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Abstract

The progress of therapeutic neuromodulation greatly depends on improving stimulation parameters to most efficiently induce
neuroplasticity effects. Intermittent 0-burst stimulation (iTBS), a form of electrical stimulation that mimics natural brain activity pat-
terns, has proved to efficiently induce such effects in animal studies and rhythmic transcranial magnetic stimulation studies in
humans. However, little is known about the potential neuroplasticity effects of iTBS applied through intracranial electrodes in
humans. This study characterizes the physiological effects of intracranial iTBS in humans and compare them with a-frequency
stimulation, another frequently used neuromodulatory pattern. We applied these two stimulation patterns to well-defined regions
in the sensorimotor cortex, which elicited contralateral hand muscle contractions during clinical mapping, in patients with epi-
lepsy implanted with intracranial electrodes. Treatment effects were evaluated using oscillatory coherence across areas con-
nected to the treatment site, as defined with corticocortical-evoked potentials. Our results show that iTBS increases coherence
in the B-frequency band within the sensorimotor network indicating a potential neuroplasticity effect. The effect is specific to the
sensorimotor system, the B band, and the stimulation pattern and outlasted the stimulation period by ~3 min. The effect
occurred in four out of seven subjects depending on the buildup of the effect during iTBS treatment and other patterns of oscil-
latory activity related to ceiling effects within the B band and to preexistent coherence within the o band. By characterizing the
neurophysiological effects of iTBS within well-defined cortical networks, we hope to provide an electrophysiological framework
that allows clinicians/researchers to optimize brain stimulation protocols which may have translational value.

NEW & NOTEWORTHY 0-Burst stimulation (TBS) protocols in transcranial magnetic stimulation studies have shown improved
treatment efficacy in a variety of neuropsychiatric disorders. The optimal protocol to induce neuroplasticity in invasive direct
electrical stimulation approaches is not known. We report that intracranial TBS applied in human sensorimotor cortex increases
local coherence of preexistent  rhythms. The effect is specific to the stimulation frequency and the stimulated network and out-
lasts the stimulation period by ~3 min.

BB oscillations in sensorimotor cortex; direct electrical brain stimulation; intracranial EEG; iTBS; neuronal plasticity

INTRODUCTION

Brain stimulation therapies such as transcranial magnetic
stimulation (TMS) and direct electrical stimulation (DES) of
subcortical and cortical structures are increasingly used to
treat neurological and psychiatric disorders such as move-
ment disorders (1), epilepsy (2, 3), Tourette’s syndrome (4),
and major depressive (5, 6) and obsessive compulsive
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disorders (7), and they are actively being studied for use in
stroke recovery (8), posttraumatic stress disorder (PTSD) (9),
and substance abuse disorders (10, 11). In DES [including
deep brain stimulation (DBS) and direct cortical stimulation
(DCS)], the therapeutic effect is thought to be related to
acutely enhancing or inhibiting activity in specific brain
regions, and until recently, less emphasis was placed on the
potential contributing role of neural plasticity induced by
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electrical stimulation. Despite the important role of neural
plasticity as part of the therapeutic effects in DES (12-14),
there is still much to be learned about the most effective
plasticity-inducing stimulation parameters using this
approach (15).

Noninvasive stimulation modalities such as repetitive
TMS (rTMS) can cause systematic changes in cortical excit-
ability (16). In seminal studies, high-frequency rTMS (>5 Hz)
applied to the motor cortex caused increased cortical excit-
ability as measured by the amplitude of motor-evoked
potentials (MEP) in contrast to low-frequency (~1 Hz) stimu-
lation that more frequently led to an opposite effect (16-18).
Although rTMS is currently used to treat a wide range of clin-
ical conditions, recent studies have shown that TMS-induced
plasticity effects are transient, require repeated treatment
visits, and suffer from a wide interindividual variability,
being effective in ~30% of patients (18, 19). Thus, the addi-
tion of potential anatomical targets and its portability ren-
ders DES as a valid treatment option in certain patient
populations despite its invasiveness (2, 20).

A recent trial that tested the high-frequency rTMS-like
stimulation applied directly to the brains of individuals with
intracranially implanted electrodes found neuroplasticity
effects in functionally connected brain areas (21). This DCS
trial demonstrated subject-dependent and site-dependent
responses (enhancement or suppression) that could not be
predicted by the characteristics of the stimulation frequency
alone. A potential explanation of the heterogenous effects is
that stimulation was applied across several different func-
tional regions across patients. In addition, the authors used
intermittent a-frequency stimulation, whereas the most effi-
cient rTMS protocol to induce increases in neural excitability
uses intermittent 0-burst stimulation (iTBS, brief bursts of
50-100 Hz, pulses repeated at 5 Hz) (18, 22-28).

In our study, we directly applied iTBS to one specific net-
work, the sensorimotor network (iTBS-DCS) and assessed the
treatment effects exclusively on connected sites as defined
by corticocortical-evoked potentials (CCEPs) (29-33). The
treatment sites were carefully selected based on clinical
functional stimulation mapping results in seven patients
that had extensive sensorimotor cortical coverage. Based on
the known prominence of B oscillations in the sensorimotor
system, as a read-out of the effect, we measured changes in
coherence across the sensorimotor network, as well as
changes in effective connectivity using CCEPs (similar to
Ref. 21) during the periods preceding and succeeding the
treatments. We report results that might guide further inves-
tigations in the design of DCS protocols aiming at inducing
neuroplasticity in cortical networks.

METHODS
Patient Selection

Seven patients with medically intractable epilepsy who
underwent electrode implantation at North Shore University
(6) or Lenox Hill (1) hospitals for seizure localization were en-
rolled in the study. The decision to implant, the electrode
targets, and the duration of implantation were made entirely
on clinical grounds. The patients had sensorimotor electr-
ode coverage because the clinical hypothesis included a
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potential involvement of these areas in the seizure network.
Patient characteristics are described in Table 1. Patients were
selected on the bases of having 1) ample electrode coverage
of sensorimotor areas; 2) contralateral hand and/or arm
motor contractions upon clinical high-frequency stimulation
mapping (HFSM), and 3) confirmed seizure onset focus out-
side sensorimotor areas. All patients provided informed writ-
ten consent according to a protocol approved by the local
Institutional Review Board following the Declaration of
Helsinki. Patients were informed that participation in this
study would not alter their clinical care and that they could
withdraw from the study without jeopardizing their care.
Patients were also informed that this study had no direct
implications to treat their epilepsy. Three patients in this
study were included in a prior study (34). However, the eval-
uations put forth here are unique to this study, as they refer
to different stimulation sessions and stimulation parame-
ters. Stimulation sessions took place after enough seizures
were captured for clinical purposes and antiepileptic drugs
(AEDs) were restarted (Table 1).

Electrode Registration

Our electrode registration method was previously des-
cribed in detail (35). Briefly, we used the iELVis toolbox,
which makes use of Biolmage Suite, FSL, FreeSurfer, and
custom-written code for intracranial electrode localization.
The electrode contacts are semi-manually located in the
postimplantation CT which is coregistered to the preim-
plantation MRI. In addition, FreeSurfer aligns the patient’s
preimplantation MRI to a standard coordinate space, auto-
matically parcellating the brain and assigning anatomical
regions to each contact. Finally, iELVis software is used to
project the contacts locations onto FreeSurfer’s standard
image.

Electrophysiological Recording and Preprocessing

Intracranial electrographic (iIEEG) signals were acquired
continuously at 512 Hz or 3 kHz using a clinical recording
system (Xltek Quantum 256, Natus Medical) or a Tucker
Davis PZ5M module (TDT). iEEG data were extracted by
bandpass filtering (8-pole Butterworth filter, cutoffs at 0.01
and 250 Hz). Either subdural or skull electrode contacts were
used as references, depending on recording quality at the
bedside, and were subsequently re-referenced to a common
average. The signal quality and their power spectra were
inspected online using interactive oscilloscope tools (TDT
Synapse) and standard MATLAB functions (pwelch and
spectrogram) before the experiment started to ensure their
physiological properties.

High-Frequency Stimulation Mapping

HFSM is a clinical functional mapping technique to local-
ize seizure onset (and eloquent) areas, which is performed in
patients implanted with intracranial electrodes after anti-
convulsant medications are resumed. A Grass S12D (Grass
Technologies) or a Tucker Davis (IZ2MH) stimulator was
used to apply bipolar stimulation with biphasic matched-
square wave pulses (100 us or 200 ps/phase) and current
amplitudes ranging from 0.5 to 4 mA or 0.5 to 10 mA for
depth and subdural electrodes, respectively, at a rate of 50
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Table 1. Summary of patients and stimulation characteristics

Treatment
Location Total
(Current Contacts
PatientID Age Sex Handedness Implant Type Amplitude) (*CCEPs) HFSM Effect Seizure Focus AED
1 49 F R SEEG Left M1 247 Fingers/elbow/shoulder Bilateral mesial temporal lobes  Clonazepam
(bilateral) (1.2 mA) (13) muscle contractions Lamotrigine
2 29 M R SEEG Left M1-S1 220 Thenar muscle contrac- Left posterior perilesional, Lamotrigine
(left) (0.5 mA) (15) tion and clonic fingers superior posterior temporal Topiramate
movement operculum, and left posterior ~ Clobazam
insula
3 48 M R SEEG Right M1-S1 350 Thenar muscle contrac- Right posterior mid-lateral tem- ~ Clobazam
(bilateral) (1 mA) 9) tion and elbow poral region (fusiform and Clonazepam
contraction lingual gyri) Perampanel
Cenobamate
4 37 F R SEEG Right M1-S1 152 Clonic fingers movement  Left mesial temporal lobe Felbamate
(bilateral) (0.9 mA) (1) Perampanel
Primidone*
5 32 F R sEEG Right S1 189 Clonic fingers movement Right superior temporal gyrus Carbamazepine
(bilateral) (11 mA) (10) and most of Sylvian fissure Levetiracetam
6 20 M R Grids/strips Right M1-S1 163 Clonic fingers movement,  Right hippocampus, right Lacosamide
(right) (2.2 mA) (26) wrist pronation amygdala, mesial cortical Levetiracetam
lesion posterior to right
hippocampus
7 56 F L SEEG Left S1 136 Finger/hand/elbow/ Left amygdala, left hippocam- Carbamazepine
(left) (1.35 mA) (1) biceps muscle pus, left inferior temporal Levetiracetam

contraction lobe (rarely)

High-frequency stimulation mapping (HFSM): clinical procedure during which every electrode contact pair is stimulated with high-frequency stimulation
bursts to determine function. All HFSM-related motor contractions were contralateral to the stimulation site. Treatment locations for iTBS/i8Hz were
selected based on HFSM results (contact pairs that elicited the most specific finger/arm contractions) and the final current for the subsequent treatment was
set at an intensity of 80% of the motor threshold. Treatment locations: M1, primary motor cortex (both stimulation contacts were immediately anterior to
the central sulcus); S1, primary somatosensory cortex (both stimulation contacts were immediately posterior to the central sulcus); M1-S1, sensorimotor cor-
tex (paracentral, one stimulation contact was anterior to the central sulcus and the other posterior to it). Total contacts: total number of electrode contacts
recorded and total number of contacts with significant CCEPs located in gray matter (white matter and cerebrospinal fluid contacts were discarded). Seizure
focus: all seizure onset foci were outside sensorimotor areas. Antiepileptic drugs (AEDs) taken during treatments (iTBS and i8Hz). Primidone* taken only
during HFSM. CCEPs, corticocortical-evoked potentials; F, female; i8Hz, intermittent o-burst stimulation; iTBS, intermittent 6-burst stimulation; L, left; M,

male; R, right; SEEG, stereo EEG.

Hz up to 0.5-2 s duration. All seven patients included in this
study had HFSM of sensorimotor cortical sites which elicited
contralateral clonic or tonic-clonic muscle contractions (36)
(Table 1 and Fig. 1).

Treatment Site Selection and Stimulation Protocol

As treatment sites, we selected electrode contacts in which
high-frequency (50 Hz, ~1-s duration) stimulation trains
applied during HFSM elicited the most specific contralateral
finger or hand movements (Table 1) at the lowest current am-
plitude in 5 out of 10 consecutive trials in which the target
muscle was relaxed (e.g., resting motor threshold; 37-39). To
minimize variability across patients the preferred stimula-
tion site was the hand area of the motor cortex (Fig. 1A).
However, sites of electrode implantation were based on clini-
cal criteria, and not every patient had electrodes implanted
within the hand area. In these cases, the closest region to the
hand motor cortex that elicited finger, wrist, or arm move-
ments was selected. Treatment stimulation currents match-
ing 80% of the motor threshold were used as in previous
studies (17, 40), and no epileptiform after-discharges
occurred at these intensities. iTBS in TMS studies consists of
three pulses delivered at 50 Hz (20-ms separating each
pulse), and each set of three pulses is repeated at 5 Hz (Fig. 2,
inset). In our iTBS protocol, we applied this sequence of
pulses for 2 s (30 pulses/train) repeated every 10 s (8-s inter-
train interval). Each pulse consisted of a bipolar, biphasic,
square wave with 200 ps/phase. In the comparison condition
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(i8Hz), single stimulation pulses were administered at inter-
vals of 125 ms for a period of 5 s (40 pulses/train) and
repeated every 15 s (10-s intertrain interval). Similar stimula-
tion frequencies ranging from 3 to 8 Hz were used in recent
DBS studies (15, 41, 42). In our study, the number of total
pulses was similar across treatment modalities (iTBS, 30 x
20=600 pulses; i8Hz, 40 x 15=600 pulses). Treatments
were applied in a randomized order across subjects with a
long (>45 min) interval between treatments to allow for the
washout of any residual effects from the previous treatment.
Resting-state activity immediately before and after each
treatment was recorded to compute the coherence measures
(Fig. 2, inset).

Corticocortical-Evoked Potentials

To localize brain areas connected to the treatment sites,
we performed CCEP mapping (Fig. 3A) (31). CCEP mapping
has been used to examine frontoparietal (30, 43), hippocam-
pal (44), visual (45), language (32, 33, 46), and other networks
(43). Single-pulse electrical stimulation [biphasic square-
wave pulses (200 ps/phase)] were applied at the treatment
site (200 pulses, 1-s interstimulation interval with a £300-ms
jitter). To get robust CCEPs, stimulation currents were set at
4 mA or just below the threshold that elicited movement. We
also used CCEPs to probe for possible neuroplasticity effects
and applied CCEP stimulation before and after treatment
(iTBS or i8Hz, Fig. 2B). CCEP stimulation ended at least 15
min before treatment onset to avoid potential residual
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Figure 1. Treatment locations and recording electrodes. A: individual subjects’ MRI and electrode contacts used for stimulation (treatment sites, green
dots). High-frequency stimulation applied to these contacts during clinical mapping (before treatment) elicited contralateral clonic or tonic-clonic hand
muscle contractions. All treatment sites were outside the seizure network. Connecting lines between contacts represent bipolar stimulation. Subject 1
was stimulated in the motor cortex. Subjects 2, 3, 4, and 6 had 1 contact in the motor and the other in the sensory cortex. Subjects 5 and 7 had both con-
tacts in the sensory cortex. Red line, central sulcus. Some images were rotated to improve contacts’ visibility. B: physical features of recording electro-
des. Left: SEEG depth electrodes. Right: subdural strip and grid electrodes. sEEG, stereo EEG.

effects on neuronal excitability. Statistical significance of
CCEPs was determined as follows: 1) a bipolar montage (first
spatial derivative) was applied to the data to reduce volume
conduction effects; 2) data from each electrode contact were
epoched —1,000 to 1,000 ms centered on the electrical pulse;
3) single CCEP traces were demeaned, baseline corrected

(—200 to —25 ms), and averaged; 4) the averaged CCEP trace
was transformed to a ¢ statistic by dividing the average at
each timepoint by the standard error of the mean at the
same timepoint. The absolute maximum of the ¢ statistic
during the poststimulus period (10-50 ms) was compared
against the distribution of the ¢ statistic during the
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2

MRI (7 patients)
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o S @Read-out

Data collection & Treatment
5 %6
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7
Clinical Stimulation Mapping (HFSM)
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Figure 2. Treatment locations and experimental protocol. A: electrode contacts from 7 subjects registered onto a common brain surface. Treatment
locations (green dots). Read-out electrode contacts (red dots) are connected to the treatment locations based on corticocortical-evoked potential
(CCEP) mapping. Only sensorimotor contacts are shown here. B: experimental protocol. Box 1, high-frequency stimulation mapping (HFSM) reveals sites
in sensorimotor cortex that elicit specific contralateral motor responses upon stimulation. Box 2, calculation of motor thresholds for each patient and
sites of interest. A stimulated site eliciting the lowest threshold for motor response was chosen as the treatment site. Box 3, application of single pulses
to treatment sites (>150 pulses, 4 mA, 200-us pulse width) and selection of read-out sites (contacts connected to the treatment site) based on CCEP
analyses (see A). Box 4, recording of intracranial EEG (IEEG) resting activity while subjects are awake but quiet and avoiding movements (2 min). Box 5,
treatment is applied (either iTBS or i8Hz, see inset). Box 6, recording of iEEG resting activity immediately after treatment ends (2 min). Single pulses to
treatment sites (~200 CCEPs) were also administered after the posttreatment resting period (black arrow) to assess potential treatment effects on
CCEPs amplitude. Inset, top: iTBS treatment: three pulses of stimulation administered at 50 Hz repeat every 200 ms for a period of 2 s and an 8-s inter-
train interval (2 s ON and 8 s OFF). Each 2-s iTBS train contains 30 pulses and repeats 20 times (30 x 20=600 pulses total). Bottom: i8Hz treatment:
stimulation pulses administered at 8 Hz (1 pulse every 125 ms) for a period of 5 s (40 pulses per train) and a 10-s intertrain interval (5 s ON and 10 s OFF)
and repeats 15 times (40 x 15=600 pulses total). i8Hz, intermittent a-burst stimulation; iTBS, intermittent 6-burst stimulation.
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Figure 3. Areas connected to treatment sites have high B oscillations. A: connectivity to treatment sites using corticocortical-evoked potentials (CCEPs)
in subject 1; single pulses (200 sweeps, bipolar stimulation, 4 mA) applied to the treatment site (Array 1, contacts 7-8, red line) elicit strong evoked poten-
tials at nearby sites within sensorimotor cortex (A7, contacts 5-10 and A2, contacts 7-12) and at more distant sites (A3 with contacts 7-4 located in the
insula and other more distant contacts located in the most lateral portion of the sensorimotor cortex). Asterisks mark contacts with significant CCEPs (P1
peak amplitude >6 SD t statistic). Vertical dashed lines (red); analyses window (10-50 ms poststimulation). B, left: time-frequency power spectrum of
one example electrode contact located in the motor cortex adjacent to the treatment site (A7, c9) during a 2-min resting period recorded before treat-
ment. Center: averaged spectrograms show prominent spectral peaks in the  band for the same contact (top, ~22 Hz peak) and another contact adja-
cent to it (bottom, 18 Hz peak). Right: coherence between these two contacts (orange line, mean coherence across all overlapping windows; gray line
pointwise significance level, o = 0.05). C: population spectral peaks (67 electrode contacts) and coherence peaks (297 contact pairs) of connected sites
based on CCEP mapping within the sensorimotor cortex across all patients; power peaks (blue bars, 96 peaks from 67 contacts) and coherence peaks
(orange bars, 416 peaks from 297 contacts). coh, Coherence; Freq, frequency; iEEG, intracranial EEG; sEEG, stereo EEG.

prestimulus baseline period. If the poststimulus ¢ statistic
was higher than 6 standard deviations, the response was
considered as significant. These thresholds (6 SD) and
time windows (10-50 ms, when the most direct synaptic
effects occur) were based on prior studies (29, 44).
Significant electrode contacts were considered as read-
out contacts in which treatment effects were later eval-
uated. Read-out contacts outside gray matter (in white
matter and cerebrospinal fluid) were discarded from the
main analyses of treatment effects.

Coherence and Power Analyses

Analyses were conducted using the FieldTrip toolbox
(47) and custom MATLAB scripts. After determining the
sites of interest using CCEPs (e.g., contacts functionally
connected to the treatment site, Figs. 2A and 3A), we
applied a sensor-based analysis to these contacts: coher-
ence was first calculated between all contacts showing
significant CCEPs to the stimulation contact and then
averaged across each pair combination. Stimulation con-
tacts were discarded due to artifacts or low signal-to-
noise ratio. Given the caution against the use of bipolar
EEG for synchronization analyses (48-50), we used com-
mon average reference montage for our coherence analy-
ses. To calculate the coherence between two iEEG
contacts, we squared the magnitude of the cross spectrum
of their raw signals, normalized it by the power spectra of
each signal at each respective frequency, and smoothed it
(51). The imaginary part of the coherence was used for the
analysis, as it might be less impacted by common input
sources (52). Each 2-min data set (e.g., pretreatment) was
divided into overlapping 10-s windows (1/10=0.1-Hz

J Neurophysiol « doi:10.1152/jn.00320.2021 - www.jn.org

resolution, sliding 2 s at a time), and windows with out-
liers (>4 SD of the mean coherence across all sliding win-
dows) were discarded. The total windows discarded
across all subjects were 0.8%. Statistical significance of
dominant spectral coherence peaks was evaluated using
cluster-based nonparametric tests implemented in Field-
trip (see Fig. 3C, population coherence peaks). iEEG
signals between contact pairs were shuffled (1,000 itera-
tions), and the critical levels of the Wilcoxon-Mann-
Whitney tests at each frequency were computed (see Fig.
3B, coherence plot for an example site, gray line shows
pointwise significance level, o = 0.05, jackknife method).
The dominant peaks in the power spectrum were deter-
mined using power spectral density estimates imple-
mented in “periodogram.m” (95% confidence bounds, 4-s
rectangular data windows, 2-s sliding). Very similar
results were found using different window lengths (3 s or
5 s) and a frequency-dependent time-window analysis
implemented in ft_freqanalysis.m (10-cycles time win-
dow for all frequencies with sliding Hanning tapers).
Figure 3B shows single-electrode power plot examples
and Fig. 3C shows the population power peaks. To assess
whether the coherence between iTBS/i8Hz pre- and post-
treatment was significantly different for any given con-
tact pair (and at what specific frequencies), we used the
nonparametric Monte Carlo test implemented in “ft_freq-
statistics.m” at o level 0.01 (Fig. 4A, red line above x-
axis). The peak coherence values at the  band (12-30 Hz)
for all sensorimotor contact pairs combinations were
extracted and compared in each patient (pre vs. post).
Repeated-measures ANOVA were used to assess the main
effects and the interaction [treatment (iTBS vs. i8Hz) x
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time (pre vs. post), P < 0.05]. Post hoc analysis (paired
nonparametric tests) evaluated differences between
matched samples in iTBS and i8Hz (Wilcoxon signed-
rank tests, P < 0.01) (Figs. 4B and 5). Similar statistical
tests were used to compare the spectral power across
treatments. The coherence in the intertrain analyses (Fig.
6D) was calculated similar to the coherence during the
pre/posttreatment periods except that the analyses win-
dow was 6-s duration (+ 0.1to 6.1 s after each 2-s train off-
set), sliding 500 ms at a time (1/6 =0.16-Hz resolution).
The peak coherence in the B band (12-30 Hz) was deter-
mined after each train (No. 1-20) for each contact pair,
and a linear regression was fitted to the resultant values
to compute the slope of the function for each electrode
contact. Statistical difference between slopes across

treatment conditions was evaluated using a two-way ANOVA
and paired nonparametric tests (Wilcoxon signed-rank tests,
P < 0.01) (Fig. 6E).

RESULTS
Treatment Sites

All seven patients selected for this study had ample elec-
trode coverage of cortical sensorimotor areas (Fig. SA).
Selection of treatment sites was based on their function. For
each patient, the electrode contact pair that elicited the most
selective motor responses during HFSM was selected as a
treatment site (Fig. 14). Isolated (thumb and/or first) finger
movements contralateral to the site of stimulation were eli-
cited in five patients, whereas additional recruitment of
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Figure 5. Intermittent 6-burst stimulation (iTBS) increases 3 coherence in the sensorimotor cortex across the population data. A: individual subjects MRI and
electrode locations. Treatment sites (green dots). Read-out sites (colored dots) represent electrode contacts with significant corticocortical-evoked poten-
tials (CCEPs) when stimulating the treatment site (contacts with effective connectivity to the treatment site). Most read-out contacts were close to the treat-
ment site in the somatosensory (red) and motor (orange) cortices, but also more distally in the insula (patients 1, 2, 5, and 7, yellow dots), parietal (patients 5
and 6, blue dots), and frontal (patient 6, yellow dots) cortices. Inset: individual subjects B coherence for all contact pairs in the sensorimotor cortex before
and after treatments [thin gray lines show the coherence for each contact pair and thicker lines, the averaged coherence for iTBS (red) and i8Hz (black)].
iTBS increases B coherence in the sensorimotor cortex in 4/7 subjects. Significant effects are marked with asterisks. B: population data: averaged 3 coher-
ence for all sensorimotor electrode contacts pairs across the 7 patients (297 pairs). Overlaid colored lines show the averaged 3 coherence for each patient
individually. Significant effects are marked with * and ** (P < 0.05 and 0.01, respectively). i8Hz, intermittent a-burst stimulation; n.s., not significant.
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increases in 3 coherence outlasted the duration of stimulation by 3 min—strongest effects occur during the initial 2 min (0—2 min), mild effects during 1-3
min, and washed 2—-4 min after treatment offset. Significant effects are marked with asterisks. B: multiple treatments effects; left: sequential application of
iTBS treatments up to 3 times (3 x 600 total pulses, 5-min gaps in-between) does not further increase B coherence for an example contact pair in the motor
cortex (iTBS, red dots; pretreatment baseline, blue dots; i8Hz, black dots). Right. averaged data from all sensorimotor contact pairs in 2 patients (n = 121).
Blue dots show the coherence values during the 2-min period before the corresponding treatment. C: coherence between local and distal sites. Left: exam-
ple MRI brain from patient 1, white circle shows the 3-cm boundary around the treatment site. Contacts outside this boundary were considered distal (e.g.,
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contacts (4 patients) which was not affected by either treatment. Right. MRI image depicts the coherence between focal and distal contacts that are still
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36 contact pairs; note the equal length of the orange and yellow arrows showing that the distance between pairs was matched across groups). D: intertrain
effects: buildup of coherence within a stimulation block for iTBS and i8Hz. Left: example contact pair within the motor cortex showing increases in -coher-
ence peak values from trains 1, 10, and 20. Right: linear function fitted to the B-coherence peaks from trains 7-20 shows coherence increasing linearly with
steeper slope in iTBS. E, left. mean slopes across the population data (subjects 1, 2, 4, and 5; n = 41 sensorimotor contacts) are larger in iTBS compared with
i8Hz. Right: averaged slopes across the population data for subjects with significantly increased post-iTBS B coherence and those without (control subjects
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intermittent a-burst stimulation; n.s., not significant; pre, pretreatment; preT1, pretreatment 1; postT1, posttreatment 1; T1, treatment 1.

wrist and biceps was elicited in two patients (Table 1).
Contact pairs were in the primary motor cortex (both stimu-
lating contacts anterior to the central sulcus, patient 1), in
the primary somatosensory cortex (both contacts paracen-
tral, immediately posterior to the central sulcus, patients 5
and 7), and in the sensorimotor cortex (1 contact immedi-
ately posterior to the central sulcus and the other anterior to
it, patients 2, 3, 4, and 6) (Fig. 1A). Seizure-onset foci was
confirmed outside the sensorimotor areas in all patients
(Table 1).

Read-Out Sites

After determining the treatment site in each patient, we
chose read-out electrode contacts based on significant
responses during CCEP mapping. From a total of 1,250 con-
tacts recorded across 7 patients, 67 passed our selection crite-
ria of exceeding a ¢ statistic > 6 SD 10- to 50-ms
poststimulation (35 in sensory/paracentral, 28 in motor, and
4 in premotor cortices, Figs. 1A and 4A). An additional 26
contacts also exhibited significant CCEPs but were outside
the sensorimotor regions. Figure 3A shows the results for an
example subject. Single-pulse stimulation applied to the
treatment site (electrode array Al, contacts 7-8, located in
the medial motor cortex) elicited significant CCEPs not only

J Neurophysiol « doi:10.1152/jn.00320.2021 - www.jn.org

in contacts near to the stimulation site (A1 contacts 5-10 and
A2 contacts 7-12) but also in more distant contacts (A3 with
the deepest contacts located in the insula and another array
with contacts located in the most lateral aspect of the senso-
rimotor cortex). One of our outcome measures was treat-
ment-related changes in p coherence because B oscillations
are the dominant spontaneously occurring network activity
in the sensorimotor system (53, 54). Figure 3 illustrates that
sensorimotor contact activities in our patients exhibited
prominent B peaks during resting state before treatment.
The averaged power spectra for two example contacts that
were functionally connected to the treatment site within
motor areas is shown in Fig. 3B. These contacts exhibited
prominent spectral and coherence peaks at the B frequency
(12-30 Hz). The dominant spectral power peaks and coher-
ence peaks for the population of sensorimotor sites across
the seven patients is shown in Fig. 3C. Spectral frequency
peaks in power and coherence at other frequencies were also
present in some sites together with the p peaks.

Treatment Effects of iTBS versus i8Hz Stimulation

Figure 4A shows an example electrode contact pair from
the 12 read-out sensorimotor contacts selected (based on
CCEP mapping) in one example subject. This contact pair
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shows increased B coherence after iTBS treatment compared
with before treatment (Wilcoxon signed-rank test, P < 0.01).
B Coherence after i8Hz did not significantly change
(Wilcoxon signed-rank test, P = 0.29). Figure 4B shows the
B-coherence results across all contacts pairs in this patient
(n = 66 pairs combinations from 12 contacts showing signifi-
cant CCEPs to the stimulation site). There was a significant
interaction between treatment (iTBS vs. i8Hz) and time (pre-
vs. posttreatment) [repeated-measures (RM)-ANOVA, F = 6.1,
P = 0.0012], which was driven by an increased coherence in
the B band after iTBS compared with before (Wilcoxon
signed-rank test, P < 0.001).

Figure 5 shows the results across the population data for
the seven patients. From a total of 93 contacts with signifi-
cant connectivity (based on CCEP mapping), we selected 67
contacts located in the sensorimotor cortex (39 contacts pos-
terior to the central sulcus and 28 anterior to it) for our analy-
ses of coherence (297 contact pairs combinations total). iTBS
increased B coherence in the sensorimotor cortex in four out
of seven patients, whereas i8Hz did not increase f coherence
in any of the patients. A repeated-measures ANOVA with
treatment (iTBS vs. i8Hz) and time (pre- vs. posttreatment)
across contacts (67 contacts with significant CCEPs located
within the sensorimotor cortex across all 7 patients) showed
a significant interaction (F = 6.34, P = 0.025). This result was
driven by an increased coherence in the B band after iTBS
compared with before (Wilcoxon signed-rank test, P =
0.002). B Coherence before and after the i8Hz treatment did
not differ significantly at the population level (Wilcoxon
signed-rank test, P > 0.1, all patients) nor for any of the
patients individually. The effect of iTBS was significant at
the group level but individually only subjects 1, 2, 4, and 5
showed significant effects, whereas in subjects 3, 6, and 7,
the effect did not reach significance (Wilcoxon signed-rank
test, both P > 0.1). This raises the question whether B coher-
ence changes more in subjects with stronger prestimulation
B coherence within the sensorimotor network.

Treatment effect is frequency specific.

The iTBS-induced effects were specific to the B-frequency
band (Fig. 5). Across all subjects, no treatment effect was
found in the frequency bands o (8-12 Hz), low y (60-80 Hz),
high y (80-150 Hz), and 6 (4-7 Hz) (both P > 0.4; data not
shown). However, varying effects were found in the 6 and o
bands in individual patients. For example, iTBS treatment
increased 6 coherence in patients 2 and 3 (Wilcoxon signed-
rank test, both P < 0.05), it reduced o coherence in patient 6
(Wilcoxon signed-rank test, P = 0.003), whereas no signifi-
cant changes were observed in the other four (both 6 and o
bands, P > 0.4). The i8Hz treatment increased coherence in
the o band (8-12 Hz) in one patient (Wilcoxon signed-rank
test, P = 0.002), whereas no significant changes were
observed in the other six (Wilcoxon signed-rank test, both
P>0.2).

Treatment effect lasts ~3 min.

The increase in B coherence was the strongest immediately
after the entire block of iTBS treatment ( + 1:181 s posttreat-
ment compared with —180:0 s pretreatment, Wilcoxon
signed-rank test, P < 0.001) (Fig. 5A). The increased coher-
ence effect was still significant but weaker during the 1- to 3-
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min posttreatment period (+ 61:241 s, pre vs. post, Wilcoxon
signed-rank test, P = 0.015), and it washed out for the 2- to 4-
min posttreatment period (+121:301 s, pre vs. post, Wilcoxon
signed-rank test, P = 0.18).

Multiple treatments do not result in further coherence
increments.

Next, we tested in two subjects whether repeated application
of iTBS treatments resulted in gradual increments in f co-
herence. Figure 6B shows the effects of three consecutive
iTBS treatments (3 x 600 pulses separated by a 5-min inter-
treatment interval) for a pair of contacts in the motor cortex
(left) and across the population data (right, 2 subjects, 121
contact pairs within sensorimotor networks). The increase in
B coherence after the first iTBS treatment was very similar
compared with the second and third treatments (pre vs.
post, Wilcoxon signed-rank test, both P < 0.001). To avoid
potential residual treatment effects, we used the 2-min pe-
riod preceding the first treatment as the “pre” baseline pe-
riod (preT1) for all comparisons in this analysis, and the 2
min after each treatment (postT1, postT2, and postT3), as the
“post” period. The possibility of a ceiling effect after the first
treatment was ruled out, as comparisons of the B coherence
between the 2-min periods preceding each treatment (preT1
vs. preT2 vs. preT3, blue dots) revealed no significant differ-
ences (Wilcoxon signed-rank test, all P > 0.31). This result
suggests that B-coherence values had mostly recovered to
baseline levels before the onset of treatments 2 and 3.
Multiple i8Hz treatments did not significantly change B
coherence (pre vs. post, Wilcoxon signed-rank test, both
P>0.2).

Treatment effect is specific to sensorimotor areas.

We quantified whether the enhanced B coherence after iTBS
treatment observed in patients 1, 2, 4, and 5 was limited to
read-out contacts near the treatment site (e.g., connected
contacts within sensorimotor cortices <3 cm from the treat-
ment site) or extended to other, more distant yet connected
(based on CCEP mapping) regions such as the insula (Fig. 6C,
left). Distal contacts were in the insular (55), parietal (53),
and more lateral aspects of the motor (56) and somatosen-
sory (52) cortices and were averaged across areas and sub-
jects before statistical testing (all 4 subjects had distal
contacts including No. 4 in the opposite hemisphere; Fig.
5A). B Coherence between focal (n = 31) and more distant
contacts (n = 23) was not significantly changed after either
treatment (RM-ANOVA, stimulation x time interaction, F =
0.6, P = 0.41; pre vs. post, Wilcoxon signed-rank test, both
treatments P > 0.1). These results suggest that iTBS-
enhancement effects are relatively local within sensorimotor
regions (<3 cm from the treatment site). To examine the
focal versus network specificity of the iTBS-enhancement
effect, we selected contacts within sensorimotor areas and
compared them with other equally distant contacts that
were outside sensorimotor areas. Contacts within sensorimo-
tor areas located in the more lateral aspect of the sensori-
motor cortices (>3 cm away from the treatment site, 9/
67) showed enhanced B coherence compared with other
equally distant contacts outside sensorimotor areas (Fig. 6C,
right; distal sensorimotor contacts, pre-iTBS vs. post-iTBS,
Wilcoxon signed-rank test, P = 0.019; distal nonsensorimotor
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contacts, pre-iTBS vs. post-iTBS, Wilcoxon signed-rank test,
P = 0.36). This result suggests a network-specific iTBS-
enhancement effect rather than just a focality effect.

Treatment effect builds up linearly.

To determine the time course of the treatment effect during
the stimulation block (e.g., intertrain), we quantified the
effect of each single-stimulation train (from train 1 to 20)
(Fig. 6D). Coherence between sensorimotor contacts was cal-
culated in the 20 consecutive intertrain intervals during the
two treatment types (8 s for iTBS, 10 s for i8Hz). The analysis
window was set similar for both treatments from + 0.1to 6.1
s after each train offset, as the effects were stronger within
this time interval. Figure 6D shows increased B-coherence
values as a function of increasing intertrain trial for a sample
electrode pair. Intertrain p-coherence values increased
more strongly during iTBS compared with i8Hz treatment.
The B-coherence peaks during iTBS increased steadily from
0.22 (train 1) to 0.67 (train 20), whereas a weaker effect
occurred during i8Hz (from 0.15 in train 1 to 0.36 in train
20). We quantified the effect by fitting a linear regression
line to the 20 coherence peak values and calculating the
slope of the fitted function for each electrode contact.
Steeper slopes indicate larger increases in coherence values
(slope iTBS = 0.0243 vs. slope i8Hz = 0.011). Across the popu-
lation data (4 subjects), slopes derived from within iTBS
intertrains were steeper compared with those from i8Hz
(Wilcoxon signed-rank test, P = 0.011) (Fig. 6E, left). Only
contacts within the sensorimotor cortex in subjects that
showed significant posttreatment effects after iTBS were
included in this analysis (subjects 1, 2, 4, and 5, 41 contacts).
A comparison between these subjects and those that showed
no significant posttreatment effects (subjects 3, 6, and 7, 26
contacts) revealed that the latter group also displayed flatter
slopes during the treatment (Fig. 6E, right). A two-way
ANOVA, with factors of group (posttreatment-sensitive vs.
posttreatment-insensitive) and intertrain (iTBS vs. i8Hz),
showed significant effects of group (F = 174.5, P = 0.0016),
intertrain (F = 20.81, P = 0.00018), and group x intertrain
interaction (F = 19.49, P = 0.0002). The interaction effect was
driven by increased slopes during iTBS treatment in the
posttreatment-sensitive group (Wilcoxon signed-rank test,
P < 0.0001).

Previous studies (21, 57) found treatment effects on CCEP
amplitude (pre vs. post). We tested this hypothesis by apply-
ing single pulses at ~1 Hz (300-ms jitter, ~200 pulses) before
and after the resting periods preceding and following treat-
ment, but no treatment effects were found on the P1 ampli-
tude of CCEPs across the population data (Wilcoxon signed-
rank test, both iTBS and i8Hz, P > 0.2).

Individual differences between treatment responders
and nonresponders.
Some subjects (4/7) showed significant treatment effects
(enhanced B coherence after iTBS and gradual buildup dur-
ing iTBS), whereas others did not. Here, we test for addi-
tional factors that could potentially account for the
differences between responders and nonresponders.
Specific location of the stimulation site. To determine
whether the difference between responders and nonres-
ponders was related to the specific placement of the
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stimulation electrodes within the sensorimotor cortex, we di-
vided the subjects in three groups (M1 motor vs. S1 sensory
vs. M1 + S1 sensorimotor) depending on where the stimula-
tion was applied to (Fig. 7A). The M1 group contains 55 con-
tact pairs (all from subject 1), the S1 group contains 59 pairs
(from subjects 5 and 7), and the M1 + S1 group contains 175
pairs (from subjects 2, 3, 4, and 6). Figure 7B shows the aver-
aged B coherence in the three locations. Treatment effects
were significant in all three locations (Wilcoxon signed-rank
test, all P < 0.011), suggesting that the observed differences
between responders and nonresponders could not be
explained based on anatomical variability in the treatment
sites (Fig. 7B).

Distance between the treatment and read-out sites.
To determine whether the difference between responders
and nonresponders was related to the distance between the
treatment and read-out electrode contacts, we compared the
distance between them in the two groups of subjects sepa-
rately. Figure 7C shows no significant differences between
the two groups [Mann-Whitney U test, P = 0.473; responders,
mean = 23.5 mm, 95% CIs = (10.3-26.1); nonresponders,
mean = 20.1 mm, 95% CIs = (10.8-20.6)]. This means that, in
average, read-out contacts were as far apart from the stimu-
lation sites in responders and nonresponders and suggests
that this factor could not account for the effects.

Distance between read-out sites. Given that treatment
effects reflect changes in coherence between read-out con-
tacts, it is possible that the difference between responders
and nonresponders was related to the physical distance
between read-out contact pairs. Figure 7D shows no signifi-
cant differences between the two groups [Mann-Whitney U
test, P = 0.292; responders, mean = 26.10, 95% CIs = (4.04—
63.55); nonresponders, mean= 23.89, 95% CIs = (4.24-53.94)].
This means that, in average, read-out contacts were as far
apart from each other in responders and nonresponders and
suggests that this factor could not account for the effects.
Moreover, overall baseline coherence values (before treat-
ment) scaled down with increasing distance between read-
out contacts very similarly in both, responders and nonre-
sponders (Fig. 7E). A linear regression was fitted to each
group data and very similar parameters were observed (res-
ponders: slope = —0.0037, Pearson’s correlation coefficient =
—0.7153, P < 0.001; nonresponders: slope = -0.0034,
Pearson’s correlation coefficient = —0.8224, P < 0.001).

Preexistent spectral properties. To determine whether
the difference between responders and nonresponders was
related to preexistent spectral properties within the sensori-
motor network, we compared the coherence before treat-
ment at different frequency bands between the two groups.
Figure 8A shows that pretreatment coherence values in the
band did not differ between responders and nonresponders
(Mann-Whitney U test, Z = —0.84, P = 0.401). As for the o-fre-
quency band, although overall coherence values in this band
were smaller than those in the B band (mean o coherence =
0.13; mean B coherence = 0.26), nonresponders showed sig-
nificantly larger a-coherence values than responders (Mann-—
Whitney U test, Z = —7.62, P < 0.001) (Fig. 8B). Other fre-
quency bands showed no significant differences between
subjects’ groups (3, 0, y low, y high, Mann-Whitney U test, all
P > 0.2, data not shown). Next, we tested whether pretreat-
ment coherence in the o band could predict treatment
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Figure 7. Treatment effects do not depend on the specific stimulation site location within sensorimotor cortex nor on the physical distance between
sites. A: electrode contacts used for stimulation in all 7 patients registered onto a common brain surface (lines in-between contacts represent bipolar
stimulation). Contacts in patients with significant treatment effects (responsive, red dots) and null effects (nonresponsive, blue dots). Red and blue sites
are intermixed. B: treatment effects separated according to the location of the stimulation site: motor (M1) vs. sensory (S1) vs. sensorimotor (M1 + S1).
Treatment effects were significant for all site locations. Error bars indicate +1 SE. C: intercontact distances between treatment sites (middle point
between anode and cathode) and read-out contacts (central point) in responders vs. nonresponders. D: intercontact distances between read-out con-
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Color lines, linear regression data fit. iTBS, intermittent 6-burst stimulation; n.s., not significant.

efficacy in the p band (Fig. 8C). This was done by calculating
a treatment gain index in the B band [(post-iTBS — pre-
iTBS)/(post-iTBS + pre-iTBS)] and correlating it against the
pretreatment o-coherence values for each contact pair and
subject group. There was a small but significant negative cor-
relation between these two factors with treatment gains
being inversely correlated to pretreatment a-coherence val-
ues in both responders and nonresponders (responders,
Pearson’s correlation coefficient = —0.38, P < 0.001; nonres-
ponders, Pearson’s correlation coefficient = —-0.27, P <
0.001). Coherence values in the o band were more variable
across sites in nonresponders compared with responders
(nonresponders, CV = 0.46; responders, CV = 0.26). As
expected, treatment gains were larger in responders [respond-
ers, mean = 10.04, 95% CI = (-10.37, + 35.87); nonresponders,
mean = 0.87, 95% CI = (—8.56, +11.04); Mann-Whitney U test,
Z="7.37, P < 0.001].

Dynamic range of treatment effects. We tested
whether the treatment gain at a given site was proportional
to its preexistent B oscillatory amplitude (Fig. 8D). This was
done by calculating a treatment gain index in the B band
[(post-iTBS — pre-iTBS)/(post-iTBS + pre-iTBS)] and corre-
lating it with the pretreatment B-coherence values for each
contact pair and subject group. We found a negative
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correlation between these two factors in responders
(Pearson’s correlation coefficient = —0.25, P < 0.001). This
result suggests a specific dynamic range where sites with
preexistent B-coherence values below ~0.35 Hz were more
effectively amplified by the treatment (e.g., avoiding ceiling
effects). As shown in Fig. 8A, pretreatment B coherence was
not significantly different between subject groups [respond-
ers, mean = 0.266, 95% CIs = (0.126, 0.523); nonresponders,
mean = 0.252, 95% CIs = (0.134, 0.369)].

DISCUSSION

We characterized the physiological effects of direct corti-
cal iTBS, a novel rTMS-patterned stimulation, applied intra-
cranially in the human sensorimotor cortex of patients with
surgical epilepsy implanted with electrodes for clinical rea-
sons unrelated to this study. We found that iTBS enhanced B
coherence within sensorimotor networks. This effect was
stimulation-pattern specific, as stronger effects were found
using iTBS while a-frequency stimulation did not increase B
coherence. This effect was limited to local, functionally con-
nected somatosensory and motor cortical regions that share
similar spectral profiles (B oscillations), and it lasted 3 min
after treatment offset. The effect occurred in four out of
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Figure 8. Treatment effects depend on preexistent o coherence and dynamic range of B oscillations. A: averaged B-coherence values in responders
(red) and nonresponders (green) before treatment onset. Each gray dot represents a single site (197 contact pairs in responders and 100 in nonrespond-
ers). B: similar to A except that coherence values in the a-frequency band. C: treatment gain index in the B band [y-axis; (post-iTBS — pre-iTBS)/(post-
iTBS + pre-iTBS) x 100)] against pretreatment a-coherence values (x-axis) for each contact pair and subject group. Red dots, responders (197 pairs).
Blue dots, nonresponders (100 pairs). Color lines, linear regression data fit. Histograms are plotted over scatter plots for visualization of data distribu-
tions. Vertical lines, mean values for responders (red) and nonresponders (blue). D: same as C except that the x-axis represents pretreatment p-coher-
ence values. Significant effects are marked with ** (P < 0.01). iTBS, intermittent 6-burst stimulation; n.s., not significant.

seven subjects and was predicted by a gradual increase in co-
herence during the course of the treatment itself. Other fac-
tors contributing to the interindividual differences were the
baseline (preexistent) spectral profile within the sensorimo-
tor network and the dynamic range of B-coherence ampli-
tudes (ceiling effects). Our results provide a starting point for
clinicians and researchers to design more optimal stimula-
tion protocols aiming at inducing neuroplasticity in cortical
networks using direct intracranial electrical stimulation.

Patterned Electrical Stimulation Advantages

The stimulation parameters used in this study were
informed by rTMS studies aimed at inducing neuroplasticity
effects (17-19, 58). The implementation of iTBS into rTMS
paradigms has shortened rTMS treatment duration (40 min
with conventional 10 Hz vs. 15 min with iTBS) while achiev-
ing similar or greater treatment effects (18, 59). Invasive
approaches using epidural, cortical, and deep brain stimula-
tion are increasingly used to treat movement/neuropsychiat-
ric disorders and epilepsy (25, 60, 61) and investigated to
assist motor recovery following strokes and traumatic brain
injuries (1, 8, 62). Although the exact mechanisms underly-
ing treatment effects using these invasive stimulation
approaches are still largely unknown, neuroplastic changes
are thought to play a significant role (13, 14, 63, 64). The goal
of the present study is to determine the dynamics and spec-
tral features of the potential neuroplastic changes that occur
within the sensorimotor cortex during and after direct corti-
cal iTBS (DCS-iTBS).

Direct Invasive Electrical Stimulation versus TMS

Our invasive protocol (DCS) shares similar stimulation pa-
rameters with noninvasive rTMS protocols (e.g., patterned
repetitive TBS); however, frequency is not the only factor.
The electrical field caused by direct electrical stimulation
applied to the cortex (DCS) is thought to directly activate by
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and large the pyramidal cell fibers, that is, the largest and
most excitable neurons in the cortex (65, 66). In contrast,
rTMS delivers repetitive electric field pulses (E-field) through
a coil placed over the scalp. This coil generates a magnetic
field that efficiently passes through the skull, allowing mag-
netic pulses to induce strong and moderately spatially focal
currents in the underlying brain tissue. Field modeling (67,
68) and concurrent TMS with neuroimaging [PET (69), fMRI
(70), or EEG (71)] studies showed that TMS stimulates large
neuronal populations en masse through the generation of
not only indirect (I) waves (transynaptic spread) but also
direct (D) waves (direct activation of neurons) (72, 73). Thus,
the mechanisms of action between DCS and rTMS likely dif-
fer in important ways, although they have not yet been fully
elucidated for either approach.

There is also a difference in the spatial extent of the stimu-
lated area between the approaches. Although it is difficult to
exactly estimate the spread of activation caused by the stim-
ulation in our study, single-cell recordings in animals using
much smaller electrodes (electrode tip: 5 x 10 um) showed
lateral spread of activation in the cortex between 1 and 4 mm
from the electrode tip depending on current amplitude (66).
Another estimate based on stereo EEG (SEEG) stimulation in
the human occipital cortex, using similar SEEG electrodes as
the ones used in our study (Fig. 1B) and a continuous burst-
ing pattern of stimulation (not iTBS), found that the size of
the affected cortical area was also in the millimeter radius
range (74). The affected cortical volume in TMS in the short-
latency activation volleys (TMS-evoked action potentials)
ranges from a few cubic millimeters to centimeters, depend-
ing on several physical factors such as stimulation intensity
and coil design (70, 75, 76). The focal spread of our treatment
effects is supported by invasive studies that showed the ma-
jority of modulated regions being anatomically and func-
tionally closer to the stimulation site (21, 34). Regarding the
focal versus network specificity of the effect, electrode con-
tacts that were within sensorimotor areas and near the
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treatment site showed the strongest iTBS effects (Fig. 6C,
left). However, contacts that were more distant from each
other yet within sensorimotor areas (medial vs. lateral por-
tions of the motor cortex) also showed increased p coherence
compared with other equally distant contacts that were out-
side sensorimotor areas (e.g., insula) (Fig. 6C, right). This
result suggests a network-specific effect rather than just a
focality effect.

The goal of the present study, however, was not to equate
these different methods of stimulation but to test whether
the most effective parameters in TMS (e.g., TTMS-iTBS) can
also induce neuroplastic changes when applied intracrani-
ally with a different stimulation technique. Further studies
using rTMS in patients with concurrently implanted record-
ing (iEEG and chronic) and stimulating (DBS and DCS) elec-
trodes are needed to more directly compare these methods.
The safety of such protocols is under active investigation (77,
78) with some evidence suggesting that TMS does not deliver
damaging stimuli in patients with DBS with reported vol-
tages up to 0.7 V induced between pair of contacts (79).

Spatial and Spectral Specificity of iTBS Treatment
Effects

A key result from our work is that iTBS treatment increased
coherence specifically within the sensorimotor system and at
B (12-30 Hz) frequencies. Importantly, areas within the senso-
rimotor cortices already exhibited prominent coherence
peaks in the B band before treatment (Fig. 3, B and C), suggest-
ing that iTBS enhanced connectivity of already preexistent
rhythms. Prior studies showed that the frequency of stimula-
tion is an important factor in driving specific clinical out-
comes in patients with Parkinson’s disease (PD) (11, 42, 80,
81), in patients with epilepsy (15, 60), in modulating focal
excitability in macaque brains (57), and in prolonging the du-
ration of the effects (acute vs. plasticity) (61, 82, 83). An impor-
tant question is “Why 6- and not a-frequency stimulation
affected B coherence?” o is a harmonic of B, and a-frequency
oscillations are more strongly represented in sensorimotor
areas compared with 0, suggesting that o stimulation could
have more likely affected p coherence. It is possible that pat-
terned stimulation with 0 bursts mimics the natural patterns
of brain activity in sensorimotor cortex more accurately than
i8Hz (repetitive single pulses delivered at 8 Hz). Thus, iTBS
could increase synaptic strength between the stimulated neu-
rons and interconnected ones, which increases resonance at
the most prominent frequency within these sensorimotor net-
works. More-over, although the iTBS-enhancement effect was
frequency specific, it was not directly proportional to the mag-
nitude of B-rhythm prestimulation, as subjects that showed
the enhancement effect after iTBS did not have stronger pres-
timulation B coherence compared with those that did not.
This suggests that 6-burst stimulation does not increase pre-
existent rhythms directly proportional to their presence and
that other factors inherent to sensorimotor network dynamics
might contribute.

One such factor is the presence of preexistent rhythms in
other, potentially competing, frequency bands. Although over-
all coherence values in the o band were smaller in amplitude
than the B band, we found that nonresponders showed higher
pretreatment o coherence than the responders. Interestingly,
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the amount of a-coherence pretreatment was inversely corre-
lated with the treatment gain in the B band. This result is in
line with recent studies that recorded invasively from the sen-
sorimotor cortex and observed that o- and B-band rhythms dif-
fered in their anatomical and functional properties (84, 85). In
line with those studies, the increase in a-band coherence that
we observed in nonresponders could be associated with differ-
ences in arousal state. In addition, we found that the strongest
treatment gains (iTBS-related increases in B coherence com-
pared with baseline) were not proportional to the strength of
preexistent B oscillations in a given area. Sites with coherence
values between 0.2 and 0.4 showed the strongest treatment
effects. This result suggests a ceiling effect whereby the coher-
ence between specific sites within the sensorimotor network
could not be enhanced much more, a factor that should be
considered in the design of effective treatment therapies.

Duration of Treatment Effects

Our cortical iTBS treatment effects outlasted the period of
stimulation as B coherence remained elevated for ~3 min af-
ter treatment offset. Studies in mice hippocampus have con-
vincingly shown long-lasting synaptic potentiation (LTP)
effects outlasting iTBS for several hours and even days.
However, iTBS treatments in animal models are delivered
multiple times during hours, repeated over several days, and
at high-amplitude currents. Evidence of iTBS-induced plas-
ticity effects in human TMS studies are traditionally based
on long-term excitability changes, as measured by MEP facil-
itation, which generally lasts up to 60 min after stimulation
(18). Our increased B-coherence effects lasted only 3 min, a
time window where usually MEPs are not facilitated yet (18).
No EMG activity was recorded in our study, and thus, we
cannot verify whether MEP facilitation was associated with
B-coherence increase. MEP amplitude is considered the
“gold-standard” measure and its facilitation after stimula-
tion may truly reflect plasticity effects, whereas B coherence
increase during/immediately after iTBS may reflect a mecha-
nism underlying plasticity induction. In addition, intracra-
nial iTBS effects are much more focal compared with TMS
which stimulates large populations of neurons en masse (see
Direct Invasive Electrical Stimulation versus TMS). In TMS,
large charges are often applied at >100% the active motor
threshold, which evoke descending waves of corticospinal
activity and during longer periods of time (35 min), whereas
our currents were applied at 80% motor threshold and for
shorter time periods. And finally, unlike in the study by
Keller et al. (21), we did not observe significant effects on
CCEPs but on spontaneous  coherence during resting state.
In summary, these points may indicate that  coherence is a
highly sensitive measure of subtle yet important treatment-
related changes particularly in intracranial stimulation pro-
cedures. Follow-up studies are needed to correlate these
changes in B coherence to MEP and clinical measures.

Repeated-Treatment Effects

Recent human rTMS studies suggested that a single iTBS
therapy session is insufficient to induce robust plasticity
effects and that multiple sessions might provide benefit (27,
28). Our findings indicate that up to three intracranial iTBS
treatments do not result in linear increases in p coherence in
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line with a recent rTMS study (23), suggesting more complex
dynamics that likely are subject and activity dependent (86).
Future intracranial iTBS studies might confirm the number
of sessions required to induce longer lasting effects in the
human cortex. Analysis of activity within a single-treatment
session (intertrain stimulation intervals) might clarify the
time course of the treatment effects (34). Our results show
that iTBS-mediated B-coherence effects scale more or less
linearly with consecutive trains of stimulation and that this
gradually developing effect correlates with the longer lasting
changes in p coherence after the stimulation ends.

Treatment Types: iTBS versus a-Frequency Stimulation

Prior studies translating rTMS paradigms to intraparen-
chymal stimulation showed varying or weak results (21, 22),
or did not report neurophysiological changes (42). For exam-
ple, Keller et al. (21) stimulated several different brain
regions across patients and found mixed excitation at some
treatment locations and inhibition at others. The authors
found that intermittent o-frequency stimulation of the dor-
solateral prefrontal cortex (DLPFC) produced excitation in
two subjects and suppression in the other two, whereas stim-
ulation of temporal (1 subject) and motor (3 subjects) cortical
regions produced suppression. In our study, we limited the
treatment (and read-out) sites to one well-defined functional
network (sensorimotor) and measured changes in excitabil-
ity after trains of 6 bursts (iTBS). Our results indicate that
iTBS can enhance neuronal plasticity more effectively com-
pared with a-frequency stimulation (i8Hz). As previously
mentioned, another interesting result from our study was
that, unlike Keller et al., we did not find significant effects on
CCEPs but on spontaneous [ coherence during resting state,
indicating that this measure may be more highly sensitive to
treatment-related changes. Another difference was that we
did not observe significant effects on CCEPs in the motor
cortex after trains of i8Hz stimulation. One possible explana-
tion for this may be that CCEP stimulation was not applied
immediately before and after the i8Hz stimulation because
we were interested in recording coherence of resting net-
works without affecting it by any kind of stimulation pulse.
The last CCEP pulse occurred at least 15 min before i8Hz
stimulation onset, and the first CCEP pulse occurred at least
5 min after i8Hz stimulation offset (the same applies for
iTBS). Moreover, our stimulation currents were applied at
lower amplitudes (80% of the active motor threshold vs.
100%) and for shorter periods of time.

Treatment Efficacy beyond Sensorimotor Cortex

Since we characterized the physiological effects of cortical
iTBS in the human sensorimotor cortex, the obvious ques-
tion is about the generalizability of the results. A recent DBS
study in patients with PD applied subcortical iTBS to the
globus pallidus internus (GPi) and the subthalamic nucleus
(STN) while recording from the DLPFC (22). They found that
GPi stimulation (but not STN) modulated 6 power in DLPFC,
suggesting that iTBS can be effectively applied to other brain
areas and cause frequency-specific effects (see also Ref. 87).
In iTBS, trains of high-frequency (50 Hz) pulses are delivered
at 5 Hz, which raises the question as to why a resonance fre-
quency of ~5 Hz amplifies coherence in the B range in our
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results. B-Band oscillations are a dominant feature in the
sensorimotor cortex (88), which includes movement-related
B desynchronization (MRBD) during the preparation and
execution of movement and postmovement f synchroniza-
tion (PMBS) on movement cessation (53). Our iTBS treat-
ments were applied during resting state while patients were
quietly relaxed and B synchronization was presumably
enhanced relative to the movement phase. One possibility is
that iTBS further increases B synchronization and the reso-
nance at the most prominent frequency within sensorimotor
networks. Further research will need to confirm whether
iTBS can amplify preexistent rhythms in specific brain areas
or predominantly 6 rhythms (87) or whether alternative
approaches using close-loop stimulation (57, 89) and/or
adaptive DBS (11) will be more efficacious.

Future Considerations and Pitfalls

Our iTBS treatments were applied during resting state,
and no behavioral output was measured. Future studies
might investigate whether intracranial sensorimotor cortex
iTBS influences motor thresholds (MT) or MEP amplitudes
and whether it can improve the execution and learning of
specific motor tasks. In addition, measuring treatment
effects during an active task (e.g., dynamic motor output
task; 90) can also minimize state fluctuations that are impor-
tant to reduce interindividual variability. Two DBS human
studies applied TBS in the entorhinal white matter and
found improvements in memory for portraits, whereas stim-
ulation of the adjacent entorhinal gray matter of the subicu-
lum did not improve memory (26, 91). Most of our patients (6/
7) were implanted with SEEG arrays, and stimulation was
applied through two contacts in a bipolar fashion spanning a
total distance of 10 mm (Fig. 1B), which likely stimulated pass-
ing-by white matter tracts, contributing to the treatment effect
(15). In fact, some of the contacts used for treatment were in
the white-gray matter junction of the sensorimotor cortex. This
might explain the null effect observed in patient 6, who was
implanted with ECoG grids, as subdural stimulation spreading
along the cortical convexity might less effectively excite white
matter tracts compared with sEEG stimulation. This explana-
tion cannot account for subjects 3 and 7 who were implanted
with sEEG and showed no significant treatment effects.

We did not find any systematic difference regarding the
specific treatment locations, proximity to white matter tissue,
intercontact distance between read-out contacts, or distance
between treatment and read-out contacts. Further work com-
paring DBS programming strategies in bigger data sets (92)
and electrical field modeling (56, 93) is needed to improve the
interpretability of the results and reduce the wide interindi-
vidual differences regarding the ideal stimulation site relative
to the cortex. Although our selection criterion was based on
the clinical stimulation mapping results, others have selected
their stimulation sites based on particular spectral features
(87) or other criteria (11, 42). Thus, a consensus between scien-
tist as to which criteria to use in the selection of treatment
sites, as well as read-out sites, would be desirable.

A potential pitfall of this study is that it was conducted in
patients with epilepsy that were taking antiepileptic drugs
(AEDs) (Table 1). Several AEDs are known to modify cortical
excitability and plasticity (94). For example, anticonvulsants
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that block voltage-gated Na™ channels such as carbamaze-
pine can increase motor thresholds (94, 95). Only one of our
patients (patient 5) was taking carbamazepine at the time of
the experiment and he was a responder, suggesting that par-
tial blockade of these Na™ channels did not affect the iTBS-
induced effects on this patient. Future studies will have to
establish if the results generalize to other patient popula-
tions. To increase potential generalizability and due to safety
precautions, we only included patients with their epilepto-
genic focus outside of the sensorimotor system and at least
one gyrus removed from the treatment site (Table 1).

Conclusions

The therapeutic potential of rTMS-patterned stimulation
paradigms using iTBS has proven to be a useful addition to
the field of electronic medicine (18). Improved treatment effi-
cacy of iTBS compared with conventional rTMS was shown in
a variety of neurological disorders including stroke, PD, epi-
lepsy, depression, obsessive compulsive disorder (OCD), and
PTSD. Despite these promising results, a clear understanding
of the underlying neurophysiological mechanisms in humans
is lagging behind that observed in animal models where iTBS
induces robust long-lasting effects on glutamatergic synapses.
We bridge this gap by applying iTBS directly into the cortex of
patients implanted with depth electrodes for reasons unre-
lated to the present study (epilepsy monitoring). We found
that cortical iTBS induces stronger effects compared with
a-frequency stimulation and that these effects are frequency
and spatially specific. Specifically, iTBS applied to well-
defined regions of the sensorimotor cortex at low-amplitude
currents increases preexistent local synchrony in the p range.
In summary, iTBS can enhance neuronal plasticity more
effectively compared with other treatment modalities within
a single experimental session. Our results indicate that iTBS
enhancement is frequency dependent, it occurs within local
sensorimotor networks that share similar spectrotemporal
properties (B oscillations) and relies on the development of
neuronal synchrony during the course of the iTBS treatment
itself. Our findings might help explain part of the heterogene-
ity in the results across studies using repetitive stimulation
and strongly suggests that standard iTBS protocols (either
noninvasive or invasive) consider the individuals excitability
profile particularly preexistent rhythms in a given cortical
area and their sensitivity to gradual changes in synchrony
during the course of the treatment.
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