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Theta oscillations are implicated in regulating information flow within cortico-
hippocampal networks to support memory and cognition. However, causal
evidence tying theta oscillations to network communication in humans is
lacking. Here we report experimental findings using a closed-loop, phase-
locking algorithm to apply direct electrical stimulation to neocortical nodes of
the hippocampal network precisely timed to ongoing hippocampal theta
rhythms in human neurosurgical patients. We show that repetitive stimulation
of lateral temporal cortex synchronized to hippocampal theta increases hip-
pocampal theta while it is delivered, suggesting theta entrainment of hippo-
campal neural activity. After stimulation, network connectivity is persistently
increased relative to baseline, as indicated by theta-phase synchrony of hip-
pocampus to neocortex and increased amplitudes of the hippocampal evoked
response to isolated neocortical stimulation. These indicators of network
connectivity are not affected by control stimulation delivered with approxi-
mately the same rhythm but without phase locking to hippocampal theta.
These findings support the causal role of theta oscillations in routing neural
signals across the hippocampal network and suggest phase-synchronized sti-
mulation as a promising method to modulate theta- and hippocampal-
dependent behaviors.

Theta oscillations are hallmark electrophysiological features of the
rodent hippocampus'™ and have been associated with human
hippocampus-dependent memory*. A prominent hypothesis of mem-
ory function proposes that the hippocampus coordinates activity>®
across large-scale distributed networks™®. Inter-regional network
communication is thought to be coordinated by theta dynamics®’,
(although additional mechanisms of inter-regional communication are

possible'?). In rodents, experimental disruption of theta causes mem-
ory deficits", and hippocampal theta is disrupted by neurodegenera-
tive disease and age in transgenic Alzheimer’s disease model animals™.
However, direct evidence linking hippocampal theta to the network
communication thought to support memory in humans is lacking.
Theta-rhythmic direct electrical stimulation (DES) has been used
in efforts to modulate oscillatory dynamics and rescue memory

Department of Neurology, University of Chicago, Chicago, IL, USA. ?Interdepartmental Neuroscience Program, Northwestern University, Feinberg School of
Medicine, Chicago, IL, USA. 3Department of Neurological Surgery, University of Chicago, Chicago, IL, USA. *Department of Neurology, Northwestern
University, Feinberg School of Medicine, Chicago, IL, USA. ®Department of Neurosurgery, Northwestern University, Feinberg School of Medicine, Chicago, IL,
USA. ®Department of Psychiatry, University of Minnesota, Minneapolis, MN, USA. ’Department of Neuroscience, Northwestern University, Feinberg School of
Medicine, Chicago, IL, USA. " e-mail: jkragel@uchicago.edu

Nature Communications | (2025)16:4061 1


http://orcid.org/0000-0002-3240-6203
http://orcid.org/0000-0002-3240-6203
http://orcid.org/0000-0002-3240-6203
http://orcid.org/0000-0002-3240-6203
http://orcid.org/0000-0002-3240-6203
http://orcid.org/0000-0002-8817-7913
http://orcid.org/0000-0002-8817-7913
http://orcid.org/0000-0002-8817-7913
http://orcid.org/0000-0002-8817-7913
http://orcid.org/0000-0002-8817-7913
http://orcid.org/0000-0001-8510-341X
http://orcid.org/0000-0001-8510-341X
http://orcid.org/0000-0001-8510-341X
http://orcid.org/0000-0001-8510-341X
http://orcid.org/0000-0001-8510-341X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59417-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59417-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59417-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59417-7&domain=pdf
mailto:jkragel@uchicago.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59417-7

function in humans”". However, because the effects of stimulation
depend upon the ongoing brain state’?, it has proven difficult to
reliably affect these targets. Within hippocampal circuits, the phase of
ongoing theta rhythms is one such state that determines the outcome
of stimulation. Theta phase modulates both network
communication*** and synaptic plasticity"****, which could mediate
the effects of stimulation on memory®. It may thus be possible to more
effectively modulate hippocampal networks by timing stimulation to
the phase of ongoing theta rhythms.

However, how theta-synchronized DES affects hippocampal net-
works remains unclear. One possibility is that stimulation timed to
theta will entrain the network at theta frequencies®, yielding plasticity
that increases theta synchrony between the hippocampus and other
network locations. To test this prediction, we used closed-loop control
to precisely time stimulation of the lateral temporal cortex (LTC) to
hippocampal theta oscillations recorded in real time. The logic of this
closed-loop implementation is that endogenous theta rhythms can be
“nudged” in desired directions by appropriately timed stimulation®, in
contrast to previous approaches that attempt to impose an exogenous
theta rhythm via theta-rhythmic stimulation®. Stimulated regions of
LTC were selected based on their connectivity with hippocampus, such
that stimulation would be expected to trans-synaptically influence
hippocampal activity and affect network communication®,

We reasoned that repetitive theta-synchronized stimulation
would have both immediate and persistent effects on network func-
tion. We predicted that theta-synchronized stimulation would entrain
the network, as indicated by immediate increases in hippocampal
theta. We also predicted that a prolonged period of repetitive theta-
synchronized stimulation would lead to plasticity in network syn-
chrony, producing changes in network connectivity that persist
beyond the period of stimulation. We tested these predictions relative
to control stimulation applied to comparable locations and para-
meters, but that was not phase locked to hippocampal theta. We used
two complementary measures of connectivity, stimulation-evoked
potentials (SEPs, also referred to as cortico-cortical evoked potentials,
e.g., ref. 34) and phase-alignment of spontaneous activity, to test for
converging evidence for changes to the network. This experiment thus
directly evaluated the role of hippocampal theta in supporting net-
work communication thought to underlie memory in humans.

Results

Theta-synchronized DES of hippocampal networks

As is the case for stimulation of many nodes of the hippocampal
network®, DES of the LTC evokes potentials in the hippocampus?,
reflecting effective connectivity of LTC with hippocampus®?. In
addition, the phase of ongoing theta oscillations determines the
strength of the evoked response in the hippocampus to LTC
stimulation®, indicating optimal theta phases for the propagation of
signals from LTC to hippocampus. Repetitive stimulation paradigms
designed to modulate network function should be more effective
when stimulation is delivered in a phase-dependent manner®**°. We
therefore developed a closed-loop paradigm to causally test whether
theta oscillations control the effects of DES across hippocampal net-
works (Fig. 1A). We assessed changes in network physiology, including
hippocampal responses to single-pulse electrical stimulation (SPES),
while participants comfortably rested (Fig. 1B). We used SPES to
quantify changes in direct connectivity***° and excitability*-** within
the network by measuring the amplitude of early (within 50 ms)
evoked potentials following stimulation. We also examined the
amplitude of later (up to 250 ms following stimulation) evoked
potentials thought to reflect multi-node propagation across networks,
such as seen when following signals from the hippocampus and
anterior thalamus to the cingulate cortex®. Finally, we examined
whether changes in effective connectivity were predicted by the
magnitude and synchrony of theta oscillations, as predicted by the

communication-through-coherence hypothesis®**. This paradigm

allowed us to measure immediate changes in the network during the
repetitive stimulation period itself and persistent changes in the net-
work in the minutes after repetitive stimulation (Post) by comparisons
to the pre-stimulation baseline (Pre).

Theta bursts were prevalent throughout hippocampal sites in the
moments leading up to our stimulation protocol (Fig. 1C), providing a
real-time signal to phase synchronize stimulation®. We delivered a
total of 3448 stimulation pulses to four participants during theta-
synchronized (TS) stimulation, and 5302 stimulation pulses to five
participants during phase-blind (PB) control stimulation (two partici-
pants were stimulated in both conditions). Figure 1D depicts the
stimulation-locked LFP in an example participant, revealing consistent
delivery at the trough of hippocampal theta in the TS but not the PB
condition. TS stimulation occurred near the theta trough in each
participant, as intended (Fig. 1E, Table S2). Comparing phase-locking of
stimulation to hippocampal theta (Fig. 1F) revealed significantly
greater phase-locking in the TS compared to the PB condition
(F7s=0.61(+£0.03), rpz=0.02(£0.01), F(1, 2.6) =469.6, p<0.001), as
expected. This paradigm thus afforded us the opportunity to assess
how repetitive theta-synchronized stimulation modulates cortico-
hippocampal network activity.

Enhancement of theta oscillations and connectivity during
theta-synchronized stimulation

We characterized the immediate impact of TS stimulation on hippo-
campal theta during the 30-minute period when TS stimulation was
delivered repetitively, relative to the period of repetitive PB stimula-
tion. Although TS stimulation was delivered far slower than the theta
rhythm (at less than one pulse per second), we reasoned that TS sti-
mulation would enhance hippocampal network theta oscillations via
entrainment because of its phase synchronization to hippocampal
theta®*°. To test this, we examined changes in hippocampal theta
over the course of the TS or PB repetitive stimulation periods.
We separated stimulation-evoked activity from endogenous oscilla-
tory activity using generalized eigenvalue decomposition*®*” (see
Methods and Fig. S4). This approach led to the removal of stimulation-
evoked activity, as evident by reduced SEP peak-to-peak amplitude
(F(1, 5.26)=5.3, p=0.03). A related caveat is that this approach will
remove stimulation-locked theta oscillations (see Fig. S4C for exam-
ples). Remaining theta bouts observed in the inter-stimulus interval
must occur at random times relative to stimulation. As such, these
analyses may underestimate the overall effects of stimulation on theta.
After removing sources related to stimulation artifact and stimulus-
locked neural responses, we asked whether theta power and syn-
chrony (measured using the phase lag index (PLI)*) increased
throughout the repetitive stimulation period. We also asked whether
changes in network plasticity occurred over the course of repetitive
stimulation, measured by changes in SEP magnitude with additional
stimulation pulses.

Figure 2A shows correlations between hippocampal power and
time within the repetitive stimulation period for a representative
participant, time-locked to the onset of each stimulation pulse. We
observed a sustained cluster of activity throughout the theta band
wherein power increased with consecutive TS stimulation pulses
(r=0.08, p<0.001, permutation test, family-wise error rate (FWE)
corrected). PB stimulation in the same participant showed the oppo-
site effect (Fig. 2A, bottom) wherein theta power decreased with
additional stimulation (r=-0.07, p=0.002, permutation test, FWE
corrected).

We next assessed whether these relative power increases during
TS stimulation were consistent across individuals (Fig. 2C). After nor-
malizing theta power to the beginning of the repetitive stimulation
period, we found hippocampal theta oscillations increased in ampli-
tude over the course of TS stimulation (¢(3) =3.8, p=0.03, g=1.9, 95%
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Fig. 1| Closed-loop stimulation of the hippocampal network. A Stimulation was
delivered to network nodes in the lateral temporal cortex (LTC) while theta phase
was recorded in real-time from the hippocampus (HPC). B For theta-synchronized
stimulation (TS), LTC stimulation pulses separated by greater than 1000 ms were
phase-synchronized to the trough of hippocampal theta using closed-loop control.
Phase-blind stimulation (PB) of LTC was delivered at approximately the same rate
but without phase synchronization to hippocampal theta. Network connectivity
was measured Pre and Post 30 minutes of repetitive TS or PB stimulation.

C Hippocampal power spectraincluded theta oscillations (6, 4-10 Hz, gray shading)
present in individual participants (gray lines) and across the group (black line)
during pre-stimulation rest. D Example session (participant 2) illustrating the
average theta-filtered hippocampal local field potential (LFP) just prior to TS
(1007 stimulation events, red trace) and PB stimulation (1142 stimulation events,
blue trace). Unfiltered traces are shown in gray. The trough at the time of TS

stimulation (¢= 0, dashed line) shows the efficacy of the closed-loop algorithm.

E The hippocampal theta phase at the time of LTC stimulation during TS

(3448 stimulation events from four participants, top histogram in red) and PB
stimulation (5302 stimulation events from five participants, bottom histogram in
blue). Black lines denote the mean vector of all phases on the unit circle, with TS
stimulation occurring during the theta trough (). F Average theta phase con-
sistency (r) for each participant during TS (red dots) and PB stimulation (blue dots).
Error bars denote + SEM estimated from a bootstrap procedure. Significant dif-
ferences in the phase consistency of TS and PB stimulation are denoted for parti-
cipants 3 (n = 2149 stimulation events, U? = 7.0, p < 0.001, Watson’s two-sample test,
one tailed) and 4 (n=1112 stimulation events, {”=3.0, p < 0.001, Watson's two-
sample test, one tailed) by asterisks (***). Source data are provided as a Source
Data file.

CI=[0.13, 0.6]) but not PB stimulation (¢(4)=-1.1, p=0.32, g=-0.5,

95% Cl=[1.4, 10.2]). Theta power increased significantly during
TS versus PB stimulation (F(1, 4.83)=12.7, p=0.017). Exploratory
analyses examining the frequency specificity of these effects highlight
their presence only in the theta band (Fig. SIA, B). These findings
indicate that TS stimulation of LTC caused hippocampal theta
entrainment.

We also asked if endogenous theta synchrony between hippo-
campus and LTC increased throughout the course of TS as compared
to PB stimulation. Theta synchrony at 6 Hz (selected based on the
interaction effect for power, see Fig. Sl) increased during TS

stimulation (¢(3) =11.4, p = 0.001, g = 5.7, 95% CI = [1.4, 10.2]) but not PB
stimulation (¢(4) =-0.50, p=0.64, g=-0.2, 95% CI=[-1.1, 0.7]). This
apparent difference between stimulation conditions was statistically
significant (F(1, 7.32) =13.7, p=0.007), providing additional evidence
that TS stimulation caused theta entrainment of the cortico-
hippocampal network.

If TS stimulation increased network plasticity during the repetitive
stimulation period, we would also predict increases in effective con-
nectivity between the LTC and hippocampus throughout this period.
To test this prediction, we examined changes in both early
(15-50 msec) and late (50-250 msec) SEP amplitude (Fig. 3A, B). Early
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Fig. 2 | Theta-synchronized stimulation increases hippocampal theta.

A Changes in endogenous theta over the course of repetitive theta-synchronized
(TS) in a representative participant. Endogenous theta-band power was computed
for the peri-stimulation interval using generalized eigenvalue decomposition to
remove stimulation-evoked responses. Endogenous theta power significantly
increased over the course of repetitive TS stimulation pulses (p <0.05, FWE cor-
rected, permutation test). Time-frequency pairs with non-significant changes are
transparency masked. The vertical dashed line indicates the onset of stimulation.
The scatter plot below depicts a significant example from this session

(n=1007 stimulation events, Pearson’s r=0.10, p = 0.001, two-tailed), with each
point denoting an individual TS stimulation event. B Decreases in endogenous
theta power over the course of repetitive phase-blind (PB) stimulation. The

Stimulation Pulse (% of Total)

04r
0.3 *kk
~
L]
[ ]
02
[ ]
<
> 01}
>
o °
5}
H
o
o
S
201}
'_
<
-0.2 +
-0.3 | °
0.4 . . . . . . . . . L
i 2 3 4 5 6 7 8 9 10 TSPB

Time Bin (decile) Stimulation Type
participant and plotting convention both follow (A), with an example significant
effect shown below (n =1142 stimulation events, Pearson’s r=-0.08, p=0.008,
two-tailed). C Group mean changes in theta throughout the repetitive stimulation
period (+SEM in shaded regions) for TS and PB stimulation. Stimulation pulses were
grouped into deciles to account for variability in the number of pulses across
subjects (TS stimulation: 40-85 pulses per decile, mean = 58 pulses, PB stimulation:
49-117 pulses per decile, mean =77 pulses). Endogenous theta power was nor-
malized to the first decile. Endogenous theta power increased during TS versus PB
stimulation (n =7 participants, linear mixed-effects model = 0.08, 95% Cl =
[0.02, 0.14], F(1, 6.8) = 6.4, p=0.04, ***). Source data are provided as a Source
Data file.

SEP amplitude did not change during TS stimulation (¢(3)=0.8, p=
0.48, g=0.4, 95% Cl=[-0.7, 1.4]), or PB stimulation (t(4)=0.40, p=
0.71, g=0.2, 95% Cl =[-0.7, 1.1]), with no evident differences between
the two types of stimulation (F(1, 42.63) = 0.10, p = 0.75). Although we
did not observe differences in late SEP amplitude compared to the first
decile of TS (¢(3)=1.0, p=0.38, g=0.52, 95% Cl=[-0.6, 1.5]) or PB
(t(4=-2.56, p=0.06, g=-114, 95% CI=[-2.3, 0.1]) stimulation
(Fig. 3C), late SEP amplitudes increased for TS relative to PB stimula-
tion (F1, 4.90)=17.81, p=0.009). TS stimulation thus caused
immediate increases in both theta and effective connectivity in the
hippocampal network, relative to PB control. Taken together, these
findings support the hypothesis that repetitive TS stimulation
increased network plasticity, potentially leading to persistent changes
in connectivity.

Persistent increases in cortico-hippocampal network con-
nectivity following theta-synchronized stimulation

>We next tested whether TS stimulation persistently affected cortico-
hippocampal network connectivity. As described above, SPES to
the LTC generated SEPs in the hippocampus (Fig. 4A). Like the SEPs
collected during repetitive stimulation, SEP waveforms displayed
multiphasic responses with an early positivity (P1) peaking at
30 (+0.2) ms, followed by an early negative component (N1) peaking at
131 (#1.1) ms, and a later positive component (P2) peaking at 159
(£5.5) ms following stimulation. SEP waveforms were more variable
following PB stimulation, and did not demonstrate the prominent
increases in late-waveform amplitude following repetitive stimulation

(Fig. 4B). We compared the effects of TS and PB stimulation on both of
these components. As shown in Fig. 4C, we observed an increase in SEP
amplitude following stimulation for the late (F(1, 60.70)=5.77,
p=0.02) but not early waveform components (F(1, 705.58) =0.13,
p=0.72) relative to PB control. These effects could not be attributed to
between-condition differences prior to repetitive stimulation (see
Fig. S3), as we found no evidence for an effect of stimulation condition
(F(1, 3.1)=3.3, p=0.16) or an interaction between stimulation condi-
tion and waveform timing (early, late; F(1, 3.7)=6.0, p=0.08). The
observed differences in late SEP amplitude implicate indirect rather
than direct connections driving the hippocampal response to
stimulation®’.

We additionally assessed the effects of stimulation on network
connectivity by measuring changes in theta synchrony between LTC
and hippocampus during rest periods immediately prior to (Pre) and
following (Post) the 30 min period of repetitive TS or PB stimulation.
Given prominent theta oscillations centered at 5Hz (Fig. 1C), we
expected changes in synchrony would occur at this peak frequency. As
shown in Fig. 4D, connectivity between these hippocampal network
nodes increased following TS to a greater extent than following PB
stimulation (time x stimulation interaction, F(1, 11.55) =5.82, p = 0.03).
We did not observe significant main effects of time (pre vs. post,
F(1, 6.4)=149, p=0.26) or stimulation condition (TS vs. PB,
F(1, 6.68)=0.02, p=0.88) on network coherence. This specific
increase to connectivity following TS stimulation suggests phase-
dependent stimulation may be a more effective means to modulate
hippocampal networks.
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Given our interest in testing the communication-through-
coherence hypothesis®** and that our findings are potentially impac-
ted by our choice of synchronization measure, we repeated the
aforementioned analyses using the classic magnitude-squared
coherence*’. There were no significant main effects of condition (all
p>0.25) or time x stimulation interaction (all p >0.40) on coherence
within the theta range. However, it is well known that coherence is
susceptible to the effects of volume conduction because it is sensitive
to zero-lag synchronization. It is therefore common to also consider
the imaginary part of coherence, which discounts zero-lag synchroni-
zation and is therefore not sensitive to volume conduction®. The
effects on PLI reported above were replicated when measuring neural
synchronization using the imaginary part of coherence. We found a
greater increase in the imaginary part of coherence for TS relative to
PB stimulation (F(1, 11.58) =10.38, p = 0.008), with no significant main
effects of time (pre vs. post, F(1, 3.71) =5.01, p=0.09) or stimulation
condition (TS vs. PB, F(1,3.12) = 0.70, p = 0.46). As such, our findings of
enhanced connectivity are not due to a specific measure of neuronal
synchronization. However, the presence of zero-lag synchronization
(potentially due to volume conduction or reference activity) likely
obscured these effects when using magnitude-squared coherence.

Numerous additional processes could contribute to greater con-
nectivity following theta-synchronized stimulation. With regards to
increased effective connectivity (measured by SEPs in the hippo-
campus), the excitation—-inhibition (E-I) balance in the hippocampus
could have shifted towards a more excitable regime following
network-targeted stimulation, resulting in greater early amplitudes of
evoked potentials**. Similarly, stimulation could increase the pre-
valence or amplitude of theta oscillations across the hippocampal
network (i.e., in both LTC and hippocampus), leading to greater net-
work coherence. To test these alternative accounts, we fitted hippo-
campal power spectra as a combination of periodic (i.e., putative
oscillations) and aperiodic components®, and then asked whether
stimulation influenced theta oscillations and E-I balance within the
network.

We observed roughly equivalent theta oscillations before versus
after the TS and PB conditions in hippocampus and LTC (Fig. S2A).
There was no evidence that stimulation generally affected theta
oscillations (F(1, 10.6)=0.8, p=0.40) or caused condition-specific
effects on theta (F(1, 7.6) = 1.7, p = 0.23) in the hippocampus or LTC at
this timescale. E-I balance, approximated by the slope of the power
spectrum®, was similarly unaffected by stimulation (Fig. S2A, B). We
found no evidence for an effect of stimulation (F(1, 4.1) = 0.6, p = 0.49)
or a difference between theta-synchronized and control stimulation
(F(1, 3.5)=1.6, p=0.28). As was the case with hippocampal activity,
stimulation had no apparent effect on this metric of E-I balance in LTC
(Fig. S2C, D; see Table S2 for details). These findings suggest TS sti-
mulation caused persistent changes in network connectivity rather
than affecting local activity states in the sites of direct LTC or indirect
(hippocampus) stimulation.

Discussion

To test whether theta oscillations modulate cortico-hippocampal
network connectivity, we applied theta-synchronized stimulation to
regions of LTC located within the hippocampal network and examined
the impact on neuronal activity and network coupling as compared to
a phase-blind control condition. Theta-synchronized stimulation
enhanced hippocampal theta oscillations, late SEP waveform ampli-
tude in hippocampus, and theta synchrony between hippocampus
and LTC throughout the period when it was applied. This enhanced
network connectivity persisted for minutes following stimulation.
Multiple measures of excitability did not show such immediate
or lasting effects. Early SEP waveform amplitude increased following
TS stimulation, but did not differ from control stimulation. These
findings demonstrate that the timing of ongoing theta oscillations
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Fig. 3 | Theta-synchronized stimulation increases hippocampal network con-
nectivity. A Changes in stimulation-evoked potential (SEP) amplitude over the
course of theta-synchronized (TS) and phase-blind (PB) stimulation periods.
Representative data are from the same participant shown in Fig. 2A. Left, SEPs
averaged over each decile of TS stimulation pulses (10% of the total number of
pulses per decile, color intensity increases with time). Right, late (50-250 msec)
peak-to-peak SEP amplitude remained relatively stable (n =400 stimulation events,
Pearson’s r=0.05, p = 0.30, two-tailed) during TS stimulation (error bars denote
+ SEM). B Changes in SEP amplitude from the same participant decreased during PB
stimulation across deciles. Plotting convention follows (A), with a non-significant
decrease in amplitude over time (n =490 stimulation events, Pearson’s

r=-0.09, p=0.05, two-tailed). C Group mean changes in theta throughout the
repetitive stimulation period (+SEM in shaded regions) for TS and PB stimulation.
Stimulation pulses were grouped into deciles to account for variability in the
number of pulses across subjects (see Fig. 2 for details). Changes in SEP amplitude
were normalized to the first decile. Left, early (15-50 msec) peak-to-peak SEP
amplitude did not vary across TS or PB stimulation across the group. Right, late
peak-to-peak SEP amplitude increased for TS stimulation vs. PB control (n=7
participants, linear mixed-effect model $=18.6, 95% CI=[9.8, 27.3],

F(1, 4.9)=17.8, p=0.009, **). Source data are provided as a Source Data file.

determines the ultimate impact of stimulation on network physiology,
providing a pathway to affect cognitive functions that depend on
hippocampal theta.

We provide evidence that theta oscillations can impact commu-
nication between brain regions. The communication through coher-
ence theory of inter-regional communication proposes that
communication between brain regions is enhanced when synaptic
inputs from distant regions arrive at the excitable phase of a neuronal
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increased SEP amplitude compared to PB stimulation (n =7 participants, linear
mixed-effects model g =10.3, 95% CI=[1.9, 18.7], F(1, 60.7) =5.8, p=0.02, *).

Frequency (Hz)

D Mean phase lag index (PLI) before (Pre) and after (Post) TS stimulation. Sig-
nificant increases following TS stimulation are denoted by asterisks (n =7 partici-
pants, linear mixed-effects model 8= 0.01, 95% CI=[0.003, 0.03],

F(1,11.5)=5.8, p=0.03, *). E Mean PLI before (Pre) and after (Post) shows no
observable effect of PB stimulation. A-E Black lines denote Pre, red lines denote
Post TS stimulation, and blue lines denote Post PB stimulation. Shaded regions and
error bars denote +SEM. Source data are provided as a Source Data file.

population’. Multiple mechanisms can modulate communication
between connected regions, including oscillatory shifts that phase-
align oscillations to optimal delays or shifts in the synchrony between
brain regions without a phase shift**. Observational studies of hippo-
campal dynamics in primates are broadly consistent with synchrony
supporting inter-regional communication. For example, increased
synchrony between the hippocampus and MTL cortex®, perirhinal
cortex>*, and retrosplenial complex® is associated with distinct mem-
ory processes.

However, such correlational studies do not imply a causal
mechanism. Alternative theories can equally account for these find-
ings, including coherence through communication'® which describes
coherence as epiphenomenal to signal transmission between brain
regions. Rather, synchrony between regions results from oscillatory
inputs to and local interactions within a region. Both the strength
of synaptic coupling and oscillatory power in the sending region
have profound impacts on coherence®. Our findings are incompatible
with this theory, as enhanced hippocampal network synchrony
increased without concomitant changes in theta power in LTC.
Our findings are also broadly incompatible with communication
through resonance”, in which resonant properties of the receiving
region (i.e., the hippocampus in our protocol) produce coherent
activity even in the absence of oscillatory inputs, as we observed no
lasting change in hippocampal theta. Rather than the phase of inputs,

the amount of energy at the resonant peaks determines the strength of
coherence. Our findings of strengthened connectivity but equivocal
aperiodic and theta power following theta-synchronized stimulation
are inconsistent with this mechanism. Our findings instead support a
process by which theta-synchronized stimulation led to entrainment
of the hippocampal network, leading to lasting, enhanced network
connectivity reflected in modulations of oscillatory synchrony and
enhanced SEPs.

Our findings have two primary advantages that overcome the
limitations of previous work that examined synchrony in hippocampal
networks®**. First, we demonstrate both causal (SEP) and correlational
(synchrony) changes in hippocampal network connectivity, ruling out
the possibility that changes in network connectivity are epiphenom-
inal. Second, we demonstrate changes in connectivity across the hip-
pocampal network in the absence of a cognitive task. Although some
may consider this a disadvantage in understanding how stimulation
could affect memory function, interpreting the effects of stimulation
on the brain during ongoing behavior has inferential limitations. That
is, it can be difficult to disambiguate the effects of stimulation
itself from the downstream effects on behavior-related activity. Future
studies should examine whether theta-synchronized stimulation can
directly impact ongoing memory function. Evidence from animal
models shows that closed-loop stimulation to modulate fronto-
hippocampal circuits impacts memory behavior®. However, it
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remains to be seen whether phase-specific modulation can affect
specific hippocampal-dependent behaviors.

This study highlights the importance of the LTC in its capacity to
modulate hippocampal networks. In contrast to direct stimulation of
the hippocampus and entorhinal cortex that has been shown to impair
memory function®° (but see refs. 61,62), noninvasive stimulation of
network nodes in the lateral parietal cortex*>*® and DES of network
nodes in the LTC*** have improved memory. Our findings suggest that
the effects of LTC stimulation in the hippocampus are the result of
network-based interactions, consistent with previous studies showing
that the effects of DES are determined by large-scale brain
networks®**¢, Advances in precision mapping of mesial-temporal
networks have identified sites in the LTC that belong to an entorhinal
network®, suggesting a specific pathway to influence the hippocampus.

Our findings suggest that phase-synchronized stimulation
may have a greater impact on network communication than on
individual network nodes. Whereas evoked potentials in the hip-
pocampus were enhanced by TS stimulation, readouts of cortical
excitability (1/f exponent, low-frequency desynchronization, and
early SEP amplitude) showed no apparent effects specific to TS
stimulation. Measuring the amplitude or slope of the evoked
response to electrical stimulation is widely held as a measure-
ment of cortical excitability®”*®, including noninvasive applica-
tions in measuring motor-evoked potentials or potentials in scalp
EEG following noninvasive transcranial magnetic stimulation®.
Although TS stimulation increased the amplitude of early SEP
responses, this effect was not convincingly different from control
stimulation. We believe that variability in stimulation sites could
contribute to this null finding, as control stimulation occurred
more frequently in the posterior portions of LTC with less direct
hippocampal connectivity’®. Future studies that target direct
hippocampal inputs in combination with single-unit recordings to
assess changes in excitability could help clarify the effect of TS
stimulation on excitability. Despite no evidence for changes in
excitability, our findings of network-based effects converge with
recent studies that show oscillations control network plasticity
and inter-regional communication®’, with network dynamics
controlling signal transmission”.

A focus of many approaches to brain stimulation is to deliver
exogenous stimulation using rhythmic patterns that mimic the endo-
genous brain rhythms®. Thus, prominent approaches to affect mem-
ory circuits have involved theta frequency stimulation®’>”* or theta-
burst stimulation in which bursts of high frequency stimulation are
nested within the theta rhythm™'*'¢7*75 as theta and theta-nested
gamma are endogenous to the hippocampus. Although theta
enhancement has been demonstrated using these approaches'®*, sti-
mulation has been limited to medial temporal lobe structures and
proximal white matter (but see ref. 75). Our findings suggest effec-
tiveness of a more nuanced approach to network-targeted stimulation.
We demonstrate that closed-loop phase synchronization, which tunes
into endogenous network oscillations, significantly yields entrainment.
This method contrasts with the traditional approach of imposing an
external rhythmic pattern and instead enhances intrinsic rhythmicity,
offering new insights into the mechanisms of brain stimulation and its
potential therapeutic applications.

Our study has several limitations. Theta-synchronized stimulation
was restricted to the theta trough due to practical constraints. Our
decision to stimulate at theta trough was motivated by findings of
network plasticity during the trough (depolarizing phase) of
oscillations®® and greater evoked potentials in the hippocampus when
LTC stimulation is delivered at theta trough®. Future studies will be
necessary to determine whether there are optimal phases to affect
connectivity of hippocampal networks and whether these phases vary
across anatomical regions and memory processes (i.e., during encod-
ing versus retrieval’®”). In addition, our study was limited to a rather

small sample of neurosurgical patients. As a result, we were only able
to study a restricted set of nodes within the cortico-hippocampal
network. Another limitation is the fact that our study was conducted in
patients with epilepsy, raising the possibility that our findings may not
generalize to the healthy brain. We took a number of steps to limit
related concerns. Both stimulation sites in the LTC and phase-
determining sites in the hippocampus were outside the seizure-onset
zone. Stimulation amplitudes were selected to avoid epileptiform
discharges, which were also excluded from analysis when they spon-
taneously occurred.

To conclude, we show that theta-synchronized stimulation
entrains the human cortico-hippocampal network, producing lasting
increases in network connectivity. Enhanced network coupling per-
sisted in the absence of increased hippocampal inputs from the LTC,
lasting changes in theta power, or modulations in the balance of
excitation and inhibition across the network. These findings show that
theta phase modulates connectivity across hippocampal networks,
supporting theories in which oscillations play a causal role in inter-
regional communication. Stimulation synchronized to the theta
rhythm thus provides an effective means to modulate hippocampal
network function.

Methods

Participants

Seven patients (two females) undergoing intracranial electro-
encephalographic recordings to monitor for seizures were recruited to
participate in the study. A subset of data from four participants was
included in an earlier publication examining the effects of theta phase
on evoked potentials in the hippocampus®, but the effects of phase-
locked stimulation were not previously analyzed. Data from the
remaining patients have not been published, and all of the reported
analyses examining the effects of theta-synchronized stimulation are
novel. Data were collected at Northwestern Memorial Hospital (Chi-
cago, IL) and the University of Chicago Medical Center (Chicago, IL).
The research protocol was approved by the Institutional Review
Boards of the University of Chicago and Northwestern University, and
informed consent was given by each participant.

iEEG recordings

Stereotactic EEG electrodes (contacts spaced 5-10 mm apart, AD-
TECH Medical Instrument Co., Racine, WI) and subdural grids and/or
strips (contacts spaced 10 mm apart) targeted brain structures to
localize epileptogenic tissue and provided additional coverage in
hippocampus and LTC outside seizure networks. Electrophysiological
signals were recorded using the Neuralynx ATLAS recording system
(Bozeman, MT), at a sampling rate of 30 kHz using a clinical reference
and ground consisting of either scalp electrodes or an implanted
electrode strip facing the scalp. Prior to analysis, recorded signals were
bandpass-filtered from 0.1 to 1kHz and resampled to 500 Hz. Line
noise and harmonics were removed with a discrete Fourier transform
filter. To exclude inter-ictal epileptiform discharges and other noise
sources, epochs were excluded on a per-analysis basis using an abso-
lute amplitude threshold of 500 puV, a kurtosis threshold of five, and a
normalized amplitude threshold of five standard deviations.

Electrode localization

Postimplant computed tomography (CT) images were coregistered to
pre-surgical T1-weighted structural MRIs using SPM127%, T1-weighted
MRI scans were normalized to MNI (Montreal Neurological Institute)
space by using a combination of affine and nonlinear registration
steps, bias correction, and segmentation into gray matter, white mat-
ter, and cerebrospinal fluid components”. Deformations from the
normalization procedure were applied to individual electrode loca-
tions identified on postimplant CT images using Bioimage Suite®’. For
subdural grids and strips, electrode locations were snapped to the
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cortical surface using an energy minimization algorithm to account for
brain shifts®".

Stimulation protocol

At the start of each session, we determined the safe amplitude for
stimulation using a mapping procedure in which 10 single pulses of
stimulation were applied at 1 mA at 0.5 Hz, while a neurologist mon-
itored for afterdischarges. This procedure was repeated, incrementing
the amplitude in steps of 1 mA, up to a maximum of 5 mA (well below
accepted safety limits for charge density®?). When multiple sites in LTC
were available for stimulation, the site that produced the largest
magnitude SEP in the hippocampal electrode used for phase-locking
over 20 single pulses, applied at 0.5Hz, was selected as the site of
stimulation. Sites were selected via visual inspection or online aver-
aging of hippocampal traces. Phase-locking sites in hippocampus were
selected based on visual observation of theta in continuous EEG prior
to each session. Stimulation was tolerated well by all seven partici-
pants, none of whom showed afterdischarges following initial 5 mA
stimulation. Of note, stimulation sites were selected following clinical
mapping and determination of the seizure-onset zone, and these
regions were excluded as stimulation sites.

For each stimulation session, we passed electrical current through
a single pair of adjacent electrode contacts in LTC. Stimulation was
delivered using charge-balanced biphasic rectangular pulses (pulse
width =300 ps, inter-pulse interval =53 ps) at an amplitude of 5mA.
Stimulation waveforms were generated using either a Grass Instru-
ments S88 (with constant current units and stimulus isolators) or a
CereStim R96 (Blackrock Microsystems) delivering stimulation in true
bipolar mode (i.e., with one channel in the bipolar pair linked to the
stimulator ground).

During each session, subjects rested quietly and did not perform
any task. Each session consisted of a 30-minute repetitive stimulation
period (either theta-synchronized or phase-blind stimulation), pre-
ceded and followed by a two-minute stimulation-based network
mapping protocol (SPES at 0.5Hz) and a five-minute rest period
(Fig. 1B). During the theta-synchronized condition, stimulation was
timed to coincide with the trough of hippocampal theta oscillations
using closed-loop control. Using TORTE within Open Ephys*® on a
control PC, continuous neural data streamed from the Neuralynx
ATLAS were causally filtered through a 2nd-order Butterworth filter
(4-10 Hz) and downsampled to 500 Hz. Assuming frequency statio-
narity over the short buffer, a 20th-order autoregressive model then
predicted the upcoming theta-band signal. A Hilbert transformer then
computed the analytic signal for observed and predicted data seg-
ments, allowing a learning algorithm to optimize the timing of stimu-
lation based on round-trip latency of the system®. Similar routines
were applied offline in MATLAB (r2023a, Natick, MA) to evaluate the
accuracy of the system.

During theta-synchronized stimulation, the learning algorithm
determined a phase-lag to reliably time stimulation to the trough of
hippocampal theta. An additional constraint was set such that two
consecutive stimulation events were separated by at least one second,
preventing stimulation artifact or evoked responses from affecting
phase estimation. Our control condition consisted of phase-blind sti-
mulation at 1Hz, timed to match the minimum delay between con-
secutive stimulation events. Stimulation events were logged via analog
TTL pulses delivered at the onset of stimulation.

Stimulation-based connectivity estimation

To evaluate effective connectivity between the LTC and the hippo-
campus, we recorded evoked potentials following SPES delivered to
the LTC. SPES involved delivering single pulses (with parameters
described as above) and measuring the SEPs across all recorded sites,
with particular focus on recording sites within the hippocampus. SPES
provides insights into the strength and direction of connections

between stimulated and recorded sites”. Following successful
approaches to map hippocampal connectivity in this way****%*, we
examined the amplitude of early evoked waveforms thought to reflect
direct connections between stimulated and measured areas**. To
account for multiphasic waveforms, we computed peak-to-peak
amplitude during early waveform components from 15-50 ms after
stimulation. In addition, we measured late-going waveform compo-
nents by computing the peak-to-peak amplitude from 50-250 msec
after stimulation. To account for low-frequency drifts, SEPs were cor-
rected to a baseline period (=50 to —10 msec relative to stimula-
tion onset).

Synchrony-based connectivity estimation

To estimate functional connectivity between the LTC and hippo-
campus during rest, we used the PLI. PLI is sensitive to detect changes
in phase synchronization while discounting the influence of common
sources, volume conduction, and active reference electrodes*®. We
selected PLI to measure neuronal synchronization because, unlike
measures such as coherence that reflect both amplitude covariation
and phase alignment®, PLI only measures phase alignment between
two signals. As such, PLI will discount amplitude covariation during
transient, high-amplitude signals containing energy in the theta fre-
quency range (e.g., epileptiform activity). PLI is defined as:

PLI=|<sign[Ag(t, )] > |, @

where 4¢(¢,) represents the phase difference between two channels
(x, ) at time ¢, which was computed via Morlet wavelet decomposition
(cycle number=6). Five-minute rest periods were epoched into
multiple 8-s trials duration, with 80% of overlap across consecutive
trials. We also compared this measure of neural synchronization to the
magnitude-squared coherence® and the imaginary part of coherence,
which has better properties for dealing with volume conduction®. For
these measures, epochs were increased to 10 seconds in duration, with
90% overlap over consecutive trials. The coherence between two
signals x(¢) and y(¢) is defined as:

2
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@

where S, is the cross-spectral density, and Sy and S, are the power
spectral densities of the two signals. Following the same notation, the
imaginary (Im) part of coherence is defined as:

Im(S,,)

/55, ©)

Im(C,yy) =

Stimulation-evoked changes in theta power

In order to examine the immediate effects of closed-loop stimulation
on theta oscillations, we used generalized eigenvalue decomposition
(GED) as a source separation technique to remove artifactual and other
signals time-locked to the onset of stimulation’. In brief, we used GED
to optimize a spatial filter (i.e., a set of linear weights across recording
channels) to maximize a contrast between SEPs and other signals time-
locked to stimulation and endogenous or induced (phase random)
activity. We considered data from 50 ms prior to 800 ms after repeti-
tive stimulation events (i.e., phase-blind stimulation or theta-
synchronized stimulation) and computed a spatial filter (w) that
maximized A to extract stimulation-locked features of the signal:

_W'Sw @)
" W Rw’
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where S is the covariance matrix computed from the trial-averaged
response to stimulation and R is the mean of the single-trial covariance
matrices®®®. Any source that explained at least (1%) of the trial-
averaged response was filtered from the EEG timeseries. Theta activity
in the cleaned EEG timeseries was computed using Morlet wavelet
decomposition and baselined to the first 10% of stimulation events
during the repetitive stimulation period.

Power spectrum parameterization
To test whether the theta-synchroinzed stimulation affected either the
balance of excitation to inhibition or the magnitude of theta oscilla-
tions, we modeled the aperiodic and putative oscillatory (i.e., periodic)
components of the power spectra. Following prior work>"*¢, we fitted
the aperodic component (A) using a Lorentzian function:
A=b — log(k+F%), 5)
where b is the broadband offset, a is the exponential decay, and k is the
‘knee’ parameter that reflects the speed of neuronal timescales®. We
fitted these parameters to data from rest epochs before and after the
30-minute repetitive stimulation periods, examining frequencies
ranging from 2 to 40 Hz. The fitting procedure was robust to periodic
signals present in the data as it excluded frequencies where the original
spectra exceeded a power threshold (2.5 log(uV?)) from an initial
aperiodic fit. We used the a parameter as an index of the excitation-to-
index ratio** and the average power in the theta band (4-9 Hz) after
subtracting out the aperiodic component of the signal.

Linear mixed-effects models
For statistical analysis, we used linear mixed-effects models to account
for subject-level variability as well as variation related to closed-loop
stimulation. Our primary analyses examined the effects of stimulation
type (theta synchronized vs. phase blind) on connectivity of the hip-
pocampal network over time (pre vs. post). Separate models were
fitted for measures of effective connectivity (to SEP amplitude) and
coherence (to PLI). The full model was specified in MATLAB as:
conn ~ stim*time + (stim*time|subject). (6)
The same modeling approach was used to examine changes in
theta power and SEP amplitude over the course of the repetitive sti-
mulation period, using the appropriate dependent measure. For
inference  on linear mixed-effects models, Satterthwaite
approximations’® were used to estimate degrees of freedom, and
effects were considered significant at « = 0.05, two-tailed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The experimental data generated in this study are available through
OpenNeuro” (https://doi.org/10.18112/openneuro.ds006065.v1.0.0).
The data to reproduce all figures are available in a source data file.

Code availability

The code to run closed-loop stimulation is freely available®* (https://
doi.org/10.5281/zenodo.5539831). Additional code to reproduce all
results is available through Zenodo® (https://doi.org/10.5281/zenodo.
14735080).
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