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ABSTRACT

Background: Resting-state metrics, such as brain network activity and functional connectivity (FC), are influenced
by preceding cognitive tasks, such as memory formation. Brain stimulation can modulate brain network activity
and FC during the resting state. However, it is unknown whether it can acutely modulate activity or FC traces of
preceding cognitive tasks.

Objectives: We evaluated whether non-invasive temporal interference (TI) stimulation of the hippocampus can
modulate hippocampal resting-state FC traces induced by a preceding hippocampally-dependent task.

Methods: We collected resting-state functional magnetic resonance imaging (rsfMRI) in twenty healthy partici-
pants before and after the performance of an associative memory task. Theta-band TI stimulation of the medial
and anterior hippocampus, and sham stimulation were delivered during post-task resting state. We used per-
mutation tests to assess differences in pairwise mutual information functional connectivity (miFC) between pre-
task rsfMRI vs post-task sham. In edges with significantly different pre-vs post-task miFC, permutation tests
assessed the effect of TI on post-task miFC.

Results: MiFC was significantly lower in several functional networks during post-task sham compared to pre-task
baseline, including the hippocampal-connected and task-related Anterior Temporal (AT) and Posterior Medial
(PM) networks. TI stimulation of the hippocampus during post-task resting state increased the miFC in the
hippocampal AT and PM networks as well as other functional networks.

Conclusions: Non-invasive TI stimulation of the hippocampus during the resting state acutely modulated FC traces
related to preceding hippocampal-dependent memory tasks.

1. Introduction

comparisons of resting state activity and FC before and after the per-
formance of an encoding task show changes in regions involved in

Resting state functional Magnetic Resonance Imaging (fMRI) cap-
tures the transient formation and dissipation of brain networks that
support neural processes [1-3]. Resting-state metrics, such as brain
network activity and functional connectivity (FC), are sensitive to
changes in the psychological state of participants. This includes the
performance of a task prior to resting state [4-9], with changes often
involving regions engaged by the task [10,11]. For example,

memory encoding [4,9,12,13].

Brain stimulation can modulate the activity and FC of resting-state
brain networks [14-16]. However, it is not known whether brain stim-
ulation can modulate resting state activity or FC traces of preceding
tasks. We know that the effects of brain stimulation depend on the state
in which it is delivered [17-19]. This has been demonstrated across
different vigilance states, in task vs rest and between different cognitive
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states [17]. Hence, a reasonable corollary is that the effects of brain
stimulation during a post-task resting state may operate on resting state
networks and/or traces of task-related connectivity.

Here, we aim to address this knowledge gap by testing whether
stimulation of the hippocampus can modulate resting-state hippocampal
FC traces due to a preceding memory task. We recently conducted a
study where participants performed a hippocampal-dependent task
while non-invasively receiving theta-band temporal interference (TI)
stimulation of the hippocampus, and showed that stimulation modu-
lated the task-evoked BOLD activity and FC [20]. Here, using data from
the same participants, we investigate whether similar TI stimulation of
the hippocampus but during resting state could modulate hippocampal
FC induced by the preceding associative memory task.

In particular, we focused on hippocampal-cortical networks involved
in memory functions, conceptualised as the Posterior Medial Anterior
Temporal (PMAT) framework. The PMAT framework captures how the
hippocampus coordinates two cortical networks, each of which are
responsible for different aspects of memory encoding, maintenance, and
recall [21-23]. The Anterior Temporal (AT) network is thought to
determine the significance of stimuli, especially entities, whereas the
Posterior Medial (PM) network supports the contextual embedding of
stimuli in situation models [22]. Our earlier study showed that suc-
cessful encoding during a hippocampal-dependent Face-Name task
increased both the activity in the anterior hippocampus and
hippocampal-AT FC [20]. TI stimulation administered to the anterior
hippocampus during the encoding portion of Face-Name task decreased
both the task-related increase in hippocampal BOLD activity and
hippocampal-AT network FC. While our work and others [24] has
demonstrated TI's capacity to modulate task-related activity, it is un-
clear whether TI can modulate resting state activity. Moreover, earlier
studies stimulating the cortical-hippocampal network during resting
state were not designed to test changes induced by memory tasks.

For example, Wang et al. showed that multi-day sessions of beta-
band (20 Hz) Transcranial Magnetic Stimulation (TMS) of the left
lateral parietal cortex during a resting state increased the fMRI FC in the
cortical-hippocampal network and was associated with improvement in
associative memory performance. [25]. A follow-up study by Warren
et al. delivered TMS to a PM network region identified by a baseline
rsfMRI scan for five consecutive days, before and 24 h after participants
performed a memory task. After the stimulation paradigm, the
cortical-hippocampal network FC was stronger during a memory task
than in the resting state [26]. While both studies demonstrated that
stimulating the cortical-hippocampal network can increase its FC and
lead to behavioural benefits, it remains unclear whether stimulation can
change traces of FC from preceding memory tasks during resting state.

Our experiment included a baseline (stimulation-free) resting-state
fMRI, followed by a Face-Name associative memory task fMRI, and
then post-task resting-state fMRI. We applied TI stimulation at the theta
band to the medial hippocampus (TI 1:1 current ratio between anterior
and posterior electrode pairs), anterior hippocampus (TI 1:3 current
ratio), or sham stimulation in a counterbalanced order during the Face-
Name task period and during the post-task period. The effect of TI hip-
pocampal stimulation on the PMAT FC during the task was reported
elsewhere [20]. Note that there was no difference in memory perfor-
mance between conditions [20]. We first established the task-related
changes in the resting-state FC by comparing the post-task sham to the
baseline. We then tested whether the post-task TI hippocampal stimu-
lation modulated the sham’s task related changes in resting-state FC.

2. Methods
2.1. Participants
Twenty-two healthy participants were recruited for this study, as

previously reported [20]. As in our previous study, one participant was
excluded because of a technical failure with the MRI scanner. While one
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subject was excluded from the task fMRI study due to excessive move-
ment in the scanner (see fMRI pre-processing for more information), this
subject did not meet exclusion criteria during the resting state runs (see
Appendix, Quality Assessment). A different subject was excluded from
this work due to an inability to transform the Schaefer cortical atlas to
subject space (Fig. A2). Therefore, twenty participants were included in
this study (11 females, age range: 20-54 years old, mean age = 26.70,
std = +7.47, 19 right-handed and 1 left-handed). All subjects gave
written, informed consent, held a minimum of a university degree, and
reported no history of neurological or psychiatric illness. The study
conforms to the Declaration of Helsinki and ethical approval was
granted by the Imperial College Research Ethics Committee (ICREC).

2.2. TI stimulation

TI was delivered by generating two sinusoidal waveforms delivered
through four electrodes placed on the participant’s head as previously
described [20] (Fig. 1A). Self-adhesive TENS electrodes, 1.5 cm? square
shapes with rounded corners were affixed to participant’s heads using
conductive paste (Ten20, D.O. Weaver) and medical tape (3M Micropore
medical tape). The first pair of electrodes, e; and ep, were positioned
anteriorly on the left and right side of the head respectively, and
delivered a sinusoidal waveform with a frequency at 2000 Hz. The
second pair of electrodes, e3 and e4, were positioned posteriorly on the
left and right side and delivered a sinusoidal waveform with a frequency
of 2005 Hz (Fig. 1A).

TI1:1 stimulation delivered 2 mA current intensity (peak to baseline)
through each pair of electrodes and with the intent to target the medial
left hippocampus (Fig. 1Ai, i e., region with the largest amplitude
modulated waveform). TI 1:3 delivered 1 mA to the anterior e;-e; pair,
and 3 mA to the posterior es-e4 pair, and this 1:3 current ratio was
designed to shift the peak of the amplitude modulated waveform to the
anterior left hippocampus (Fig. 1Aii). In both TI conditions, a ramp up
and down of 5 s initiated and ended the stimulation. Sham stimulation
was equivalent to TI 1:1 stimulation, but the current was ramped down
immediately after completing the ramp up.

2.3. Experimental setup and procedure

Thresholding of participant’s comfort and perception of sensation to
both conventional tACS and TI was conducted before the MRI portion of
the experiment. For each electrode pair, stimulation was delivered at
0.1 mA. The amplitude was then increased in steps of 0.1 mA until
sensations associated with stimulation were reported or maximum in-
tensity for stimulation (2 mA for e;-e; and 3 mA for e3-e4) was reached.
The amplitude threshold at which the stimulation was perceived was
lower for tACS than TI (mean + standard deviation (std) amplitude for
el-e2: tACS = 0.44 + 0.18 mA, sensations reported in 20 out of 20
participants; TI = 2.0 + 0 mA, sensations reported in 1 out of 20 par-
ticipants; mean =+ std amplitude for e3-e4: tACS = 0.62 + 0.27 mA,
sensations reported in 20 out of 20 participants; TI = 2.75 + 0.5 mA,
sensations reported in 5 out of 20 participants) (Table A1). Participants
reported fewer perceptual effects of stimulation during thresholding
during TI (n = 4) as compared to tACS (n = 20) (Table A1). Out of the 5
participants who perceived the effects of TI stimulation during thresh-
olding, 3 no longer reported perceptual sensations of TI in the scanner
(Table Al).

Participants completed four resting state (rs) fMRI runs, each lasting
7 min 56 s (Fig. 1B). The first rsfMRI was stimulation free and conducted
before participants performed a hippocampally-dependent Face-Name
task (reported fully in Ref. [20]). Due to the variability in participant’s
response times, the exact duration of the Face-Name task varied across
participants. The average duration of the task was 26.8 min (range
19.72-38.73 min). During the task, participants received counter-
balanced blocks of sham, TI 1:1, and TI 1:3 stimulation (Fig. 1B). After
performing the task, participants completed three additional rsfMRI
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Baseline rsfMRI
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Face Name Task Post-task rsfMRI

Sham/TI 1:1/TI 1:3
7 mins 56 s Encode Recall 7 mins 56 s

L 1L |
9 blocks 3runs
mean = 26.8 mins (range 19.72 - 38.73) 23.8 mins

Sham/TI 1:1/TI 1:3

Fig. 1. (A) Diagram of electrode montage for TI 1:1 and TI 1:3 stimulation, which preferentially targets the left (Ai) medial and (Aii) anterior hippocampus,
respectively. e; and e3 were placed on the left hemisphere, 5 cm apart, and levelled with the plane of the nasion. e; was anterior to e; and was placed at 50 % of the
subject’s half circumference minus 2.5 cm and e3 at 50 % of the subject’s half circumference plus 2.5 cm. e, and e4 were on the right hemisphere on a superior plane,
levelled with the top of the eyebrow. e, was anterior to e4 at 20 % of the subject’s half circumference minus 1 cm. e, was positioned at 70 % of the subject’s half
circumference plus 1 cm. (B) Schematic of experimental paradigm, showing stimulation runs for pre-task baseline and post-task rsfMRI. The Face-Name task also
contained blocks of sham, TI 1:1, and TI 1:3 stimulation. The order of stimulation in both task and the post-task rsfMRI were counterbalanced across participants.

runs: post-task sham, TI 1:1, and TI 1:3, the order of which was coun-
terbalanced across participants. During rsfMRI, participants were
instructed to lie still, let their minds wander, not to fall asleep, and to
keep their eyes closed. After each rsfMRI run, participants were asked
whether they thought they received stimulation. Effectiveness of
blinding was computed using a Linear Mixed Effect Model with a
binomial distribution and logit link function. The predicted value rep-
resented the accuracy in participants’ rating whether they thought they
did or did not receive stimulation. The fixed effect was condition
(post-task sham, TI 1:1, and TI 1:3) or run number. Subject ID was used
as a random effect. There was no significant effect of condition (F(2,55)
=0.10, p = 0.90) or run number (F(2,55) = 0.10, p = 0.34) on whether
participants thought they received stimulation.

After the experiment, and outside of the scanner, participants
completed an Adverse Events Questionnaire adapted from Ref. [27] to
report the intensity and duration of the following symptoms: pain,
burning, warmth/heat, itchiness, pitching, metallic taste, fatigue, effect
on performance, trouble concentrating, sleepiness/fatigue, headache,
mood change, or any other side effect. Participants rated symptoms on a
scale from O to 4, to report no-severe sensations (Table A2). This ques-
tionnaire reflected sensations for the whole session and therefore we
cannot infer from it whether these are related to a particular TI stimu-
lation condition or stimulation in general.

2.4. Electric field modelling

Individual modelling of the electric (E) field for TI 1:1 and TI 1:3
stimulation was previously described [20]. In brief, the electrode
placement for each participant was modelled on an anatomical,
six-compartment (scalp, skull, cerebrospinal fluid, grey matter, white
matter, and head cavities) model using T1 scans. The simulations were
executed in Sim4Life, using the finite element method low-frequency
electro-quasistatic, ohmic-current-dominated (EQSCD) solver and tis-
sue conductivities as described in Ref. [20]. The electrodes for five
participants included in this study were not visible in the MRI field of
view. Since their placement could not be accounted for, they were
excluded from the individual E field modelling. For the remaining 15
participants, the envelope modulation amplitude for the anterior,
medial, and posterior segments of the left hippocampus was computed
for the TI 1:1 and TI 1:3 conditions. The field’s envelope modulation
amplitude for each segment was normalised to the total hippocampal
exposure. Kolmogorov-Smirnov tests showed that the distribution of E
field per segment was significantly different than a normal distribution;
therefore, Friedman’s tests evaluated whether there was a significant
main effect of segment on E field. For both TI 1:1 (F(1,2) = 8.89, p =
1.00e-04) and TI 1:3 (F(1,2) = 30.00, p = 3.06e-07), there was a sig-
nificant main effect of segment on E field (Fig. A1). Post-hoc sign-rank
tests indicate that in the TI 1:1 condition the E field in the medial hip-
pocampus was significantly larger than the anterior (p = 3.00e-3, z =
2.95) or posterior hippocampus (p = 1.00e-03, z = —3.23). There was
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not a significant difference in E field between the anterior and posterior
hippocampus during TI 1:1 (p = 26, z = —1.14). Post-hoc sign-rank tests
show that for the TI 1:3 condition the E field in the anterior hippo-
campus was significantly larger as compared to the medial (p =
6.55e-04, z = —3.41) and posterior hippocampus (p = 6.55e-04, z =
—3.41), and the E field was significantly larger in the medial vs posterior
hippocampus (p = 6.55e-04, z = —3.41).

2.5. MRI acquisition

T1-weighted structural images were acquired using a magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence, 1 mm® isotropic
voxel, repetition time (TR) = 2.3 s, echo time (TE) = 2.98 s, inversion
time 900 ms, flip angle (FA) = 9°, field of view 256 x 256 mm, 256 X
256 matrix, 160 slices, GRAPPA acceleration factor = 2. FMRI images
were obtained using a T2*-weighted gradient-echo EPI sequence, 3 mm®
isotropic voxel, TR = 2 s, TE = 30 ms, FA = 80°, field of view 192 x 192
x 105 mm, 35 slices, GRAPPA acceleration factor = 2. A total of 230 vol
(7.67 min were acquired per rsfMRI run. Field map scans were acquired
to correct the echoplanar imaging (EPI) images for signal distortion (TR
= 599 ms, TE = 7.65 ms, FA = 60°).

2.6. fMRI pre-processing

The fMRI Expert Analysis Tool (FEAT, Version 6.00) from the
FMRIB’s Software Library (FSL) [28,29] was employed for the
pre-processing and analysis of the fMRI data. Pre-processing included
motion correction using MCFLIRT [30], slice-time correction, removal
of low-frequency drifts (high-pass filter of 0.01 Hz), smoothing with a
3D Gaussian kernel (6 mm full-width at half maximum (FWHM)). Skull
stripping was performed using FSL’s Brain Extraction Tool (BET) [31].
Independent Component Analysis (ICA) was conducted on each rsfMRI
run using Multivariate Exploratory Linear Optimized Decomposition
(MELODIC [32]). FSL’s Xnoiseifier (FIX [33,34]) was trained to classify
components as signal or noise using an independent cohort of twenty
individuals acquired in the same scanner with the same imaging pa-
rameters. Components labelled as noise were regressed out of the
timeseries, as well as 24 motion regressors and their derivatives.

In preparation for miFC analyses, the 200-region Schaefer atlas [35,
36] was transformed to subject space using Advanced Normalisation
Tools (ANTS [37]). The quality of transformation from the atlas to each
subject’s space was assessed by visual inspection. One subject’s trans-
formation yielded an atlas that consistently failed to align with their
cortex, and was excluded from further analysis (Fig A.2). For the
remaining 20 participants, each region in the Schaefer atlas is associated
with one of 8 Yeo resting state functional networks [35,36], and
assigned a corresponding label. Then, masks for the AT and PM network
were overlaid on the Schaefer atlas. Regions within the AT or PM net-
works were reassigned a label corresponding to that network. Free-
surfer’s recon all function [38] was employed to parcellate 14
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subcortical regions (the right and left caudate, hippocampus, putamen,
thalamus, pallidum, nucleus accumbens, and amygdala). Hippocampi
were segmented into thirds along the longitudinal axis as follows: pos-
terior segment: Y = —40 to —30; medial segment: Y = —29 to —19;
anterior segment: Y = —18 to —4. Thus, 218 regions were used in this
study. Timeseries of averaged activity from voxels belonging to each
region were extracted using fslmeants. Timeseries were z-scored to a
centre mean of 0 + 1 std.

2.7. Mutual information FC (miFC)

MiFC was computed between every pair of regions (i.e., edge) for
each subject and each condition as in our previous work [39]. MiFC is an
information theoretic measure of undirected, pairwise functional con-
nectivity that captures both nonlinear and linear relationships between
regional timeseries [40-43]. As an information theoretic measure of FC,
miFC quantifies connectivity as the extent to which the timeseries of one
region reduces the uncertainty (i.e., entropy) in knowing the timeseries
of another region. For details of how miFC was computed see Ref. [39].
In brief, miFC was computed by representing each BOLD timeseries as a
continuous probability density function (using Gaussian kernel density
estimation). Then, the extent to which different levels of activity
co-occur between two regions’ probability density functions were
quantified (i.e., the joint probability), followed by the frequency that
each level of activity occurs in each region independently (i.e., the
marginal probability). If the joint probability of two regions’ activity
levels is much greater than the product of each region’s marginal
probability, this means knowing the activity level of one region also
confers confidence about the activity level of another region, i.e., there
is high mutual information between them. This approach defines con-
nectivity using similar principles as other connectivity metrics — if re-
gions tend to co-activate and deactivate synchronously, we infer they
are similarly engaged. What sets miFC apart is its ability to capture
nonlinear, non-monotonic patterns of coactivation. The brain is
comprised of nonlinear, dynamical interactions [44], and the increased
sensitivity of miFC to these interactions heightens its ability to capture
patterns undetected by conventional correlation-based metrics of
connectivity.

2.8. Quality assessment

Detailed descriptions and statistical analyses of the quality assess-
ment of the fMRI data is available in Appendix: Quality Assessment, and
Table A3. Quality assessment was performed on the fMRI data both
before and after pre-processing. Before pre-processing, head motion was
estimated using FSL motion outliers through Framewise Displacement
(FD) and the spatial root mean square of the data after temporal dif-
ferencing (DVARS) using fsl_motion_outliers [45], and the number of
noise components identified by ICA AROMA for each subject. No sub-
jects met the criterion for excessive motion (DVARS >0.5 in >20 % of
their volumes), the average FD (Fig A3A) and DVARS (Fig A3B) across
participants was low [45,46], and there was no significant effect of run
on the number of noise components per subject (Fig A3C).

After preprocessing, Intraclass Correlation Coefficient (ICC) scores
were computed in line with [47] to assess the reliability in each region’s
timeseries across subjects. Mean ICC scores exhibited moderate reli-
ability across subjects, suggesting low enough between-subject vari-
ability within each region’s timeseries to capture group-level effects
[47] (Fig A3D). Then, the global temporal signal to noise ratio (tSNR)
was extracted as a metric of the stability and quality of the signal over
time (Fig A3E). We found no significant relationship between differ-
ences in tSNR between runs and the significant changes in miFC.
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2.9. Graph metrics

2.9.1. Route efficiency

Route efficiency captures the efficiency of moving through a graph.
Route efficiency was computed using the Brain Connectivity Toolbox
(BCT) as the mean of the topological length of the shortest possible path
between every pair of regions. Path length considers the miFC between
nodes, where higher/lower miFC imparts a lower/higher cost of trav-
elling between nodes.

2.9.2. Modularity

Modularity (Q) was computed with the BCT [48]. Modularity
quantifies the extent to which a graph (i.e., FC matrix) matches the
optimal topology. The optimum is when discrete subdivisions of nodes
maximises/minimises the number of within/between-group edges,
respectively.

2.9.3. Global connectivity

Global connectivity was computed as the average connectivity across
all pairs of regions per subject. Global connectivity is thought to reflect
the synchronization across functional networks [49,50].

2.9.4. Betweenness centrality

Betweenness centrality is a measure of a node’s importance in
coordinating communication within a graph. A node’s betweenness
centrality is computed as the proportion of all shortest paths in a
network containing the node.

2.10. Null models and control analyses

Null models were used to test whether the effect of run on miFC
reflected topological properties or functional differences. The null
model was created by randomising each timeseries, which retains the
power spectra and autocorrelation of the timeseries, but randomises
temporal dependencies [51-53]. Timeseries randomisation was con-
ducted by first filtering the signal with a second-order Butterworth filter
between 0.02 and 0.1 Hz, performing a fast Fourier transform on the
signal, shuffling the phase coefficients, and then taking the inverse
transform to the time domain. Pairwise miFC was computed as above,
and permutation tests evaluated the effect of run on pairwise miFC. This
procedure was run for 1000 permutations, generating a distribution of
p-values for each edge. Significance of the difference between the
empirical vs null p-value for the effect of run on miFC was computed as
the proportion of p-values less than the empirical p-value. We found in
99.72 % of the edges with significantly different miFC were significantly
different than the null model, suggesting that the effect of run on miFC
drove the differences in miFC, as opposed to inherent properties of
network topology.

To evaluate the extent to which results may have been influenced by
employing miFC as a connectivity metric, we also computed pairwise FC
between the z-scored timeseries using Spearman’s p, a classical,
correlation-based measure of connectivity. Spearman’s p was chosen
over Pearson’s correlations given that Spearman’s correlations are less
susceptible to the influence of outliers [54,55]. Results presented in the
main text were broadly replicated in correlation-based control analyses.
Detailed comparisons are reported in the Appendix: Control analyses:
comparing FC metrics, and Table A4.

We ran a control analysis to inform the extent to which changes in
miFC were due either to TI stimulation or the influence of performing a
task on resting state miFC. This control analysis was performed by first
computing the ASham_miFC (baseline miFC - post-task sham mIFC),
ATI1:1_miFC (post-task sham miFC - post-task TI 1:1 miFC), and
ATI1:3_miFC (post-task sham miFC - post-task TI 1:3 miFC). We then ran
permutation tests comparing ASham miFC vs ATI1:3_miFC, and
ASham_miFC vs ATI1:1_miFC among edges that showed a significant
difference in miFC between baseline to post-task sham. A positive t-stat
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indicated the change from baseline to post-task sham (i.e.,
ASham_miFC) was greater than the change from post-task sham due to
TI 1:1 or TI 1:3 (i.e., ATImiFC). Results are presented in Appendix:
Control analyses: comparing changes due to task or TI stimulation, and
Table A5.

A control analysis evaluated whether the counterbalanced presen-
tation of post-task runs (i.e., post-task sham, TI 1:1, and TI 1:3) suffi-
ciently controlled for the potential effect of order on miFC. First, a
Kolgov-Smirnov tested the null hypotheses that the distribution of
miFC across participants was normal. If the null hypothesis was rejected,
an inverse rank transformation normalised the distribution of miFC
across participants. Then, a linear mixed effects model with a normal
distribution and Gaussian link function evaluated the main effect of run
and order as on miFC, and included subject as a random effect. All p-
values were FDR-adjusted to correct for multiple comparisons. There
were no edges with a significant effect of run that also showed a sig-
nificant effect of order (Table A6).

2.11. Statistical analyses

All analyses were run in MATLAB2023a. Permutation tests assessed
whether there was a significant difference in pairwise miFC, correlation-
based FC, and all whole-brain graph metrics between baseline vs post-
task sham, post-task sham vs TI 1:1, and post-task sham vs TI 1:3 con-
ditions. Permutation tests evaluated whether there was a significant
difference in the betweeness centrality in each hippocampal segment
and region in the AT and PM networks between post-task sham to TI 1:1
and TI 1:3 conditions. For all analyses using permutation tests, the risk of
family wise Type 1 errors due to multiple comparisons was controlled
using max-T/min-P method [56]. Spearman’s correlations assessed re-
lationships between E field and miFC.

3. Results

3.1. Associative memory task attenuated functional connectivity in
succeeding resting-state

We first examined whether miFC differed between baseline and post-
task sham condition, reasoning that changes in regions engaged by the
Face-Name task (e.g., the hippocampus, PM, or AT networks) would
provide evidence that task performance influences resting-state FC. We
first describe whether miFC significantly increased or decreased after
the task, and which resting state functional networks show the greatest
number of edges with significantly different miFC. This contextualises
the extent to which the hippocampus and its segments contributed to the
number of significantly affected edges, and whether significant changes
in hippocampal miFC are to AT or PM network regions. Finally, we
assess the extent to which significant changes in miFC include AT or PM
network regions.

We found significant differences in the miFC of 1767 edges in the
post-task sham compared to pre-task baseline (Table A7). Most edges
(1750, 99 %) showed significantly decreased miFC, and were broadly
distributed (Fig. 2Ai). The Default Mode Network (DMN), Salience/
Ventral Attention Network (SN), and Control Network contributed the
most regions to edges with significantly decreased miFC (15 % of edges
for each network (Fig. 2Bi)).

The networks with the second-greatest contribution include the
subcortical and Somatomotor networks (12 % of edges for each network
(Fig. 2Bi)). Out of the subcortical regions with significantly lower miFC
from pre-to post-task sham, the left and right hippocampus (inclusive of
all segments) contributed to 86 and 218 edges (17 % and 44 % of
subcortical edges, respectively), which is greater than all other regions
with significantly lower miFC from pre-to post-task sham.

Out of the hippocampal segments, the anterior hippocampus showed
the greatest changes in miFC. The left and right anterior hippocampus
contributed to 22 % (66 edges) and 33 % (100 edges) of hippocampal

941

Brain Stimulation 18 (2025) 937-947

regions with significantly affected miFC, respectively (Fig. 3). Some
edges with significant differences in miFC from the left and right ante-
rior hippocampus included regions in the PM (8 and 13 edges, respec-
tively) and AT (1 and 5, respectively) networks (Fig. 2C). After the
anterior hippocampus, the medial hippocampus contributed the second-
greatest number of hippocampal edges with significantly different miFC.
The left and right medial hippocampus contributed to 1 % (2 edges) and
28 % (84 edges) of hippocampal regions with significantly affected
miFC, respectively. These edges included regions in the PM (7 edges
from the right medial hippocampus) and AT (4 edges from the right
medial hippocampus) networks (Fig. 2C; Fig. 3). The left and right
posterior hippocampus had 18 edges and 34 edges with significant dif-
ferences in miFC between pre- and post-task sham (6 % and 11 % of
hippocampal regions with significantly affected miFC, respectively).
These edges included PM (3 edges from the right posterior hippocam-
pus) and AT regions (1 and 2 edges from the left and right posterior
hippocampus, respectively) (Fig. 2C; Fig. 3).

Edges containing a PM or AT network region contributed to 11 % and
6 % of significantly different edges between pre- and post-task sham,
respectively (Fig. 2Bi). While the PM and AT networks did not contribute
the most significant number of regions to edges with significantly
different miFC, 90 % of regions in the PM and 81 % of regions in the AT
network were included in edges with significantly different miFC from
baseline pre-to post-task sham.

Taken together, performing a hippocampally-dependent task gener-
ally decreased resting state miFC. These decreases included edges be-
tween the hippocampus and the PM and AT networks.

3.2. TI stimulation of the medial hippocampus during post-task resting-
state modulated the task-related functional connectivity

Out of the 1767 edges with significantly different miFC between pre-
and post-task sham, we identified 87 edges (5 %) with significantly
different miFC between post-task sham and TI 1:1 targeting the medial
hippocampus (Fig. 2Aii) (Table A7).

Most edges with significantly different miFC showed TI 1:1 stimu-
lation increased miFC compared to post-task sham (86 edges, 99 %). The
DMN showed the greatest contribution of regions with significantly
higher miFC (19 % of edges) (Fig. 2Bii). After the DMN, the Control (15
% of edges) and subcortical networks (14 % of edges) contributed the
most regions to edges with significantly higher miFC due to TI 1:1
(Fig. 2Bii). The left and right hippocampus were the subcortical regions
that contributed to the greatest number of significantly different edges
between post-task sham and TI 1:1 (4 and 3 edges, respectively).

Out of the hippocampal segments, the left and right anterior hip-
pocampus showed the greatest number of changes in miFC (4 and 1
edges, respectively), followed by the right medial (1 edge) and right
posterior hippocampal segments (1 edge) (Fig. 3). The edge with
significantly different miFC from the posterior hippocampal segment
was to a PM network region, the right orbitofrontal cortex.

The AT network doubled the proportion of regions contributing to
significantly affected edges, from 6 % when comparing baseline pre-task
vs post-task sham, to 12 % when comparing TI 1:1 to post-task sham
(Fig. 2Bii). The PM network decreased the proportion of regions
contributing to edges with significantly affected miFC, from 11 % in
baseline to post-task sham comparisons to 9 % in post-task sham to TI
1:1 (Fig. 2Bii).

3.3. TI stimulation of the anterior hippocampus during post-task resting-
state also modulated the task-related resting-state functional connectivity

Out of the 1767 edges with significantly different miFC between
baseline pre- and post-task sham, we identified 62 edges (4 %) with
significantly different miFC between post-task sham and TI 1:3 targeting
the anterior hippocampus (Fig. 2Aiii) (Table A7).

Most edges with significantly different miFC between post-task sham
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Fig. 2. There were significant decreases in miFC during (Ai) post-task sham vs baseline, some of which were significantly increased from post-task sham to (Aii) TI
1:1 or (Aiii) TI 1:3 stimulation. All regions are grouped into a functional network, and differences in miFC between regions in different functional networks are
shown with lines between the networks. The thickness of the line scales with the number of regions showing significant differences in miFC. The colour indicates
whether miFC increased (red) or decreased (blue). (B) The number of edges with significantly different between-network miFC in (Bi) baseline vs post-task sham,
a percent on the right side of the matrix. (C) Between baseline to post-task sham miFC decreased between the hippocampus and regions in the PM (yellow) and AT
networks (pink). Regions in the PM and AT network with significantly lower miFC to the hippocampus are shown in orange and pink, respectively. Hipp = hip-
pocampus; SoMat = somatomotor; SalVentAttn = Salience/Ventral attention; DorsAttn = dorsal attention; Vis = visual; SubCor = subcortical.
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Fig. 3. Violin plots showing the effect of run on miFC between hippocampal segments and regions in the AT and PM network. Violin plots show the aggregate results
for the left and right hippocampal segments. The AT or PM regions (pink and yellow, respectively) that are included are those that showed a significant decrease in
miFC from pre-task baseline (orange violins) to post-task (green violins) sham. The number of AT or PM regions showing significant decreases from baseline to post-
task sham is displayed over a horizontal line between the baseline and post-task sham violins. The number of AT or PM regions with significant decreases from post-
task sham to TI 1:1 (blue violins) or TI 1:3 (red violins) is displayed over a horizontal line between the two runs. The top and bottom edges of the boxes in the violin
plots represent the 25th and 75th percentiles, with the mean shown as the white dot and the median by the horizontal line. Extension of the whiskers indicates 1.5 the
interquartile range. A kernel density estimate of the data provides the edges to the violin plot. Datapoints representing each participant’s miFC between the hip-

pocampal segment and AT or PM region are shown.

and TI 1:3 showed TI 1:3 stimulation increased miFC (59 edges, 95 %).
The Salience/Ventral Attention network contributed the greatest num-
ber of regions with significantly increased miFC (18 % of edges), fol-
lowed by the Control and subcortical networks (16 % of edges each)
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(Fig. 2Biii). Out of the edges with significantly different miFC between
post-task sham and TI 1:3 that included a subcortical region, 13 (57 % of
edges) included a hippocampal segment. The left and right hippocampi
were the subcortical regions contributing the greatest number of



D.L. Kurtin et al.

significantly different edges between the post-task sham and TI 1:3 (3
and 10 edges, respectively).

Hippocampal segments with significantly higher miFC than post-task
sham due to TI 1:3 stimulation included the left anterior (3 edges), right
anterior (5 edges), right medial (3 edges), and right posterior (2 edges)
segments (Fig. 3). The right anterior and posterior segments each con-
tained one edge with a significant increase in miFC to a PM network
region.

When comparing post-task sham to TI 1:1, the AT network increased
the proportion of regions contributing to edges with significantly
increased miFC from post-task sham to TI 1:3 (from 6 % to 13 % of
edges) (Fig. 2Biii). Similarly, the PM also decreased in the proportion of
regions contributing to edges with significantly increased miFC from
post-task sham to TI 1:3 (11 %-8 % of edges) (Fig. 2Biii).

3.4. TI stimulation modulation of task-related resting-state FC was not
correlated with estimated E field amplitudes

There were no significant relationships between the estimated E field
generated by TI 1:1 stimulation of the left medial hippocampus and the
change in miFC from post-task sham to TI 1:1 (Table A8); nor were there
any significant relationships between the E field generated by TI 1:3
stimulation of the left anterior hippocampus and the change in miFC
from post-task sham to TI 1:3 stimulation (Table A9).

3.5. Differences in local, but not whole-brain, graph metrics

Permutation tests showed no significant difference in route effi-
ciency, modularity, or global connectivity between baseline pre- and
post-task sham, post-task sham to TI 1:1, or post-task sham to TI 1:3
(Table A10).

We evaluated the effects of TI on betweeness centrality, a local graph
theoretic measure, in each hippocampal segment and region in the AT
and PM networks. There was significantly lower betweenness centrality
in the left anterior hippocampus during TI 1:1 vs post-task sham, and
significantly greater betweeness centrality in 2 AT regions and 1 p.m.
region during TI 1:1 vs post-task sham (Table Al1l). During TI 1:3
stimulation betweenness centrality was significantly greater in 1 AT and
1 p.m. region, and significantly lower in 1 AT and 2 p.m. regions, as
compared to post-task sham (Table A11).

4. Discussion

This study evaluated whether stimulation of the hippocampus during
resting state after the performance of a hippocampal-dependent task can
influence the task-related changes in resting state FC. We found that a
memory task reduced resting-state miFC across the hippocampal net-
works and other networks and that non-invasive TI stimulation of the
hippocampus attenuates some of the task-related miFC reductions. To
our knowledge, this is the first demonstration that brain stimulation can
modulate resting state FC influenced by preceding cognitive tasks.

Our findings that post-task resting state FC was different than pre-
task resting state FC aligns with previous work [4-9]. The changes in
FC due to the hippocampal-dependent task included the hippocampus
and most regions in the AT and PM networks.

Out of all regions, the hippocampus showed the greatest number of
changes in miFC from baseline to post-task sham. This aligns with a
recent study which also showed the hippocampus had the greatest
number of changes in FC in resting state runs acquired after an encoding
task [12]. Moreover, in both Folvik et al. and this work, core regions of
the DMN and PM network (e.g., praecuneus) showed decreased resting
state FC to the hippocampus after an encoding task [12].

However, the study by Folvik and colleagues found resting state FC
increased from pre-task to post-task in many cortical networks (e.g.,
Salience/Ventral Attention, Control, Somatomotor, etc), whereas we
observed decreased post-task miFC compared to baseline. Folvik et al.
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suggested that, while there is not a one-to-one link between the BOLD
signal and neural activity, it was likely that post-task increases in hip-
pocampal connectivity to cortical networks reflected hippocampal
replay and reactivation of task processes, as part of awake memory
consolidation [12]. This would suggest that our connectivity results
reflect a lack of memory consolidation in our experiment. However,
since stronger between-network connectivity reflects increased coordi-
nation across the processes supported by each network, it is unclear why
baseline miFC would be stronger than post-task sham miFC. While
future work is necessary to disentangle this discrepancy between this
work and that of Folvik et al. for the direction of the effect of task on
resting state FC between the hippocampus and cortical networks, both
studies observed that resting state FC is altered in regions involved in
performing a memory task [12].

Our results showed that both medial hippocampus stimulation (TI
1:1) and anterior hippocampus (TI 1:3) stimulation increased resting
state miFC relative to sham in the PMAT regions. Notably, the anterior
hippocampus was the hippocampal segment with the greatest number of
significantly affected edges out of all subcortical regions for both TI 1:1
and TI 1:3. The anterior hippocampus is more strongly connected to the
AT vs the PM network [21,22]. Both TI 1:1 and TI 1:3 significantly
increased miFC of regions in the AT from post-task sham; moreover, the
proportion of edges in the AT that were significantly different from
post-task sham to either TI run was greater than the proportion of AT
edges with significantly different miFC from baseline to post-task sham.
The greater proportion of miFC changes in the AT vs PM network are
consistent with the selective engagement of the Face-Name task with the
AT network [20]. Collectively, these results suggest that TI stimulation
did not exacerbate the post-task decrease in resting state miFC; instead,
TI stimulation increased miFC towards that observed in both baseline
resting state miFC and Face-Name task performance. Given that regions
where TI stimulation attenuated task-related reductions in resting state
miFC were concentrated among hippocampal and PMAT regions
involved in task performance, TI stimulation may have enhanced
task-related miFC. The reinforcement of task-related miFC during
resting state aligns with previous stimulation studies of PMAT regions
[25,26].

The effects of TI stimulation on local, but not global, graph network
metrics also suggest that the effects of TI stimulation were concentrated
in task-related circuitry. We found that TI stimulation significantly
changed local graph network metrics capturing the importance of the
anterior hippocampus and PMAT regions. Despite these local changes,
and broad decreases in post-task resting state miFC, we did not see a
difference in global measures of the efficiency of brain function between
runs. This accords with work that showed performance of a semantic
matching task decreased rsfMRI FC among regions in the DMN and PM,
but did not change global efficiency [57].

It is important to consider the extent to which the study design may
have influenced the differences in miFC observed between baseline and
post-task sham. While we attributed differences in miFC between
baseline and post-task sham to the performance of the Face-Name task, it
is also possible that changes in miFC were associated with the elapsed
time between runs, or with the TI stimulation administered during the
task. However, given work showing the stability of resting state FC
[58-60], we believe it is more likely that differences in miFC between
baseline and post-task sham are attributed to task performance rather
than the effect of time.

For example, previous work found no significant difference in the
stability of within-network resting state FC within- and between sessions
(e.g., resting state with eyes open, eyes closed, and eyes open on a fix-
ation cross) in attention, DMN, Somatomotor, or Visual network con-
nectivity [59]. Another study assessing the temporal stability of resting
state FC patterns split edges into the following three groups: stable,
weak, positive connections; unstable, strong, positive connections; un-
stable negative connections [58]. There was an order of magnitude more
edges in the stable-but-weakly connected group vs the other two [58].
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Unstable connections were predominantly observed between regions in
the Visual and Control network [58]. The significant differences in miFC
between baseline and post-task sham were not concentrated between the
Visual and Control network, suggesting results were not strongly influ-
enced by variability in network connectivity over time. Within the
context of these studies and other work showing the stability of resting
state FC between sessions [60], we believe it is more likely that differ-
ences in miFC between baseline and post-task sham are attributed to
performing the Face-Name task rather than the time it took to complete
it.

While it is possible that TI stimulation administered during the task
may have influenced miFC between baseline and post-task sham, it is not
likely. The counterbalanced and interleaved conditions of stimulation
during the task were intentionally structured to reduce the likelihood of
carryover from one block to another, as well as from the task to post-task
resting state. Moreover, during each block stimulation was delivered
during encoding, but not recall, effectively creating a washout period
where the effects of stimulation could dissipate within each block. The
results presented in Ref. [20] suggest the study design effectively
reduced the potential confounds introduced by cumulative stimulation
and carryover. For example, significant modulation of the magnitude of
the BOLD signal by TI stimulation was only apparent during TI 1:3, but
not TI 1:1, conditions [20]. Moreover, the effect of TI 1:3 was limited to
modulating the magnitude of the BOLD signal during the
encoding-related engagement of the anterior hippocampus, with no
significant TI-related changes in the magnitude of the BOLD signal
during the recall portion of the block [20]. Finally, there was no effect of
stimulation on task performance during the fMRI portion of the task,
reducing the likelihood that changes in the BOLD signal were attributed
to non-stimulation factors that improve task performance (e.g., attention
or arousal) [61]. While the results presented here and in Ref. [20] favour
the interpretation that changes in miFC are related to performing the
Face-Name Task, the experimental design precludes definitive separa-
tion of task, time, and stimulation carryover effects for the baseline vs.
post-task sham comparison.

To evaluate whether stimulation-mediated miFC reflects behav-
iourally relevant consolidation processes, future work should assess
whether post-task TI stimulation improves long-term accuracy of Face-
Name task performance. Previous work has shown that periods of
wakeful rest after a memory task improve delayed recall accuracy [9,62,
63]. Additionally, work has shown that enhanced task-relevant FC
through PM network stimulation was positively associated with
improved task performance [25,26]. It is worthwhile to investigate
whether TI stimulation could enhance the consolidation of newly ac-
quired information during resting state, given the potential benefits for
people with impairments in memory (e.g., Alzheimer’s Disease).

In summary, we showed resting state miFC in the hippocampal
PMAT networks was reduced after the performance of an episodic
memory task. TI stimulation of the hippocampus attenuated the post-
task reduction in resting state miFC in the hippocampal PMAT net-
works. While this is in line with work showing stimulation of PMAT
networks enhances memory consolidation processes, future work is
needed to characterise the behavioural effects of TI stimulation.
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