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Effects of transcranial magnetic stimulation on the human brain
recorded with intracranial electrocorticography
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Transcranial magnetic stimulation (TMS) is increasingly used as a noninvasive technique for neuromodulation in research and
clinical applications, yet its mechanisms are not well understood. Here, we present the neurophysiological effects of TMS using
intracranial electrocorticography (iEEG) in neurosurgical patients. We first evaluated safety in a gel-based phantom. We then
performed TMS-EEG in 22 neurosurgical participants with no adverse events. We next evaluated intracranial responses to single
pulses of TMS to the dorsolateral prefrontal cortex (dIPFC) (N =10, 1414 electrodes). We demonstrate that TMS is capable of
inducing evoked potentials both locally within the dIPFC and in downstream regions functionally connected to the dIPFC, including
the anterior cingulate and insular cortex. These downstream effects were not observed when stimulating other distant brain
regions. Intracranial dIPFC electrical stimulation had similar timing and downstream effects as TMS. These findings support the
safety and promise of TMS-iEEG in humans to examine local and network-level effects of TMS with higher spatiotemporal resolution

than currently available methods.
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INTRODUCTION
Transcranial magnetic stimulation (TMS) is a noninvasive techni-
que for modulating the regional excitability of the human brain [1,
2]. Clinically, it is FDA cleared for depression, smoking cessation,
migraines, and obsessive-compulsive disorder, with clinical trials
underway for many other neuropsychiatric disorders [3, 4]. It is
also increasingly used as a neuroscientific experimental tool to
probe neural circuitry within the human brain. The neurophysio-
logical effects of TMS in animal models have been investigated
extensively, demonstrating that TMS induces transient alterations
in single neuronal firing rates within 1 millisecond of the TMS
pulse and often lasting 40-100 milliseconds, with time periods of
increased and decreased activity commonly observed [5-7].
However, efforts to understand the physiological effects of TMS
in humans have been hampered by methodological limitations
[8, 9], specifically the lack of either high spatial or temporal
resolution, as is the case with surface EEG and fMRI, respectively.
Neural activity can be measured with high spatiotemporal
resolution from intracranial electroencephalography (iEEG)
recorded from neurosurgical epilepsy patients using electrodes
either implanted within the brain or on its surface. iEEG has been
used to delineate the temporal dynamics and spatial spread
following intracranial electrical stimulation [10-14] and is a

promising tool for providing similar resolution following non-
invasive neuromodulatory techniques. Indeed, recent work with
non-invasive transcranial direct and alternating current stimula-
tion (tDCS & tACS) in humans has shown the utility of
investigating these effects with iEEG [14-18]. These studies
demonstrated that higher stimulation amplitude than is typically
used may be needed to reliably induce intracranial effects [18].
Moreover, protocols that were presumed to drive specific
oscillation frequencies did not find supporting evidence from
iEEG [16]. To date these iEEG studies have not been extended to
TMS, though studies of TMS with intracranial recordings have
been highly informative in nonhuman primates [5, 6]. If applied to
humans, these data acquired with high spatiotemporal resolution
could help to better characterize the effects of TMS on the human
brain, illuminating both local responses induced directly by TMS
and downstream network-level responses propagated to con-
nected brain regions.

We need reliable neural markers that signal TMS is effectively
engaging and modifying a brain region or network [13]. These
markers represent a critical prerequisite to personalizing treat-
ment protocols and improving outcomes. TMS-iIEEG may facilitate
these efforts by providing an approach that relates the neural
effects of TMS measured intracranially with those measured
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noninvasively with EEG. Another potential avenue of TMS-iEEG
research would be to evaluate whether the patterns of network
engagement by TMS measured intracranially relate to the pattern
of functional connectivity of the stimulation site measured with
functional imaging. Functional connectivity MRI is increasingly
being used to guide the stimulation target, but direct experi-
mental data to evaluate whether TMS effectively modulates the
remote sites that are functionally connected to the stimulation site
is lacking.

Current consensus guidelines on TMS safety include intracranial
hardware as a contraindication for TMS administration [19, 20].
Emerging safety data relevant to using TMS in the setting of
intracranial hardware has been encouraging [15, 21-27]; see ref.
[28] for a more extensive review. Recent animal studies have
demonstrated that TMS can be applied safely in the presence of
iEEG [5], but the safety of this technique has not been evaluated in
humans. Nearly 20 years ago, TMS was shown to induce current
locally in iEEG electrodes when delivered at subthreshold intensity
(7% machine output) [26, 29]. For example, Wagner et al. were
able to directly record the currents induced within brain tissue by
TMS stimulation (albeit not focusing on the neurophysiologic
effect of stimulation) [26]. Strafella et al. showed differences of
neuronal firing rates within the subthalamic nucleus during
stimulation of the motor cortex [29]. However, to date there has
not been a study of the safety and electrophysiological effects of
TMS at clinically used intensities while recording from multi-site
intracranial electrodes in the human brain.

In this study we first conduct experiments in a gel-based
phantom brain to investigate the safety of applying TMS at
clinically relevant intensities while recording iEEG. After demon-
strating safety in vitro, we show that TMS has a favorable safety
profile based on in-vivo combined TMS and iEEG (TMS-iEEG) in 22
patients. Next, in a subset of 10 patients, we evaluate the local and
downstream electrophysiological effects of single pulses of TMS
applied to the dorsolateral prefrontal cortex (dIPFC), the
therapeutic target for depression and other neuropsychiatric
disorders [11]. Here, we demonstrate that these single TMS pulses
induce neuronal responses both locally within the dIPFC (19% of
recorded electrodes) and in remote regions functionally con-
nected to the stimulation site (8.2% of recorded electrodes across
the whole brain), including deep structures such as the anterior
cingulate cortex (ACC) and insula. Together, these findings show
that 1) TMS-EEG is a viable tool for studying the electrophysio-
logical effects of TMS on the human brain and that 2) TMS is
capable of inducing responses both locally and in functionally
connected downstream neuronal populations in humans.

METHODS

Safety testing using a gel-based phantom brain

We addressed the safety of performing TMS with iEEG by first using a gel-
based phantom brain as a model. The analyses were focused on evaluating
three main concerns: 1) electrodes heating, 2) electrode displacement, and
3) induction of secondary electric currents. To evaluate these possibilities,
we delivered TMS to a gel phantom with intracranial electrodes placed
within the gel and on the surface to mimic human experimental
conditions, as described previously to investigate safety related to
intracranial electrodes [30]. The distance from the TMS coil to the
electrode contacts was set to 10 mm, which conservatively approximates
the smallest distance possible (and thus the highest amplitude in magnetic
field) between the coil and iEEG electrodes in human experiments, where
TMS must cross the skin, skull, and cerebrospinal fluid space prior to
reaching the electrodes [31, 32].

TMS equipment & stimulation parameters. TMS equipment included a
MagVenture MagPro X100 230V system with a figure-of-eight liquid-cooled
Cool-B65 A/P coil (MagVenture; Alpharetta, GA, USA). Stimulation pulse
was biphasic sinusoidal with a pulse width of 290 microseconds for all
experiments except for those measuring displacement, which was
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monophasic to avoid the possible cancellation of displacing forces. For
safety testing in the phantom brain, the stimulation intensity range was set
to 100% machine output delivered at 10-40 Hz.

Gel phantom apparatus and electrodes. We used a custom-made gel
phantom filled with polyacrylic acid saline gel placed in an 8-inch cubic
container with a 3/16-inch polymethyl methacrylate wall, according to the
American Society for Testing and Materials standards section F2182. The
electrodes included a 32-contact grid electrode and an 8-contact
penetrating depth electrode array with 1-cm spacing, made of non-
ferromagnetic platinum (SDO8R-SP10X-000 and a 4 connector L-SRL-8DIN;
Ad-Tech; Racine, WI, USA), all of which are embedded in a silicon-based
sheet (silastic) material. Inter-contact impedance within the gel phantom at
100 Hz was 2.82+/— 1.1 kiloohms (mean and standard deviation) and at
1000 Hz was 1.44 +/— 0.87 kiloohms. Details on the measurement of
relevant parameters and details on the phantom brain testing are provided
in Fig. 1 and Supplementary materials.

TMS in neurosurgical patients

Subjects. 22 neurosurgical patients with medically intractable epilepsy
participated in this study and were included in the safety analysis (10
females, age range 13-56, mean 28 +/— 13). A subset of 10 patients (5
females, age range 14-52 years, mean 25 +/— 11 SD) received 50 pulses of
0.5 Hz TMS applied to the dIPFC and were selected for the main analysis
quantifying the evoked response after dIPFC TMS. Each patient was
admitted to the University of lowa Hospitals and Clinics for 14 days of
monitoring with intracranial electrodes to localize their seizure focus
(Table 1, Supplementary Tables 1 and 2). Logistical details of their
admission are provided in Supplementary Methods. All experimental
procedures were approved by the University of lowa Institutional Review
Board. Written informed consent was obtained from all participants.

Subject neuroimaging. Prior to implantation of intracranial electrodes,
patients underwent an anatomical and functional MRI scan within two
weeks of the electrode implantation surgery. After surgery, patients
received an anatomical scan for both clinical purposes and to identify the
position of each electrode contact. Details are provided in Supplementary
Methods.

Transcranial magnetic stimulation and iEEG recording. The TMS experi-
ment was conducted 12-13 days post-implantation surgery and after
restarting seizure medications. Electrode implantation and recording
protocols have previously been described in detail [33, 34] and are
provided in Supplementary Methods. TMS was performed with a Cool-B65
Active/Placebo (A/P) liquid cooled butterfly coil using the same
MagVenture system described above. Neuronavigation using frameless
stereotaxy was guided with Brainsight and the pre-implantation T1/
MPRAGE anatomical scan. Motor threshold procedures were performed for
each participant prior to experimental testing. The hand knob of the motor
cortex on MRI was targeted and motor threshold was defined by hand
movement in at least 50% of trials.

The main analysis included single pulses of TMS delivered at 0.5 Hz to
the dIPFC to evaluate the distribution of evoked responses. Pulses were
delivered at 0.5Hz at 100% or 120% of motor threshold. 100% motor
threshold was utilized if 120% was not tolerated by the participant due to
discomfort. The anatomical target of stimulation was the dIPFC, defined by
the Beam F3 region [35], identified by transforming published coordinates
(MNI 1 mm: —41.5, 41.1, 334 [36]) into each subject’s native T1 and
displaying it as a target in Brainsight. The stimulation site was modified
slightly in some cases if access was impeded by head wrap or anchor bolts
for securing electrodes. The motor threshold and locations of TMS delivery
are provided in Table 2.

We had three sham conditions that utilized the MagVenture Active/
Placebo coil. 1) To evaluate neural responses that may be due to auditory
effects [37], we applied sham TMS to the dIPFC, with the A/P TMS coil
flipped 180-degrees away from the head. 2) We applied another sham
condition with a flipped coil that mimicked the sound of TMS while also
delivering cutaneous electrical stimulation coincident with each pulse that
closely matched the sensory effect of active TMS. 3) To evaluate specificity
of the TMS stimulation site in relation to the distribution of evoked
potentials, we applied the identical simulation protocol of 0.5Hz single
pulses of TMS to brain areas other than the dIPFC in a subset of 6
participants. Non dIPFC sites included the superior temporal gyrus, motor
cortex, and the parietal lobe. Additional details and any subject-specific
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deviations from these parameters are described in Supplementary Tables 1
and 2. Other participants that did not receive 0.5 Hz dIPFC stimulation were
included in the assessment of TMS-iEEG safety. These subjects received
alternate stimulation protocols, with details provided in Supplementary
Table 2. For all experiments, the electromagnetic field was simulated using
SimNIBS as described in Supplementary Methods.
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@ TMS > Sham
@ TMS = Sham

Intracranial Stimulation. In addition to the TMS control conditions (sham
and non-dIPFC active conditions) we also utilized direct electrical
stimulation from the intracranial contacts implanted in the dIPFC as an
additional control condition (N=6). This was done to evaluate the
specificity of the TMS response, specifically to evaluate the possible role of
sensory and/or cutaneous effects since intracranial stimulation is not

SPRINGER NATURE
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Fig. 1 TMS reliably and safely induces intracranial neural responses. a Schematic of experimental setup. After surgical implantation of iEEG
electrodes, subjects received single pulses of TMS while simultaneously recording from iEEG contacts. Two experimental conditions were
used: a sham condition with the TMS coil flipped in the opposite direction and a TMS condition with the TMS coil oriented correctly.
b Thermometry traces of temperature of intracranial electrodes while exposed to TMS in an in vitro phantom brain. ¢ Schematic of phantom
to study the voltage induced by TMS directed towards intracranial electrodes. Electrodes were placed within a gel phantom in three parallel
lines, one at the center of the figure-of-8 coil and the other two each 17.5 mm from the center, aligned along the axis of stimulus delivery.
d Voltage as a function of time to evaluate induced currents. Note that the voltage drops exponentially as a function of distance from the coil
both orthogonal and parallel to the axis of stimulation. e Representative subject’s (Subject 483) brain, with implanted contacts shown as a
circle. f Representative TMS >sham intracranial TMS evoked potential (iTEP), denoted as significant iTEP in the manuscript. For all
electrophysiology figures, gray region around time zero represents the time period for which the TMS artifact was removed. Vertical arrow
denotes the time when the pulse was delivered. Shaded regions are +1 SEM. g Representative TMS =Sham neural evoked response.
h Representative electrode without a neural response in either TMS or sham condition.

perceived by the subject. Intracranial direct electrical stimulation has been
described previously from our groups [10, 38-40] and details are provided
in Supplementary Methods.

Electrophysiology analysis

Preprocessing of iEEG Data. Data preprocessing and analysis was
performed offline using the FieldTrip toolbox [41] and with custom scripts
(MATLAB; Mathworks; Portola Valley, CA, USA). Artifact correction is
described in Supplementary Methods. It includes TMS pulse artifact
removal, decay artifact removal, and line noise removal. After preproces-
sing, depth electrodes underwent further adjacent electrode bipolar
montage re-referencing, downsampled to 300Hz, epoching from -1000ms
to 500ms, and baseline correcting to the pre-stimulus voltage between
-250ms and -50ms. Finally, data was filtered from 1-35 Hz (second order
Butterworth filter) to isolate the slower evoked potential within the delta to
low gamma bands. As a negative control, random 1500 ms epochs were
created from the baseline (i.e. prior to TMS stimulation) data by choosing
random start times during the baseline period from a uniform distribution.
iEEG data during sham TMS was processed in an identical manner as active
TMS to act as an additional negative control.

Significance Testing and Quantification of Intracranial TMS-Evoked Potentials
(iTEPs). To examine and quantify evoked potentials after TMS delivery, we
utilized nonparametric clustering as previously described [42] with details
in Supplementary Methods. We defined a channel to have a significant
TMS-specific neural response if it met the following criteria: 1) TMS was
significantly different from both the baseline and sham conditions; 2) TMS
response exceeded 10 pV; and 3) Sham was not significantly different from
baseline. Sham vs. baseline was required in significance testing as there
were contacts where sham and TMS both elicited significant responses but
at different amplitudes. Requiring a TMS-evoked potential to be
significantly different from both baseline and sham was a conservative
strategy aimed to reduce the probability of significant iTEPS resulting from
artifact or noise. The specific threshold of 10 pV for TMS response was
chosen following visual inspection of noise across participants, which was
consistent from subject to subject.

RESULTS

We start by reviewing safety testing in vitro from a phantom brain
as well as in vivo in humans (N =22). Next, we discuss human
experimental data acquired from 10 neurosurgical participants
that received single pulses of TMS delivered to the dIPFC while
recording iEEG. Of those subjects, two were eliminated due to
excess artifact as described in Methods (iEEG recording). Of the
remaining eight subjects, we analyzed a total of 1414 electrodes.
An overview of the experimental paradigm is shown in Fig. 1a.

TMS is safe in combination with iEEG in vitro

First, we evaluated the safety of concurrent TMS-iEEG in a
phantom brain model. We observed: 1) no significant heating of
electrodes, with all measurements showing minimal change from
baseline (<0.1 degree Celsius) (Fig. 1b); 2) no electrode
displacement; and 3) the induced voltage within electrodes drops
exponentially as a function of distance from the coil both
orthogonal and parallel to the axis of stimulation (Fig. 1c, d).
Across the various stimulation protocols, we found the maximum
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voltage induced by TMS was around 5V at 5mm from the coll
when stimulation intensity was set at 100% machine output. This
corresponds to a voltage gradient of 0.3V/mm and a charge
density / phase of approximately 7.2 uC/cm?, well below the 30
uC/cm? commonly used as a recommended safety threshold for
intracranial stimulation [43]. Furthermore, these values match the
estimated voltage induced by TMS directly within brain tissue [32],
demonstrating that intracranial electrodes do not cause additional
electrical stimulation during TMS. In summary, we find that
temperature, motion, voltage, and charge remain within clinically
tolerable limits when delivering TMS at clinically relevant
intensities while recording with iEEG in vitro.

Demonstrating safety of TMS-iEEG in humans

22 participants with medically intractable epilepsy enrolled in the
study and received TMS while recording concurrently with iEEG.
Across all sessions and all stimulation protocols there were no
adverse events reported beyond those routinely reported during
TMS, such as a worsening of an existing headache or scalp
discomfort at the site of stimulation. In those situations when
headache or scalp discomfort was reported participants were
given options to reduce the stimulation intensity or discontinue
the experiment rather than stimulate additional sites. TMS was
typically tolerated at 2-4 stimulation sites per participant, with
0.5 Hz qualitatively better tolerated than repetitive TMS protocols.
There was no change in the frequency of seizures during TMS
sessions. A single individual with hundreds of seizures per day
each lasting a few seconds had four seizures during one TMS
session, which was not different than baseline seizure frequency
during the hospitalization. For this patient two seizures occurred
during set-up, one during sham stimulation, and one during 0.5 Hz
stimulation, at which point the session was discontinued.

TMS-evoked potentials observed with TMS-iEEG were specific
to active TMS

Ten participants received single pulses of TMS delivered to the
dIPFC at 0.5 Hz. Of these, two participants were excluded from
analysis due to significant TMS-related amplifier saturation
observed in >10% of contacts (see Methods for details). An
example of a subject’s intracranial response to TMS is depicted in
Fig. 1f with all electrode responses available in Supplementary
Material. As can be seen, we were able to successfully isolate iTEPs
that were specific to TMS instead of sham (Fig. 1e-h). This TMS >
sham analysis allowed us to isolate iTEPs while controlling for the
auditory responses. Contacts generally fell into three categories: 1)
responsive (eliciting a strong iTEP) to TMS specifically over sham
(TMS > sham; 8.7% of all contacts; Fig. 1f), 2) responsive to both
TMS and sham (TMS = sham; 5.8% of all contacts; Fig. 1g), and 3)
not responsive to either condition (TMS = baseline; 85.3% of all
contacts; Fig. 1h). Notably, contacts responding to both TMS and
sham were enriched in auditory regions such as the left and right
transverse temporal cortex (100% and 88%, respectively), suggest-
ing that the TMS = sham condition was effective in controlling for
the auditory evoked responses associated with TMS delivery.
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J.B. Wang et al.
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Fig. 2 TMS induces local evoked potentials within the dIPFC that correlate with electrical field strength. A, B Merged image of
significant intracranial TMS-evoked potentials (iTEPs) and electric field strength. C Group plot of realigned electrodes around the average TMS
stimulation site. Black and white electrodes denote significant (TMS > sham) and non-significant (TMS=sham) iTEPs, respectively. D Averaged
iTEPs measured at dIPFC from two representative subjects. E Aggregated average percentage of iTEPs in regions above and below 50% of the
maximum induced electric field across the brain (High and Low E-Field respectively, 50% E-field).

Finally, to confirm whether the delivery of TMS pulses at 0.5 Hz
induced plasticity, we compared our first and second half of pulses
and found no significant difference in iTEP amplitude (Supple-
mentary Fig. 2, One-Sample T-test, N =98 channels, t(97) =-0.19,
p =0.848).

Evaluating local evoked responses of TMS applied to

the dIPFC

To evaluate local effects of TMS at a group level we generated a
unified coordinate system centered on the stimulation coil, such
that electrode locations relative to the coil were combined across
subjects. Figure 2 depicts these results, where all coregistered
contacts within 30 mm of the stimulation site (total of 37 contacts)
are plotted. Three of eight analyzed subjects had electrodes within
30 mm. We found that in general, significant iTEPs (TMS > sham)
were observed in 19.0% of contacts within 30 mm of the
stimulation site (Fig. 2A, C, and local iTEPs from two subjects are
shown in D; individual trials from three local contacts are shown in
Supplemental Figure 10). This proportion was significantly higher
than the 8.2% of contacts outside of the 30 mm surrounding the
dIPFC (p = 0.02, 2-proportion z-test). Next, we show that electro-
des exposed to a higher electric field, defined by the 50% of the
maximum electric field or higher, were more likely to exhibit
significant iTEPs (TMS > sham) (Fig. 2E; 13.9% (N = 6) versus 1.8%
(N =54), two-sample t-test t(58) =2.78; p <0.01). A similar result
was observed when splitting by median E-field values (Supple-
mental Figure 6; median split: 9.91% +/- 1.76% versus 5.70% +/-
2.28 (N =30 each), Rank Sum Test z = 3.30, p < 0.001). In summary,
we demonstrate that a small subset (19%) of electrodes near the
dIPFC stimulation site exhibit significant iTEPs, which can partially
be explained by the positive relationship between iTEPs and
electric field strength.

TMS induces network level brain responses that include the
ACC and insular cortex

TMS may also have therapeutic effects by modulating brain
regions indirectly, such that the TMS-induced magnetic field is
subthreshold, but activity is modulated through network level
effects that preferentially influence sites connected to the
stimulation site. To evaluate this possibility, we visualized regional
patterns of significant iTEPs (TMS > sham) at the group level based
on the proportion of significant iTEP electrode contacts (see
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Methods; Fig. 3A; individual channel responses across parcella-
tions can be found in Supplementary Fig. 15). In general, there was
electrode coverage across cortical structures, except for the
occipital lobe (Supplementary Fig. 3). We had 7 subjects with
dIPFC coverage (4 left, 3 right) and 6 subjects with ACC coverage
(3 left, 3 right, 1 bilateral). We had a total of 3 subjects with
electrode coverage of the dIPFC and ipsilateral ACC. Ipsilateral to
TMS, regions with the highest proportion of significant iTEPs were
the dorsal ACC (dACC, 44%), pars opercularis (23%), and insula
(14%). Contralateral to TMS, the rostral ACC and dACC demon-
strated the most consistent iTEPs (20%) along with the post-
central gyrus. Regions with a high proportion of significant iTEPs
are visualized both on the brain’s transparent surface (Fig. 3C) and
MRI slices (Fig. 3D). In these views, iTEPs can be observed in high
proportion in the dACC extending superiorly into the dorsomedial
prefrontal cortex. Group averaged iTEPs in the ACC (N=5
patients, n=>5 contacts) and insula (N=4, n=4) are shown in
Fig. 3D. As can be observed, group iTEPs in the ACC and insula
following dIPFC TMS were significantly larger than responses from
cutaneous or auditory stimulation of the dIPFC (TMS vs auditory in
early window: T(7) = —2.57, p=10.04203; TMS vs sham in early
window: T(7) = —2.461, p =0.042; TMS vs auditory, late window:
T(7) = —2.58, p =0.039; TMS vs sham, late window: T(7) = —2.518,
p =0.041). In summary, we determined that regional patterns of
significant iTEPs following dIPFC TMS were observed in bilateral
dACC and ipsilateral insula, pars opercularis, and frontal gyri.

Network level iTEPs relate to functional connectivity of the
stimulation site

To evaluate whether the pattern of significant evoked responses
was related to the functional connectivity of the stimulation site we
performed a resting state functional connectivity MRI (rs-fcMRI)
analysis seeded from the stimulation site. This was performed both
with resting state functional MRI data from the individual
participants as well as from a large normative cohort (Fig. 4A;
N =98; see Methods), which both had similar patterns of dIPFC-
seeded rs-fcMRI connectivity (spatial correlation, Pearson’s r = 0.74,
p <0.001; also see Supplementary Fig. 4). When focusing on regions
with the highest percentage of significant iTEPs such as the dACC/
dorsomedial prefrontal cortex, we observed robust rs-fcMRI
connectivity between dIPFC stimulation site and these regions
(Fig. 4A, outlined in black). Across brain regions, those with
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Fig. 3 TMS evokes downstream iTEPs within the ACC and Insula. A, B Bar chart of percentage of electrodes within a Cortical Parcellation
(see Methods) that showed a significant iTEP (left; TMS > Sham) as well as response to sham TMS (right; sham > baseline, indicating regions
likely showing an auditory response). Regions are split based on ipsilateral and contralateral to the TMS site (top and bottom, respectively).
C Heat maps depicting the percentage of local electrodes that expressed a significant iTEP (TMS > Sham). TMS coil and underlying green dot
denote the TMS stimulus site. Note the consistent neural responses in ACC. D Heat map overlayed depicting the percentage of ACC electrodes
that expressed a significant iTEP specifically during TMS. E Group iTEPs within the ACC and Insula evoked after TMS of the dIPFC, as compared
to cutaneous or auditory stimulation over the dIPFC. Individual iTEP traces can be found in Supplementary Fig 9.
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Fig. 4 dIPFC TMS evokes downstream iTEPs in the ACC in a functionally connected and site-specific manner. A Resting state functional
MRI (rs-fcMRI) maps (N = 98 healthy controls), with a seed determined by the average TMS induced electric field. Depicted are T-Values with
FSL's implementation of nonparametric clustering for multiple comparison correction, with a Z-Stat cutoff of 3.1 (p < 0.001). B Comparison of
rs-fcMRI connectivity values in regions with and without iTEPs. * indicates statistical significance (T ireps = 2.96 +/— 0.31; T()ireps = 1.61 +/
—0.18; p <0.001, 2-sample Student’s T Test). Error bars are £1 SEM. C Heat map of electrodes that expressed an iTEP specifically after TMS of
the dIPFC (Left) and the parietal region (Right) in the same two subjects (Middle) Time-locked average traces from both subjects. D Across non-
dIPFC TMS targets, (5 targets, 6 subjects) iTEPs were not observed in the dACC like they were with dIFPC TMS. Green dots represent the

stimulation sites.

significant iTEPs demonstrated significantly higher rs-fcMRI con-
nectivity with the dIPFC stimulation site compared to those without
significant iTEPs (T(,ireps = 2.96 +/— 0.31; T(yireps = 1.61 +/— 0.18;
p < 0.001; Fig. 4B). Next, to further explore the relationship between
rs-fcMRI and evoked potentials (iTEPs) response, we conducted a
regression analysis where the connectivity between the stimulation
site and each cortical parcel was derived from a normative cohort
and represented as z-values. These z-values were correlated with
the percentage of iTEP-associated electrodes, as depicted in
Supplementary Figs. 4 and 8. This regression analysis revealed a
moderately positive relationship (R=0.21, p <0.001 per permuta-
tion test). Additionally, a Spearman rank correlation was performed
that also supported this relationship (R=0.346 (p<0.001 per
permutation test). These findings suggest that the functional
connectivity derived from rs-fMRI data can provide predictive
information regarding the responsiveness of electrodes to TMS.

Evaluating potential confounds

One concern is that the ACC and insula iTEP response profile
observed in this study is not specific to dIPFC TMS but rather a
general response that could be observed with TMS applied to any
location, especially since pain is known to activate the ACC and
insula [44] and TMS can be uncomfortable. To evaluate this
possibility, we performed several additional analyses. First, we
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determined whether the pattern of evoked responses in the dACC
was specific to the dIPFC stimulation site or whether 0.5 Hz TMS
applied to other targets elicited a similar response. TMS was
applied to active control sites in the parietal lobe, superior
temporal gyrus, and motor cortex (also see Methods). Across 5
other stimulation sites in 6 subjects (25 electrodes in the dACC) we
did not observe any dACC iTEPs (Fig. 4C, D). Notably, parietal lobe
stimulation induced strong iTEPs in the lateral prefrontal cortex —
demonstrating remote iTEPs after parietal TMS - but the dACC
iTEP response profile observed with dIPFC stimulation in these
same participants was not seen following parietal lobe stimulation
(Fig. 4Q). These results support the notion of anatomical specificity
of remote effects of dIPFC TMS at the ACC.

Second, we leverage direct electrical stimulation of the dIPFC in
select individuals with electrode coverage of the dIPFC and dACC.
As direct electrical stimulation is not reported to be painful (and
not perceived), observation of evoked potentials in the ACC after
electrical stimulation to the dIPFC would strengthen the argument
that dACC iTEPs result from cortical propagation of electrical
activity from the dIPFC stimulation site as opposed to representing
a non-specific effect to a painful stimulus. Thus, we applied direct
electrical stimulation to the dIPFC and measured ACC and insular
evoked responses in six patients with electrode coverage at both
locations (Fig. 5; N=6, see Methods). Following single pulse
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C Insula

Anterior Cingulate
N=6, n=9

Fig. 5 Direct electrical stimulation of the dorsolateral prefrontal cortex (dIPFC) elicits responses in anterior cingulate cortex (ACC) and
insula. A Displays the grouped average cortico-cortical evoked potentials (CCEPs) for the stimulation region (dIPFC), with the gray trace
representing the baseline activity. B Presents the grouped average CCEPs for the ACC, also with the gray trace representing the baseline
activity. C Presents the grouped average CCEPs at the Insula region, with the gray trace representing baseline activity. The brain surface views
in A-C represents the MNI coordinates of the electrodes within the respective region, where the color of each individual CCEP trace
corresponds to the color of the respective electrode MNI coordinate. L/R hemispheres are mirrored for visualization. D Individual electrode
CCEPs recorded from the dIPFC are displayed, with the gray trace representing the baseline activity. E Exhibits individual electrode CCEPs
recorded from the ACC, again with the gray trace representing the baseline activity. F Individual electrode CCEPs recorded from Insula region
and the gray trace representing baseline activity. These findings highlight the presence of evoked responses resembling the time course of
responses to transcranial magnetic stimulation (TMS), further supporting the role of dIPFC stimulation in activating the ACC and insula
regions. Comparative reference to Fig. 3, Supplementary Figs. 1 and 9 is suggested for further context. More details of individual CCEPs traces

can be found in Supplementary Fig. 7.

electrical stimulation to the dIPFC, we observed significant
electrically-evoked potentials in the dIPFC, ACC, and insular
regions (Fig. 5 and Supplementary Fig. 7). Similarity in the evoked
potential in the ACC between TMS (N =15) and direct electrical
stimulation (N=6) is seen at the 50 ms positive peak, 150 ms
negative peak, and 250 ms positive peak. Finally, to evaluate
whether neural responses may be due to a combination of
auditory and cutaneous stimulation we also applied electrical
stimulation to the scalp overlying the dIPFC concurrent with the
TMS coil discharged 180-degrees away from the head. This
cutaneous + auditory sham condition closely mimics the experi-
ence of receiving active TMS and was performed in four
participants, but the evoked response did not resemble that of
active TMS (Fig. 3E, shown in gray). Together, these analyses
support the notion that ACC responses following dIPFC TMS are
likely due to stimulation of the dIPFC and/or immediately
surrounding structures and not due to pain or somatosensory
perceptual changes.

DISCUSSION

Summary of findings

After demonstrating safety using a phantom brain model, we
performed TMS-EEG in 22 participants without any observed
adverse events. Next, we showed that single pulses of TMS to the
dIPFC induces neural responses at 8.7% of electrodes across the
brain. The time course of these evoked responses were variable
from site-to-site, occasionally occurring as early as could reliably
be observed (i.e. 15 ms), with the majority of responses occurring
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between 50-250 ms. This time course is consistent with what has
been reported from single unit recordings in experimental animals
where TMS-induced changes may last hundreds of milliseconds
[5-7]. These responses were observed locally within the dIPFC at a
higher rate (19% of electrodes in 2 of 3 participants with
electrodes within 30 mm of coil). In addition to local responses,
a few remote sites of evoked response were also observed that
appeared to be specific to the active TMS condition, including the
dACC and insular cortex. The anatomical specificity of this dACC
response being present after direct electrical stimulation of the
dIPFC from intracranial electrodes but not being present in a sham
condition that included noxious scalp cutaneous stimulation
supports the notion that these remote responses from dIPFC
TMS are not due exclusively to the auditory, somatosensory, or
pain response of TMS. Taken together, these findings suggest that
TMS recruits neuronal populations locally and downstream in
functionally connected regions. Work presented here can be taken
as evidence for the safety and promise of TMS-IEEG as a new
method for interrogating the mechanisms of TMS in humans with
high spatiotemporal precision.

Evoked potentials near the stimulation site in TMS

In our study, while TMS induces iTEPs within 3 cm of the targeted
area at a higher rate than observed in electrodes located outside
this 3 cm perimeter, still only a minority of local electrodes had
significant iTEPs (19% vs 8.2%, p = 0.02 in 2 of 3 participants with
‘local’ electrode coverage). This finding of a lack of robust local
response to stimulation is consistent with findings in non-human
primates and humans. In non-human primates, neurons directly
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below the coil in a 2 mm diameter region demonstrated a direct
alteration in neuronal firing in response to TMS [5]. Whereas the
direct single unit changes were very focal there was a much wider
area of TMS-induced low frequency oscillatory activity [5]. In
humans, a recent review of all TMS-fMRI studies concluded that for
stimulation sites outside of primary sensory cortex TMS does not
increase BOLD activity locally [45-48]. For our analysis we had to
exclude the first 15 ms immediately after each TMS pulse due to
stimulation artifact. As a result, we likely miss the immediate direct
depolarization of neurons and monosynapic activity resulting from
TMS. The iTEPS are most likely the result of a slower polysynaptic
process. This could represent slow propagation from the
stimulation site to target through cortico-cortical or cortico-
subcortcal-cortical pathways, or recurrent propagation pathways
after reaching the target site early in the first 15 ms [10]. This late
potential is less likely to represent slow propagation of the electric
field due to the relatively weak relationship of the E-field and iTEPs
(e.g. Fig. 2A-C, E) and the fact that magnetic fields induced by TMS
only last for hundreds of microseconds [49].

Network-level modulation of the ACC and other brain regions
Repetitive TMS to the dIPFC modifies both the dIPFC and a
network of connected regions including the ACC and adjacent
medial prefrontal structures. Evidence of this has been derived
from EEG [50-52], structural MRI [52, 53], and fMRI [54-59].
However, without a direct link to intracranial neurophysiology, it
has been difficult to confirm the nature of these remote ACC
responses. Specifically, it is difficult to source localize subregions
of the ACC using EEG and resolve millisecond temporal relation-
ships in the ACC using fMRI. In our study, the dACC was the node
with the highest proportion of significant neural responses
following TMS compared to sham pulses. The dACC also
demonstrated strong resting state functional connectivity to the
dIPFC and exhibited evoked responses to direct electrical
stimulation of the dIPFC, together supporting a possible causal
connection between the dIPFC and dACC.

A critical question in the field is if therapeutic TMS for
depression elicits its clinical effects locally at the dIPFC or
downstream in regions functionally connected to the dIPFC. Our
results demonstrate a potential dIPFC-dACC functional connec-
tion, supporting the notion that modulation of the dACC may play
a role in clinical improvement due to TMS. Indeed, the dACC is a
critical node in the salience network, which influences affective
behavior, is activated by negative emotions [60], and exhibits
decreased gray matter [61], and decreased metabolism [62-66] in
patients with depression compared to healthy controls. Moreover,
lesions of the salience network are associated with depressed
mood [67], while electrical stimulation in this region can evoke
positive emotion [68]. The more ventral subgenual ACC (sgACC)
also has strong evidence relating its activity to depression. In
contrast to the dACC, the sgACC tends to have increased
metabolism in depression [66, 69-71], which normalizes after
treatment [66], and appears to play a role in ruminations
characteristic of depression [72-74]. The pattern of resting fMRI
connectivity between the dIPFC and these two ACC regions is
different, with dIPFC activity positively correlated with dACC
activity [75] and negatively correlated with sgACC activity [55]. A
major question in the field is if TMS to the dIPFC modulates both
the dACC and sgACC directly, or if the effects are direct at one site
and indirect at another. While our electrode coverage was greater
at the dACC relative to the sgACC (see Supplementary Fig. 3), our
results to date support a causal dIPFC-dACC connection elucidated
by single pulses of TMS. Whether a similar propagation pattern
exists for sgACC in response to dIPFC TMS will require further
study with denser sampling of the sgACC.

In addition to the dACC, we also note that TMS delivery to the
dIPFC has led to evoked potentials within the insula, pars
opercularis of the inferior frontal gyurus, and precentral gyrus.
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Interestingly, functional connectivity between the dIPFC and the
insula has been shown to predict the antidepressant effects of
dIPFC TMS [76]. Although a high percentage of electrodes within
the insula exhibited a response to TMS while exhibiting no
response to sham, it is important to note that other electrodes
within the insula demonstrated a significant response to an
auditory sham, limiting the conclusions we can make regarding
the region. dIPFC TMS may also alter functional connectivity
between the inferior frontal gyrus, which contains the pars
opercularis, and the rest of the limbic system [77]. Finally, the
precentral gyrus has been implicated along with the dIPFC, dorsal-
parietal cortex, and anterior midline structures as part of a
cognitive control network, may contribute to TMS's potential
efficacy in a subset of patients [57, 78].

Limitations and future directions

This analysis has limitations, some of which can be addressed in
future experiments. First, the TMS artifact saturated the iEEG
amplifiers and degraded the physiological signal within the first
15 milliseconds after TMS. To account for this, we focused our
analyses to start 15 ms after TMS was administered. While this
strategy minimized the potential for TMS artifact contaminating
the physiological signal, it limited our analysis of the immediate
(<15 ms) effects of TMS and thus our ability to assess for
immediate mono- or polysynaptic responses for TMS. This may
explain why iTEPs were only observed in 19% of electrodes near
the stimulation site. Future work will focus on minimizing
stimulation artifact so as to resolve these immediate (<15 ms)
neural effects. Related to this point, we were conservative in
what we defined as a TMS-specific iTEP. We aired on the side of
being overly conservative to avoid over-interpreting artifactual
or non-TMS specific signals. In future analyses it may be possible
to modify our analytic approach in a way that increases
sensitivity for TMS-specific effects through enhanced artifact
rejection strategies and through new amplifiers that accom-
modate a wider input range such that TMS does not saturate the
signal.

Second, our sample size was small, and patients were
heterogeneous with respect to seizure onset, electrode type,
and the distribution of anatomical coverage. Therefore, findings
from this study may be skewed towards regions with greater
anatomical coverage and miss regions with robust responses but
without coverage. Furthermore, for some regions sample size was
low (2-6; see Supplementary Table 2), raising potential concerns
regarding consistency between subjects. However, we also note
that our primary network claims (Fig. 3) were consistent across
patients, e.g., each of the patients with ACC coverage demon-
strated strong iTEPs after dIPFC TMS (Supplementary Fig. 9). We
take these results not as a comprehensive map of the evoked
responses but rather as an important proof-of-concept that TMS
effects can be recorded in human neurosurgical patients with
iEEG. A larger study will be necessary to further explore iTEPs in
these under sampled regions and to more systematically assess
the distribution of responses to TMS stimulation of various regions
across the brain.

On a related note, regarding heterogeneity in our patient
population, we used the Beam F3 coordinate for determining our
stimulation site from an anatomical MRI. Beam F3 was selected
because it is a commonly used stimulation target for treating
depression [35, 79-81]. For our initial study, our goal was to
identify brain-wide changes associated with TMS as applied
clinically. However, this method does not take into consideration
individual differences in the functional organization of the dIPFC,
which has been shown to be associated with treatment efficacy in
the research setting [55, 82]. Future studies could evaluate
whether greater convergence of downstream effects is evident
when the stimulation target is identified using functional
connectivity MRI, and whether the remote modulation occurs at
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sites predicted based on functional connectivity to the stimulation
target [55, 571.

There are several avenues of research that can be pursued using
this TMS-EEG approach with slight modifications to the study
design. A relatively large area of cortex is stimulated by TMS
according to the simulated electric field (Fig. 2B). It is possible that
our findings are not specific to the dIPFC but also from stimulation
of immediately surrounding structures such as the inferior frontal
gyrus and premotor areas. Future studies could target nearby
structures to characterize the specificity of the dIPFC cortical
regions targeted by TMS relative to more closely adjacent regions.
Finally, these experiments were conducted on patients with
medication refractory epilepsy taking anti-seizure medication.
Although electrodes in the epileptic network were removed (see
Methods), the seizure focus and early epileptic spread regions and
seizure medications can impact local and global brain excitability
and connectivity [83-85]. Thus, further study is needed to
determine how these responses may differ from healthy
participants not on medications.

CONCLUSIONS

Taken together, these results provide compelling proof-of-concept
to suggest that the physiological effects of TMS can be recorded
with intracranial electrodes in humans. We observed no adverse
effects of TMS-IEEG experiments in twenty-two participants to
date. While encouraging, caution must be taken to ensure
continued patient safety. We hope this article will help to establish
a foundation for this new TMS-EEG approach by providing safety
data from a phantom brain and human participants, along with
artifact removal and processing steps that will lay the methodical
groundwork for future hypothesis-driven investigations. We are
optimistic that TMS-IEEG will provide an informative novel
methodology in the ongoing efforts to understand the underlying
mechanisms of TMS.
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