells in EC. GCLR is an fMRI signal change that
exhibits a sixfold symmetry according to heading direction. fMRI
signals are expected to be higher when a participant moves in a direc-
tion aligned with the hexagonal grid than in a misaligned direction.
Since a hexagonal grid has six axes, the signal changes will demon-
strate a sixfold symmetry. This measure has been replicated and re-
fined subsequently by several other research groups (23-25). An
interesting relationship between the hippocampus and entorhinal
grid cell-like activity has also been found, identifying hippocampal
activity as a compensatory mechanism in case of GCLR alteration
(23). Nonetheless, further investigations are needed to understand
(i) the causal role of the HC-EC complex and grid cell-like activity in
human spatial cognitive functions, (ii) the impact of age and neuro-
logical diseases on it, and (iii) on the basis of what is learned, how to
reinstate healthy functioning.

Noninvasive brain stimulation (NIBS) is a well-established ap-
proach to modulate neural activity and probe causal relationships
between a targeted region and associated brain activity or behavior
(26). Therefore, it would be desirable to apply NIBS to test in hu-
mans the hypothesized causal involvement of the HC-EC and GCLR
in spatial cognitive functions. However, conventional NIBS meth-
ods, including transcranial electrical stimulation and transcranial
magnetic stimulation (TMS) are not able to reach deep structures
like the MTL in a focal way due to their steep depth-focality trade-
off (27). An increase in stimulation intensity, to reach deeper target
regions, will unequivocally lead to substantial concomitant stimula-
tion of overlying cortical areas (28). Because of this limitation, stud-
ies investigating possible modulation of MTL functions were until
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now limited to invasive methods (29-31), i.e., deep brain stimula-
tion (DBS) in already implanted patients. Transcranial temporal in-
terference electric stimulation (tTIS) is a NIBS technique recently
introduced in rodents, which is able to overcome this limitation (32)
without the risks associated with invasive approaches. tTIS uses two
pairs of electrodes delivering high-frequency (HF) electrical currents,
which are not effectively affecting brain activity (32, 33). However,
after applying a small-frequency shift between the two pairs in the
firing range of neurons, the superposition of the currents results in
a modulated envelope oscillating at the frequency difference able to
influence neuronal activity. The modulation depth can be maximized
in deep brain regions while minimizing it in the overlying tissues (32).
Moreover, the modulation amplitude peak can not only be steered
by changing electrode positions but also by adapting the relative cur-
rent magnitudes of the two channels (34). Recent human studies sup-
port the translational potential and the feasibility to focally modulate
deep structures such as the striatum (35, 36) and the HC (37, 38).
tTIS was successfully applied to the striatum to support brain plas-
ticity most likely via long-term potentiation (LTP)-like effects (35).
Further validation of the technology has been recently provided by
applying oscillatory tTIS to hippocampal regions during a face-name
association task (37), with a mirrored montage with respect to the
one used in the present study (to target the left hippocampal com-
plex instead of the right one). This previous work confirms the fea-
sibility of targeting the HC in a focal manner by both cadaver and
human fMRI experiments. Results from these first studies make
tTIS an extremely promising method to focally target and modulate
deep brain regions noninvasively (39, 40), as well as to test their im-
pact on spatial navigation.

There is strong evidence on the role of theta oscillations within the
MTL during spatial navigation functions in both animals (13, 41, 42)
and human studies (25, 43-45). Theta rhythms are observed during
both encoding and retrieval periods of navigation (44), are associ-
ated with memory performances (13, 46), and have also been linked
to the grid cell-like modulation during spatial navigation (47). Ap-
plication of stimulation bursts in the theta frequency range has been
initially proposed to mimic the natural hippocampal theta rhythms
and has been shown to induce LTP and long-term depression (LTD)
effects in animal brain slices (48). On the basis of robust in vitro re-
sults, the stimulation protocol has been translated to humans by
means of TMS. In this context, theta burst stimulation (TBS) has
been frequently applied either in an intermittent or continuous fash-
ion, as iTBS and cTBS, respectively (49-52). The two protocols orig-
inally showed opposite effects when targeting cortical layers using
TMS, with iTBS pattern inducing LTP-like and a cTBS pattern leading
to LTD-like effects (52). Yet, the depth-focality trade-off character-
izing current NIBS techniques prevented the noninvasive investiga-
tion of iTBS and cTBS effects on subcortical structures such as the
hippocampus (similar to the original slice work) in healthy humans.
Because of our prior experience in successfully modulating striatal
activity and increase of behavioral performance via iTBS-tTIS (35),
we aimed at testing iTBS-tTIS as the main stimulation technique to
improve spatial navigation functions. As a control stimulation, we
choose cTBS-tTIS as an active control condition with potentially op-
posite effect, as suggested by previous TMS results (52).

Building on these findings, the current work aimed at investigating
the possibility to noninvasively modulate HC-EC activity including
GCLR, unveiling information on the causal link between HC-EC
and spatial navigation/memory in humans. This was achieved by
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integrating fMRI and an MR-compatible immersive virtual reality
(VR) system with cutting-edge noninvasive deep brain stimulation
technology (tTIS). Our immersive VR setup, which was previously
shown to activate the entorhinal GCLR (53), provided a realistic
yet controlled task environment for the participants to navigate,
enhancing the fidelity of our data. Moreover, the concurrent use of
fMRI allowed for assessing the corresponding changes in activity
in the relevant neural representations.

Here, we noninvasively targeted the right HC-EC, which has been
more closely related to the spatial memory/navigation than the left
side (54-56), with tTIS, while participants performed a VR-based
navigation task in the MRI scanner. Two active protocols, namely
iTBS and ¢TBS, and a tTIS control stimulation (control) were ap-
plied in a randomized, double-blind design.

RESULTS
iTBS was associated with faster departure time
The participants performed six blocks of a VR spatial navigation task
(please see Fig. 1A) inside the MRI environment with concomitant
tTIS (please see Fig. 1B), either iTBS, cTBS, or control (each condi-
tion applied twice in a pseudo-randomized manner). Each block of
the task started with a 2.5-min encoding phase during which par-
ticipants had to memorize the location of three task objects in the
virtual arena. This was followed by a retrieval phase, during which
each object was presented to the participants one after another. They
had to recall the original location of the cued task object and navi-
gate to the retrieved location (i.e., retrieval trial). These trials were
repeated multiple times, with each task block lasting a total of 9 min.
Our first aim was to investigate differential effects of iTBS and
cTBS on behavioral performance during the spatial navigation task
compared to the control. Statistical analysis was performed on raw
data by using mixed-effects models, and visualization is presented nor-
malized to the control condition to better depict the within-subject
effects of the two active conditions, which could have been obscured
by high inter-subject variability (53). Notably, we found a signifi-
cant effect of the stimulation condition on retrieval time—the time
participants spent in the retrieval phase of each trial (F,,745 = 3.10,
P =0.045). The effect was driven by a significantly shorter trial time
in the iTBS condition compared to the ¢cTBS condition (Fig. 2A;
ty7a5 = 2.42, P = 0.04, d = —0.11), suggesting higher temporal effi-
ciency. Because the navigation velocity was fixed during the task, the
shorter trial time could be due to (i) a shorter navigation path and/or
(ii) a reduced delay until the participants started actively navigating
(i.e., departure time). Stimulation conditions significantly affected
the latter (F; 2745 = 7.37, P < 0.001), with the participants departing
earlier during iTBS than c¢TBS (Fig. 2B; ty745 = 3.79, P < 0.001,
d = —0.18) and even control (t3745 = 2.42, P = 0.04, d = —0.11),
while we did not find a significant difference in navigated distance
per trial (Fig. 2C; F; 5745 = 0.43, P = 0.65). The net trial time after
the first departure did not differ across conditions (F;2745 = 0.59,
P =0.55), confirming that shorter retrieval trials in the iTBS were due
to earlier departure time and not shorter navigations. The distance
over time from cue presentation to location selection is plotted in fig.
S1. During the iTBS condition, the distance decreases faster, indicat-
ing that reduced departure times are more likely to be explained by a
faster recall of the object position instead of impulsivity or arousal.
Compatible with such specific behavioral effects on the memory re-
call, we also did not find a significant difference in actual navigation
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Fig. 1. Set-up of the experiment. (A) Spatial navigation task. Each block started with an encoding period during which participants were consecutively presented with
three objects at specific locations and asked to memorize their position. After encoding each object multiple times, a cue was shown during the retrieval phase with the
image of one of the objects and the participant had to navigate to the location of the object. (B) Temporal interference stimulation concept. Two pairs of electrodes are
placed on the head and deliver two HF currents 11 and 12 at a frequency f1 and f2 = f1 + Af, respectively. On the bottom of the panel, the combination of the two fields is
shown with high envelope modulation inside the target region and low envelope modulation outside. (C) Theta burst protocols. A specific shift in frequency between the
two signals was applied with a specific timing to mimic either iTBS or cTBS. During iTBS, central panel, trains of 2 s are applied every 10 s, each one composed of 10 bursts
at 5 Hz. Each burst is composed of three pulses at 100 Hz. In the 8-s break, no shift is applied between the two sources, leading to a flat envelope. During cTBS, bursts at

5 Hz are applied continuously without breaks. The bursts are composed of three pulses at 100 Hz as for the iTBS protocol.

time during the encoding phase across the conditions (F; 145 = 1.33,
P =0.27). Possible carry-over effects were studied and showed that
differences in departure time cannot be driven by the previously ap-
plied stimulation conditions (more information in text S2). In addi-
tion to the temporal aspect of navigation performance, we assessed
the effect of tTIS on distance error (i.e., the distance between the
recalled location and the correct location), which represents the ac-
curacy of spatial memory. Distance error did not differ across the
three conditions (Fig. 2D; F = 0.41, P = 0.66), indicating that re-
duced trial time in the iTBS condition cannot be explained by a shift
in the speed-accuracy trade-off function. In addition, we could not
find a significant relationship between trial time and the distance
error (F = 1.40, P = 0.23). Of note, our participants were instructed
to perform the task as accurately as possible but were not specifi-
cally instructed in terms of speed. These results suggest a facilitation
in spatial navigation during the iTBS condition.

tTIS targeting HC-EC decreased GCLR with respect to control
We investigated brain activity changes associated with the tTIS tar-
geting the right HC-EC, which might account for the navigation
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performance changes we observed (i.e., departure time). Given our
hypothesis that GCLR in EC is closely related to spatial cognitive
processes during the spatial navigation task, we calculated and com-
pared GCLRs across the stimulation conditions. First, we assessed
GCLR during the control condition and found that GCLR was sig-
nificantly higher than 0 (n = 28, r = 0.48, P = 0.009), suggesting that
hexadirectional grid codes were engaged during the task in the con-
trol condition. This result was in line with previous GCLR studies
using similar tasks (22, 23) including our own work using the exact
same VR setup and scanner (53). The typical GCLR activity in the
control condition suggests that our control condition does not influ-
ence the task-related entorhinal GCLR activity. Then, we assessed
possible influences of the two active tTIS conditions on entorhinal
GCLR activity by calculating GCLRs during these conditions and
comparing them to the GCLR during control (Fig. 3A). We found
that the magnitudes of GCLR were significantly decreased both in
iTBS (n=28,r=0.72,P<0.001) and in ¢cTBS (r=0.39, P=0.019),
with respect to control. Consistently, GCLR was not significantly
greater than 0 in the iTBS (n = 28, r = 0.42, P = 0.99) and in the cTBS
condition (n = 28, r = 0.049, P = 0.40), unlike the control condition.
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Fig. 2. Changes in the behavioral performance associated with tTIS targeted on the right HC-EC. For the visualization of the behavioral performance, the participant-
wise mean per active TBS conditions was normalized with respect to the data in the control condition to better depict within-participant effects of the active stimulations.
Normalization was performed using the Z score with the mean and standard deviation (SD) of the control data, i.e., (X - mean_ctrl) / sd_ctrl. Hence, a value of “0” on the
y axis represents the control level (mean_ctrl). However, the statistical assessment was performed using the dedicated mixed-effect models with the trial-wise data points
before normalization, and showed a significant difference for the trial time and departure time. N = 30. Barplots height indicates the mean and black lines show the stan-
dard error (SE). Asterisks represent significant differences with a P threshold of 0.05. (A) The time the participants spent per trial was shorter in iTBS than cTBS (P = 0.04).
(B) Further analysis on departure time (i.e., time duration until a participant started actively moving) revealed that shorter retrieval trial time in iTBS than cTBS stemmed
from the shorter departure time in iTBS (compared to cTBS, P < 0.001; compared to control, P = 0.04). There was no significant difference between conditions in (C) navigated
distance per trial (possibly reflecting an efficiency of the navigation path) nor in (D) distance error (i.e., distance between the correct and recalled location, inversely indexing
a precision of spatial memory).
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Fig. 3. Changes in the GCLR associated with the tTIS targeted on the right HC-EC. N = 28. Barplot height indicates the mean, and black lines show the SE. Asterisks
represent significant differences with a P threshold of 0.05. (A) GCLR was significantly greater than 0 in the control condition (P = 0.009). Contrarily, GCLR was not greater
than 0in iTBS (P =0.99) and in cTBS (P = 0.40). GCLR during the control was greater than GCLR during both iTBS (P < 0.001) and cTBS (P = 0.019). GCLR in iTBS condition
was even lower than GCLR in cTBS condition (P = 0.030). (B) As a control analysis, we assessed other multifold symmetries (four, five, and sevenfold) than sixfold [i.e., GCLR
results in (A)]. We found that only sixfold symmetry in the control condition was significant, confirming the validity of our GCLR data. (C) Correlation analysis between
departure time and GCLR for each stimulation condition. No significant correlation was found.
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However, we also found that GCLR during iTBS was lower than
during ¢TBS (r = 0.36, P = 0.03). Of note, the symmetry in heading
direction-dependent blood oxygen level-dependent (BOLD) signal
was found only for sixfold (Fig. 3B) and not for the control symmetries
(four, five, and sevenfold), and we did not find any significant GCLR
in any of the conditions for the left EC (more information in text
S3), further confirming the validity of our GCLR results. These data
provide evidence that active tTIS in the form of TBS targeting the
HC-EC complex alters the hexadirectional code (i.e., grid cell-like
activity) in the EC, with differential changes depending on the ap-
plied protocol (iTBS versus cTBS).

We next assessed whether the difference in GCLR induced by the
TBS conditions could account for the changes in departure time. To
assess the relationship between the behavioral performance (depar-
ture time) and GCLR, we calculated the Pearson correlation between
the two for each condition. There was no significant correlation in
any of the conditions (Fig. 3C; n =28, r = —0.27, P = 0.16 for iTBS;
r=—0.31, P=0.11 for cTBS; r = —0.13, P = 0.49 for control). No cor-
relation was also found between GCLR and the other behavioral
variables (more information in text S4 and fig. S5). To better assess
the within-participant effect of the tTIS on both departure time and
GCLR, we additionally calculated the correlations with the participant-
wise differences of those data between each condition pair. Again,
we did not find a significant correlation between the magnitude of
the changes in GCLR and departure time in either of the condition
comparisons (n =28, r=—0.12, P=0.56 for iTBS-control; r = —0.07,
P =0.73 for cTBS-control; r = —0.05, P = 0.80 for iTBS-cTBS). These
results suggest that the magnitude of GCLR changes induced by ac-
tive TBS might not be associated with the effect of the TBS on the
behavioral performance (i.e., shortened departure time). Further-
more, they indicate that the effects of tTIS on spatial navigation can-
not be solely accounted for by changes in grid cell-related activity.
Instead, other brain mechanisms may b modulated by tTIS target-
ing EC-HC.

Effect of stimulation on departure time was associated with
hippocampal BOLD activity

Following the GCLR analysis, we investigated other neural corre-
lates of the behavioral effects induced by tTIS. For that purpose, we
analyzed whether tT1IS affects BOLD activity at the whole-brain level.
As a first step, the regions more involved during active navigation
(i.e., the periods when participants actively navigated in the virtual
arena, during which GCLR is generated) compared to stationary pe-
riods were derived [generalized linear model (GLM) analysis] for
the control condition. As expected, bilateral motor regions such as
the left supplementary motor area and left precentral gyrus, as well
as spatial navigation regions such as the right precuneus and lin-
gual gyrus [in the calcarine or superior parietal cluster (57)], showed
navigation-related activity (all significantly activated regions are re-
ported in table S1). We then investigated possible stimulation effects
on different cognitive modes: active navigation and Cue+Retrieval
periods. Cue+Retrieval included the time between the appearance
of the cue to retrieve until the report of the recalled position, i.e., the
phase of recalling the information about the object position and its
retrieval. We implemented a flexible factorial design with subject,
stimulation, and block as factors and computed ¢ tests on the con-
trasts between the stimulation conditions. No significant differences
were found in these analyses, indicating that active tTIS did not in-
duce significant changes in the BOLD activity in whole-brain analysis.
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In a second analysis, we extracted the activity within the right
HC and the right EC separately to investigate stimulation-related
effects on the targeted regions (Fig. 4A). We ran a linear mixed-effects
model with stimulation, cognitive mode (active navigation versus
Cue+Retrieval period), and regions of interest (ROI) as fixed factors
and participant as random factor. We found a significant effect of
the cognitive mode (F) 30 = 82.84, P < 0.001, Pn* = 0.21) due to
higher activity during the Cue+Retrieval periods and of the ROI
(F1310 = 13.98, P < 0.001, Pn2 = 0.04) due to higher hippocampal
activity with respect to EC, together with a significant interaction be-
tween cognitive mode and ROI (F} 319 =12.61, P < 0.001, Pr]2 =0.04).
The interaction was driven by a significantly higher activity within
the hippocampus with respect to the EC during the Cue+Retrieval
periods (319 = —5.155, P < 0.001, d = —0.77) but not during active
navigation (t319 = —0.13, P = 0.89, d = —0.02). No stimulation ef-
fects were found (Fy319 = 1.39, P = 0.25, Pn* < 0.001). This high-
lights a greater involvement of the right HC during the Cue+Retrieval
period with respect to the right EC, independent of the concomitant
stimulation condition.

On the basis of the greater hippocampal activation during
Cue+Retrieval, we then focused on this region to determine its pos-
sible impact on spatial navigation behavior. In particular, we aimed at
exploring whether right hippocampal BOLD activity may underlie
behavioral differences between iTBS and cTBS, which GCLR did not
account for. To do so, we computed the correlation between the de-
parture time and both Cue+Retrieval and active navigation-related
BOLD activity. As the departure time (altered by iTBS; see Fig. 2B)
is within the Cue+Retrieval phase, any significant effect would be
expected during this phase, but not during the general active navi-
gation phase. In line with this, we found a significant correlation
(r=—-0.55, P = 0.01) between the difference in departure time and
the difference in Cue+Retrieval BOLD activity in the right HC be-
tween iTBS and cTBS (Fig. 4B). This was not the case for the active
navigation—associated activation (r = 0.06, P = 0.75). The significant
reduction of the departure time induced by iTBS is hence associated
with systematic differences in right hippocampal brain activity, spe-
cifically during the Cue+Retrieval period, compatible with faster
retrieval of the information about the object location. These find-
ings show that faster departure time in iTBS compared to cTBS, not
accounted for by GCLR changes, is associated with differences in
right hippocampal activity between the two active TBS conditions. As
an additional control, no correlation was found when investigating
activity in motor-related areas as described in text S6.

Control conditions showed no differential effects

on behavior

To better support the assumption that HF and sham control can be
merged as a single control condition, we compared behavioral re-
sults between the first half of the participants (n = 16) who received
HF control stimulation versus the second half of the participants
(n = 14) who received sham stimulation. Permutation tests (10,000
repetitions) were performed, randomly assigning the participants to
one or the other group to create a probability distribution of the dif-
ference between the two groups of the behavioral variables for each
stimulation protocol (iTBS, ¢TBS, and control). We then computed
the probability of observing a greater difference than the real one
based on that probability distribution. For the distance error, the
probability of obtaining a difference greater than the one observed
between the two groups was P = 0.0087, P = 0.008, and P = 0.0002
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Fig. 4. Extracted BOLD activity in target areas. N = 30. Barplot height indicates the mean and black lines show the 95% confidence interval. (A) Average BOLD activity
within the right hippocampus (left barplots) and the right entorhinal cortex (right barplots) during each stimulation session. In the top and bottom panels, activity associ-
ated with active navigation periods and with Cue + Retrieval periods are plotted, respectively. (B) Correlation between the difference in departure time versus the differ-
ence in averaged BOLD activity within the right hippocampus between iTBS and cTBS. A significant correlation was found during Cue + Retrieval (bottom, r = —0.55,
P =0.01), indicating that the higher the BOLD activity during iTBS versus cTBS is, the faster the participants were recalling the position of the object to start navigation.
No significant correlation was found during active navigation (top, r = 0.06, P = 0.75). a.u., arbitrary unit.

for iTBS, cTBS, and control conditions, respectively. Selecting a thresh-
old of 0.05 to establish whether the difference was significantly differ-
ent than a random distribution, the two groups showed a significant
difference in distance error. Because of the comparable probabilities
in all of the three conditions, we conclude that the difference is not
driven by the control stimulation (HF versus sham). We repeated
the same analysis on the departure time, and we obtained a proba-
bility of P =0.1189, P = 0.0584, and P = 0.0571 for iTBS, cTBS, and
control conditions, respectively. Again, although iTBS seems to dis-
play a higher probability of observing differences more extreme than
the other two stimulation protocols, the presence of a marginally sig-
nificant difference in both ¢TBS and control stimulation leads to the
conclusion that the two controls did not drive a behavioral differ-
ence, supporting the validity of combining the groups. In addition, we
tested whether there was a significant difference between the per-
formance changes from the control condition to the active condi-
tions depending on which control condition a participant received.
As it can be seen in Fig. 5, there were no significant differences be-
tween the two control groups in both distance error (Wilcoxon rank-
sum exact test, iTBS versus control: W = 101, P = 0.667; Welch
two-sample ¢ test, cTBS versus control: t;53 = 0.19, P = 0.85) and
departure time (Welch two-sample ¢ test, iTBS versus control:
ty77=—1.07, P = 0.29; Welch two-sample ¢ test, cTBS versus control:
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tys5 = —0.03, P = 0.98), when comparing iTBS or ¢TBS minus HF
performances and iTBS or ¢cTBS minus sham performances.

DISCUSSION

This study aimed to investigate the causal role of the HC-EC for spa-
tial navigation in humans by testing whether noninvasive deep brain
stimulation by means of tTIS can modulate the right HC-EC com-
plex during a spatial navigation task and consequently affect naviga-
tion behavior. At the behavioral level, we found that hippocampal
iTBS stimulation facilitated spatial navigation leading to faster de-
parture times as compared to the cTBS condition. Such faster depar-
ture times did not come at the cost of navigational accuracy. fMRI
analyses showed that entorhinal GCLR was significantly weakened
in both iTBS and ¢TBS compared to the control, with the GCLR in
iTBS even lower than in cTBS. However, the stimulation-induced
changes in entorhinal GCLR did not fully account for the changes in
navigation behavior (i.e., departure time), suggesting that additional
brain mechanisms, affected by TBS, were underlying the navigation-
al behavioral change. Our fMRI analysis detected these in an MTL
area outside the EC, in the right HC, by showing that right HC activ-
ity significantly correlated with navigational changes (departure time
differences) when comparing iTBS versus cTBS.
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Our results demonstrate that iTBS of the right HC-EC improved
spatial navigation performance, characterized by shorter trial time
compared to cTBS. Further analyses revealed that reduced delay time
before active navigation (i.e., departure time) rather than a more ef-
ficient (i.e., shorter) navigation path accounted for the reduced trial
time in iTBS versus cTBS condition. Of note, the departure time in
iTBS was also shorter than in the control condition, suggesting an
overall facilitation of spatial navigation function through direct elec-
trical stimulation of human HC-EC regions. However, we found no
effects of TBS on either distance errors (indexing spatial memory
precision) or on navigated distance per trial (reflecting efficiency of
spatial navigation). These results suggest that the facilitatory effect
of iTBS on HC-EC induces faster recall of spatial information rather
than other spatial cognitive processes during the navigation task. The
change in behavior that we observed might not necessarily be en-
hanced spatial memory. However, it is of note that improvement in
trial time was not at the cost of reduced accuracy. Hence, the pre-
sent results cannot be accounted for by a shift in the speed-accuracy
trade-off curve toward higher speeds [as demonstrated in other cog-
nitive domains (58-60)]. If the participants reach the target faster
without any decrease in spatial accuracy, we consider this change a
facilitation in spatial navigation behavior. Therefore, we argue that
faster departure times and, in turn, reduced overall time to reach the
destination in iTBS condition indicate improved behavioral perfor-
mance during spatial navigation. One could argue that the earlier
departure in the iTBS condition might be derived from either an
increase in confidence or changes in decisional processes in this con-
dition. However, our data do not support these alternatives as de-
scribed in text S7. This is in line with a recent study by Basu and
colleagues (61), who also reported faster cognitive processing asso-
ciated with invasive stimulation of the internal capsule without any
reported effects on confidence.

In humans, previous studies investigating the causal role of the
HC-EC complex in spatial navigation were limited to invasive tech-
niques in patients, applying invasive electrical stimulation of deep
brain structures in patients with epilepsy via electrodes implanted
for medical reasons. Contrasting results were reported, with 50 Hz
of stimulation leading to either improved (29) (variable stimulation
duration with repetition of 5-s on/off trains) or impaired accuracy
of spatial memory (10 s) (30, 31). In the present study, we report
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improvements of departure time, a different aspect of spatial naviga-
tion (compared to previously reported measures). Such different ef-
fects could be explained by various differences in the design of the
experiments, such as stimulation target, stimulation protocol, dura-
tion and intensity, or characteristics of the task. Furthermore, past
studies focused on patient cohorts because of the possibility of using
invasive electrodes, while tTIS allowed us to study spatial navigation
in healthy individuals using NIBS. In implanted patients, the targets
can vary even within the same study, being affected by clinical deci-
sions to target the right and/or left side of HC-EC as well as anterior
or posterior regions (29-31). In contrast, for tTIS, the stimulation
exposure target is wider and can be designed to be more homoge-
neous across participants. Stimulation duration and intensity also
changed between these previously mentioned invasive studies and is
another important difference with respect to the current protocol.
Here, tTIS was delivered during both encoding and retrieval peri-
ods, while in previous works, the stimulation was restricted to the
encoding (29-31). Current intensities are difficult to compare since
(i) stimulation was delivered at the level of the scalp versus intracra-
nial depth electrodes directly placed in the targeted structures, and
(ii) exposure field magnitudes are not directly comparable with field
modulation magnitudes. Of note, an additional difference introduced
in our study is the application of theta burst-patterned stimulation,
an LTP-inducing protocol, in contrast to the 50-Hz stimulation in
the aforementioned studies. While current results are in line with
the conclusion that the HC-EC complex is functionally relevant in
spatial navigation functions, discrepancy to previous work in patients
in terms of behavioral results might be related to the differences in
the experimental design and stimulation parameters outlined above,
as well as the different cohorts tested.

In the current study, we observed that both TBS conditions sig-
nificantly decreased entorhinal GCLR, which was prominent in the
control conditions. This adds to the current knowledge by showing
modulation of GCLR via stimulation of deep brain structures (i.e.,
HC-EC). Furthermore, it supports the hypothesis that tTIS is able to
reach deep structures—in particular, the right HC-EC—and demon-
strated for the modulation of spatial navigation behavior. Our re-
sults further link the characterized grid cell-like signals to processes
in the HC-EC, demonstrating that even subthreshold electrical stim-
ulation of HC-EC can alter the grid code when the target region is
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engaged in a task. The hexagonal firing fields of grid cells (i.e., grid
code) have been proposed to originate from the delicately tuned in-
terconnection of multiple neurons in the regions based on rodent
studies (62, 63). Supporting the idea also in humans, we found that
GCLR decreased when excitability of the cells in HC-EC was altered
by active TBS stimulation. In contrast, intact GCLR patterns observed
in the control condition strongly suggest that HF electrical field with-
out temporal interference did not interrupt the delicate neural cir-
cuits, confirming the spatial selectivity of tTIS targeting the deep
brain. However, nonsignificant GCLR based on fMRI should be care-
fully interpreted (22) because either shearing-induced asymmetry
(64) or unstable grid orientations (22, 23, 53), as well as the actual
disappearance of the grid cell-like activity can lead to weaker fMRI-
based GCLR. Thus, further follow-up studies using depth electrodes
in MTL are required to scrutinize the GCLR changes we observed.

At first glance, the decreased GCLR induced by iTBS compared
to the control and even to cTBS seems unexpected, as we observed
improved behavioral performance in iTBS. However, several pre-
vious studies reported that GCLR magnitude was not directly re-
lated to spatial navigation performance in similar navigation tasks
(23, 25, 53, 65). In these studies, decreases of GCLR have been linked to
the equivalent or even improved spatial memory/navigation perfor-
mance, compatible with the findings of the present study. Kunz et al.
(23) suggested that hippocampal activity may be a compensatory
mechanism related to reduced GCLR in healthy participants with a
genetic-risk factor [apolipoprotein E-g4 (APOE-g4)] for Alzheimer’s
disease, allowing them to maintain spatial navigation precision equiv-
alent to healthy non-ApoE carriers. In line with this observation, it
could be speculated that the positive correlation between hippocam-
pal activity and departure time (Fig. 4B) could be due to this com-
pensatory hippocampal recruitment. We found that higher activity
within the HC was associated with a faster performance during iTBS
with respect to cTBS, although iTBS showed a reduced GCLR with
respect to cTBS. It should be noticed that in our initial hypothesis,
we expected opposite effects of iTBS versus cTBS conditions based
on initial literature on these protocols (52). However, while this
holds true for behavioral changes, which showed opposite trends,
the reduction of GCLR in both conditions could be explained by
specific stimulation parameters. Recent studies demonstrated how
effects of TBS protocols also depend on dose and intensity (66) as
well as on interindividual differences (67).

The correlation between hippocampal activity and departure time
was only observed during the Cue+Retrieval phase, but not during the
active navigation phase, suggesting that this period is more strongly
affected by the tTIS. Most previous studies investigated correlations
between hippocampal activity and spatial navigation performance
measured by navigation accuracy or the distance error (68, 69), while
the trial time or departure time have rarely been examined. However,
it was also shown that after the initial exploration period, which high-
ly depends on the hippocampus, during retrieval, the hippocampus
is again engaged in the planning of goal-directed navigation by rep-
resenting prior spatial elements (70). This is used in the planning or
alterations of routes during the initial part of the retrieval process
(71, 72). Therefore, one could speculate that the iTBS led to a faster
recall of the location of the target and/or a faster navigation plan-
ning by simultaneously having a dual effect on grid cells and hip-
pocampal activity. Accordingly, iTBS would lower GCLR while
increasing hippocampal activity, which was associated with the re-
duced departure time compared to the cTBS. A possible mode of
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action of the TBS protocol could rely on the pyramidal cells of the
hippocampal subregion CA1, which show an N-methyl-p-aspartate
receptor-dependent LTP-like plasticity, mediating spatial navigation
functions (73, 74). Moreover, stimulation of CA1 and CA3 was di-
rectly shown to modulate place cell activity (75) and support place
cell stability (76). In addition, LTP can result in a modulation of
behavior-related firing without acting on the global firing rate (75).
The neural effects of iTBS and cTBS observed in the present study,
on GCLR and BOLD, could potentially be explained by a rearrange-
ment of HC-EC circuits by LTP or LTD-like plasticity. This may ac-
count for the observed behavioral modulation despite the lack of
significant changes in the averaged hippocampal BOLD activity.

The current study presents some limitations that should be con-
sidered for interpretation of the results. As mentioned above, the
experiment was not conceived for a block design analysis and both
BOLD and generalized psychophysiological interaction (gPPI) anal-
ysis considered either active navigation or Cue+Retrieval periods as
blocks. This implies that the activity during these phases was not
compared to a traditional resting period and could hence hide acti-
vation of regions already partially engaged between the blocks. Fu-
ture studies not investigating GCLR should be adapted to better
studying tTIS effects on hippocampal complex activity. In this case,
more specific research questions could be addressed, such as differ-
ences between encoding and retrieval periods. Previous studies in fact
show a differential engagement of the anterior and posterior MTL
based on spatial navigation phases and conditions (54, 77), as well
as differential effects of stimulation depending on which phase was
targeted (78). Hence, it would be interesting to further investigate
whether tTIS could be steered to support the respective role of each
subcompartment. An additional limitation of the current results, al-
though promising, is that they do not provide direct evidence of a
focal effect of the stimulation since no changes in conventional BOLD
signal level were found in the target region alone. This could be due
to either the current study design or to a low focality of the stimula-
tion. Because the same montage (mirrored between right and left)
was demonstrated to focally reach the hippocampus in the work
from Violante et al. (37), the first explanation seems more likely.
However, the question about focality remains open, with several as-
pects that could be further optimized. First, the electrode locations
have been chosen by modeling the tTIS fields on a head template.
Personalized modeling that considers the subject-specific anatomy
could help identify personalized stimulation conditions, potentially
resulting in superior outcomes (28, 79). Second, several studies showed
that increasing the number of electrode pairs could also significantly
improve focality (80-84). Last, we note that the control condition
was changed, with the first 16 participants receiving HF stimulation
without any shift, while the last 14 received sham stimulation (5-s
ramp-up followed by 5-s ramp-down). However, there is now sub-
stantial evidence that these two control conditions are equivalent (85)
and lead to comparable sensations, thus ensuring good blinding. On
the basis of previous studies, neural and behavioral effects are also
comparable, and, since the main behavioral difference was found be-
tween iTBS and c¢TBS, the change of control is not expected to influ-
ence the interpretation of the current results.

After taking all the considerations reported above, this study re-
ports (i) improved navigation behavior induced by iTBS (versus
cTBS) stimulation of the HC-EC complex by accelerating the depar-
ture time during the retrieval of a spatial navigation task, (ii) lower
entorhinal GCLR activity, as well as (iii) higher right hippocampal
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activity corresponding to faster performances when compared to
cTBS. Further animal and human research is needed to advance our
understanding of these delicate MTL circuits and their involvement
and noninvasive modulation in spatial navigation.

Opverall, the current study provides further evidence for the feasi-
bility of noninvasive focal neuromodulation of deep brain structures
by means of tTIS. This was achieved via combining fMRI and MR-
compatible immersive VR to the stimulation technology. It allowed us
to investigate a causal link between a very crucial daily life behavior
(i.e., spatial memory/navigation) and the changes in neural activities
corresponding to noninvasive stimulation of the right HC-EC. As a
result, we showed successful modulation of the HC-EC while the
participants were engaged in a spatial navigation task. Critically, the
tTIS-induced brain changes were associated with behavioral effects
in spatial memory/navigation that were dependent on the stimula-
tion protocol used. Our findings have implications for translational
neuroscience because changes in spatial navigation behavior are ob-
served in the early stage of neurodegenerative pathologies such as
Alzheimer’s disease (86, 87). Successful modulation of deep brain
structures critically involved in spatial navigation behavior, as re-
ported here, sets the ground for future studies translating the pres-
ent neurotechnology toward innovative noninvasive interventional
treatment strategies.

MATERIALS AND METHODS

Participants

Thirty young healthy individuals were enrolled in the current study
(right-handed, 16 females, 23.63 * 4.07 years old). The participants
were naive to the purpose of the investigation and gave their informed
consent following the Declaration of Helsinki (2013). The study was
approved by the Cantonal Ethics Committee Vaud, Switzerland (proj-
ect number 2020-00127). Inclusion and exclusion criteria are detailed
in text S8.

Transcranial temporal interference electric stimulation

tTIS was applied as low-intensity transcranial electric stimulation via
two isolated constant current sources (DS5 Isolated Bipolar Constant
Current Stimulator, Digitimer, Letchworth Garden City, UK) (32, 88).
The electrodes montage was adapted from Violante et al. (37), in-
versing right and left electrodes to target the right hippocampus. The
final montage consisted of two pairs of electrodes placed in proximity
to the P7-CP8 and Fp1-FT8 EEG 10-20 electrode positions (89). This
previous study demonstrated that the chosen montage allows the fo-
cal targeting of the hippocampus, with evidence coming from both
computational modeling on a template brain and human cadaver
measurements (37). Because of the symmetrical montage and to sup-
port the adopted montage, we additionally plotted field distribution
within the targets and control regions based on the closest EEG 10-20
electrode positions, confirming good focality of the stimulation (fig. S6).
The following stimulation parameters were applied: sinusoidal wave-
form; current intensity per channel, 2 mA (baseline to peak); car-
rier frequency, 2 kHz; fade-in/out interval, 5 s; 3 cm? circular
conductive rubber electrodes with conductive paste. The participants
received three different stimulation protocols: iTBS, cTBS, or a control
stimulation. The first two patterned stimulation protocols (52, 90, 91)
(see Fig. 1C) were achieved by applying a frequency shift in a time-
precise manner [as in a previous work (35)]. This frequency shift cre-
ated the same basic element, which was a stimulation burst composed
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of three envelope-modulated sinusoidal pulses at 100 Hz. Because
the pulses resulted from the shift in frequencies between the two elec-
trode pairs, each pulse had an HF component equal to the average
between the two HFs, which is suggested to not influence neuronal
activity (32, 35-37). The shift was introduced at specific intervals to
create the burst at a frequency of 5 Hz. While in the iTBS protocol,
bursts were delivered for 2 s (train) every 10 s, and cTBS was char-
acterized by continuous delivery of bursts (still at a 5-Hz frequency).
The control stimulation consisted in pure kilohertz-frequency stim-
ulation without any frequency shift, hence resulting in a flat enve-
lope (35). Sixteen individuals received the control during the whole
duration of the task, while 14 of them received it for 10 s at the be-
ginning of the task (ramp up and ramp down only). The two controls
were demonstrated to be equivalent in terms of safety and blinding
effects (85). Furthermore, additional proof on the null effects of HE,
similar to sham, was shown on motor evoked potential (MEP) am-
plitudes and BOLD activity directly underneath the electrodes (35-37).
An impedance check was performed right after placement of the elec-
trodes, right before the beginning of the task, and at the end to ver-
ify good contact between electrodes and skin. A sensation test was
performed before the beginning of the task to familiarize the par-
ticipants with the current sensation (more information in text S10).
Each of the three protocols was applied starting with a current of
0.5 mA baseline-to-peak per channel and gradually increased until
2 mA with a step of 0.5 mA. The participants were asked to report
any kind of sensations and to evaluate the strength (mild, moderate,
or strong) and the type of sensation.

MRI-compatible VR spatial navigation task

The task program was adapted from the task used in the previous
work of Moon et al. (53). The task procedures, task arena, and task
objects were implemented with Unity 3D Engine (Unity Technolo-
gies). During the task, only distal landmarks were placed outside of
the circular task arena, providing orientation cues. The visual input
was provided through MRI-compatible stereoscopic VR goggles
(NordicNeuroLab: 1920 X 1200 resolution per eye, 60-Hz refresh
rate). The participants manipulated an MRI-compatible button box
(Fiber Optic Response Pad, Current Designs) to perform the task in
the scanner.

During each round, the participants underwent a 9-min spatial
navigation task while being stimulated in MRI. The task consisted of
two phases: encoding and retrieval (Fig. 6). In the encoding phase,
the participants memorized the locations of three objects within the
arena for 2.5 min. After encoding, the participants performed the
memory retrieval trials for approximately 6 min until the stimula-
tion ceased and the experimental round was ended. Each trial began
with a cue, indicating the target object, and the participants had to
recall its encoded location and navigate back to the location where
they remembered the object was placed. Upon reaching the retrieved
location, the participants pressed a button to confirm the answer and
estimated the distance error they made. As feedback, the target object
appeared at the correct location, and the participants had to navi-
gate to and collect it so that they could continue to the next trial.
Written instructions were provided before the experiment, asking
the participants to perform “as accurately as possible.” Various spa-
tial navigation performance (e.g., distance from the correct and re-
trieved location, navigation departure time, and navigated distance
and time) were assessed through the parameters recorded during
the task.
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Fig. 6. Protocol of the experiment. During the single session, each participant
performed six blocks of the spatial navigation task with stimulation applied during
the whole duration of the task. Stimulation conditions were applied twice in a
pseudo-randomized order A-B-C-C-B-A.

In total, each participant went through six task rounds with the
three stimulation conditions, in a pseudo-randomized order (A-B-
C-C-B-A), which was also counterbalanced across participants (i.e.,
three conditions are randomly assigned to “A,” “B,” and “C” per par-
ticipant). Both participants and experimenters were blinded for the
condition at the time of data acquisition and data exclusion.

MRI data acquisition

The MRI data acquisition was conducted at the Human Neurosci-
ence Platform of the Campus Biotech (Geneva, Switzerland) with a 3T
MRI scanner (SIEMENS, MAGNETOM Prisma). The two structural
images were acquired respectively with a T1-weighted MPRAGE
sequence (1 mm-by-1 mm-by-1 mm voxels, TR = 2300 ms,
TE = 2.25 ms, TI = 900 ms, number of slices = 208) and also with
a T2-weighted sequence (0.8 mm-by-0.8 mm-by-0.8 mm voxels,
TR = 3000 ms, TE = 409 ms, number of slices = 208). The fMRI images
covering the whole cerebrum were acquired during the task with a T2*-
weighted echo planar imaging sequence (2-mm isotropic voxels,
TR = 1500 ms, TE = 30 ms, FoV = 224 mm, number of slices = 69,
multiband factor = 3, GRAPPA = 2). To correct possible distortion of
functional images by the inhomogeneous B0 field, both magnitude and
phase maps of the BO field were measured.

fMRI analysis

Preprocessing

fMRI data were preprocessed with SPM12 (https://www.fil.ion.ucl.
ac.uk/spm/), in MATLAB R2018a. The preprocessing pipeline for
functional images included slice-time correction, spatial realignment,
unwarp based on the voxel displacement map, normalization to the
standard Montreal Neurological Institute (MNI) space, and smoothing
using a 5-mm isotropic Gaussian kernel. Preprocessing of the indi-
vidual T1-weighted structural images included coregistration to the
average functional image and tissue segmentation. Bias-corrected
gray and white matter maps were extracted, and the created deforma-
tion field was used in the normalization step of the functional images.
A quality check of the data and of the preprocessing results was per-
formed via visual check of the images and by ensuring that less than 40%
of voxels exceed a framewise displacement (FD) of 0.5. In addition,
total signal-to-noise ratio (tSNR) maps were computed by dividing
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the average of the time series for each voxel by its SD. Comparison
of the tSNR right under the electrodes versus locations further away
was used to assess possible noise associated with the stimulation
(more information in text S11).

T1w and T2w structural images were also preprocessed via the
recon-all function of Freesurfer (v7.1.1, http://surfer.nmr.mgh.har-
vard.edu). The resulting parcellation in each individual space was
then used to extract MTL ROIs of each participant (including HC and
EC)based ontheDesikan-Killiany Atlas (92) and cytoarchitecturally-
defined entorhinal label. The automatically defined ROIs were man-
ually examined, coregistered with the mean functional images and
finally normalized to the MNI space.

Grid cell-like representation

The GCLR analysis was conducted in the native space without normal-
ization, following previous studies (23, 25, 53). Of note, five rounds
with max FD more than 3 mm (of total 168 rounds) and two partici-
pants who have three rounds (a half of the six scanning rounds per
participant) over the threshold were excluded from the GCLR anal-
ysis. GCLR was calculated using the Grid Code Analysis Toolbox
[GridCAT v1.03, https://nitrc.org/projects/gridcat (93)] running on
MATLAB 2021b. The analysis was performed in line with the previ-
ously established method (22, 53). Briefly, as the first step, a putative
grid orientation was estimated with a portion of data. Then, on the
basis of the estimated grid orientation (¢) and the heading-direction
information, hexadirectional modulation was calculated by contrast-
ing regressors for movement in grid-aligned direction (¢ + 0, 60,
120, 180, 240, 300) versus misaligned direction (¢ + 30, 90, 150, 210,
270, 330). The GCLR analysis was based on the leave-one-out cross-
validation (53, 94). Thus, GCLR per round was calculated with the
grid orientation estimated from the other five scanning rounds. Then,
condition-wise GCLRs were acquired by averaging the round-wise
results by conditions. Three round-wise data points (of 652, includ-
ing control analyses of the four/five/sevenfold symmetry; 0.46%)
outside three SD range were excluded.

GLM analysis to detect task-related brain regions

Whole-brain GLM analysis was conducted with normalized and
smoothed fMRI data using SPM12 to assess changes in response to
the different stimulation protocols. Six motion regressors were gener-
ated from the realignment process (three for displacement and three
for rotation) and included in the GLM, together with the white mat-
ter and corticospinal fluid normalized time series. In addition, Ar-
tRepair toolbox (Art_Repair v5b3) was used to detect fMRI volumes
with severe motion artifacts, which were also considered in GLM via
additional regressors. For the block design, we defined two different
vectors describing different aspects of the task: Cue+Retrieval and
active navigation. As a second step, we also performed ROI-based
analysis by extracting the average beta estimate within the individual
hippocampal and entorhinal ROIs for each of the cognitive modes
and stimulation protocol.

Statistical analysis

The differences in behavioral parameters were assessed with dedi-
cated mixed-effects models using an R package (Ime4, v1.1.26;
https://R-project.org) running on R (v4.1.2 for Windows; https://R-
project.org) and Rstudio (v2021.09.01; https://R-project.org). Ran-
dom slopes were included unless the model failed to estimate. The
data distribution of each dependent variable was assessed using a
package of R (fitdistrplus, v1.0-11; https://R-project.org), to apply
proper parameters for each mixed-effects regression. The statistical
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assessments of GCLR data were performed using the Wilcoxon
signed-rank test. A significance of GCLR (greater than 0) was as-
sessed with a one-sided test based on a priori hypothesis, while differ-
ence of GCLRs between the conditions were assessed with a two-sided
test. Inter-parameter relationships were assessed with the Pearson
correlation. The GLM used for the whole-brain fMRI analysis was
implemented with SPM12 (http://fil.ion.ucl.ac.uk/spm), and signifi-
cant results were reported for voxel-wise uncorrected P = 0.001 and
corrected P = 0.05 for cluster-wise false discovery rate (FDR) (if not
specified otherwise). BOLD tests were performed using R (v4.2.2;
https://R-project.org/). Linear mixed models were implemented with
the Imer function [lme4 package (95)], and significance was assessed
via the anova function of the ImerTest package (96) with Satterth-
waite’s approximations. For the BOLD analysis, stimulation (iTBS,
cTBS, and control), cognitive mode (active navigation, Cue+Retrieval),
and ROI were used as fixed factors and participant as random factor.
Post hoc comparisons were tested when necessary by computing es-
timated marginal means via the emmeans package (97). The report-
ed effect sizes were derived with the effectsize package (98). Last, the
correlations between the different variables were computed with the
corr.test function [psych package (99)] using the Pearson method
with FDR for multiple comparison correction.
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