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Abstract.  66 
Targeted stimulation can be used to modulate the activity of brain networks. 67 

Previously we demonstrated that direct electrical stimulation produces predictable post-68 
stimulation changes in brain excitability. However, understanding the neural dynamics 69 
during stimulation and its relationship to post-stimulation effects is limited but critical for 70 
treatment optimization. Here, we applied 10Hz direct electrical stimulation across several 71 
cortical regions in 14 human subjects (6 males) implanted with intracranial electrodes for 72 
seizure monitoring. The stimulation train was characterized by a consistent increase in 73 
high gamma (70-170Hz) power. Immediately post-train, low-frequency (1-8Hz) power 74 
increased, resulting in an evoked response that was highly correlated with the neural 75 
response during stimulation. Using two measures of network connectivity, cortico-cortical 76 
evoked potentials (indexing effective connectivity) and theta coherence (indexing 77 
functional connectivity), we found a stronger response to stimulation in regions that were 78 
highly connected to the stimulation site. In these regions, repeated cycles of stimulation 79 
trains and rest progressively altered the stimulation response. Finally, after just two 80 
minutes (~10%) of repetitive stimulation, we were able to predict post-stimulation 81 
connectivity changes with high discriminability. Taken together, this work reveals a 82 
relationship between stimulation dynamics and post-stimulation connectivity changes in 83 
humans. Thus, measuring neural activity during stimulation can inform future plasticity-84 
inducing protocols. 85 

 86 
 87 
 88 

 89 
  90 
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Significance 91 
 92 

Brain stimulation tools have the potential to revolutionize the treatment of 93 
neuropsychiatric disorders. Despite the widespread use of brain stimulation techniques 94 
such as transcranial magnetic stimulation, the therapeutic efficacy of these technologies 95 
remains suboptimal. This is in part due to a lack of understanding of the dynamic neural 96 
changes that occur during stimulation. In this study, we provide the first detailed 97 
characterization of neural activity during plasticity induction through intracranial electrode 98 
stimulation and recording in 14 medication-resistant seizure patients. These results fill a 99 
missing gap in our understanding of stimulation-induced plasticity in humans. In the 100 
longer term, these data will also guide our translational efforts toward non-invasive, 101 
personalized, closed-loop neuromodulation therapy for neurological and psychiatric 102 
disorders in humans. 103 
 104 
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Introduction.  135 
Brain stimulation treatments including repetitive transcranial magnetic stimulation 136 

(rTMS) have recently emerged as clinically-effective alternatives to medications for 137 
neuropsychiatric disorders. Although rTMS is FDA-approved for certain disorders (major 138 
depression, obsessive compulsive disorder) and there are multiple ongoing clinical trials 139 
for other disorders (post-traumatic stress disorder, substance use, epilepsy), the 140 
mechanism of how rTMS induces neural plasticity remains poorly understood. Studying 141 
brain dynamics during stimulation could provide a crucial set of principles to optimize 142 
rTMS and other neuromodulation treatments (e.g. deep brain stimulation and vagus 143 
nerve stimulation). 144 

The dynamics of neuronal plasticity are typically separated into the induction 145 
phase (changes during stimulation) and the maintenance phase (changes lasting 146 
minutes to hours after stimulation). The maintenance phase is characterized by a large 147 
change in synaptic response that persists for hours and involves modifications in gene 148 
expression, protein synthesis and synaptic function (Bliss and Lomo, 1973; Huang et al., 149 
1992; Mulkey and Malenka, 1992; Bliss and Collingridge, 1993, Liu et al., 1999; 150 
Miyamoto, 2006). The induction period has been less well-characterized, but in animal 151 
models changes observed during stimulation (induction phase) appear to relate to post-152 
stimulation maintenance effects. During tetanic stimulation in rat hippocampal slices, 153 
synaptic responses dynamically changed as more pulses were applied (Wojtowicz and 154 
Mozrzymas, 2014), and the magnitude of maintenance effects correlated with changes 155 
during stimulation. In non-human primates, >5Hz optogenetic stimulation to the 156 
sensorimotor cortices progressively increased functional connectivity during stimulation 157 
and predicted changes in post-stimulation connectivity (Yazdan-Shahmorad et al., 158 
2018). Furthermore, 10Hz magnetic stimulation (rTMS) to cat visual cortices elicited a 159 
pulse-wise increase in neural activity, resulting in significantly increased post-stimulation 160 
evoked and spontaneous activity (Kozyrev et al., 2014). These findings in animal models 161 
suggest discrete neural changes occur during induction that relate to post-stimulation 162 
changes.    163 

Few studies have examined the induction phase in humans. Two studies have 164 
recorded scalp electroencephalogram (EEG) while applying non-invasive rTMS and 165 
reported changes in the evoked potential during stimulation (Hamidi et al., 2010; Veniero 166 
et al., 2010). However, due to the short latency of these evoked potentials and the 167 
possibility of residual stimulation-related artifacts, the interpretation of these findings is 168 
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limited (Rosanova et al., 2012; Wu et al., 2018b). In contrast, invasive recordings 169 
provide high spatiotemporal resolution with temporally defined artifact, allowing precise 170 
measurement of neural activity after each pulse. Recent studies using direct electrical 171 
stimulation coupled with invasive EEG demonstrated evidence of entrainment to the 172 
stimulation frequency (Amengual et al., 2017), decrease in low-frequency power during 173 
high frequency stimulation (100Hz)(Rao et al., 2018), and increased theta activity 174 
directly after a stimulation train (Solomon et al., 2018). We recently demonstrated that 175 
repeated 10Hz electrical stimulation resulted in post-stimulation excitability changes in 176 
regions functionally connected to the stimulation site (Keller et al., 2018). Furthermore, 177 
tracking the first pulse across stimulation trains was useful in predicting these post-178 
stimulation changes, suggesting a potential link between the induction period and 179 
maintenance effects. Overall, human studies have begun to explore the complex 180 
dynamics of the induction phase of plasticity, but a detailed characterization is still 181 
lacking.  182 

In this investigation, we sought to better understand (1) the neural response to a 183 
stimulation train and (2) how brain activity during stimulation relates to post-stimulation 184 
connectivity changes. We hypothesized that a stimulation train would increase neural 185 
responses in regions functionally connected to the stimulation site, and the strength of 186 
response during stimulation could be used to predict brain post-stimulation connectivity 187 
changes.  We found that pre-stimulation connectivity predicted the stimulation response, 188 
which involves an increase in high-frequency (70-170 Hz) power, followed by a low-189 
frequency (1-8 Hz) power evoked response. In regions highly connected to the 190 
stimulation site, progressive change of the stimulation response was observed during 191 
the course of stimulation. Using features from the stimulation period, we were able to 192 
predict post-stimulation connectivity changes with high discriminability. This work 193 
demonstrates the feasibility of measuring neural activity during repetitive stimulation and 194 
serves to inform stimulation-based therapies for neuropsychiatric disorders.  195 
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Materials and Methods 196 
 197 
Participants. Fourteen patients (6 males) with medically-intractable epilepsy underwent 198 
surgical implantation of intracranial electrodes for seizure localization. Patient 199 
characteristics are described in Table 1. Patients were enrolled at two hospitals: North 200 
Shore University Hospital (Manhasset, New York, USA) and National Institute of Clinical 201 
Neurosciences (Budapest, Hungary). Eight patients from the current study was included 202 
in a prior study on post-stimulation effects of repetitive brain stimulation (Keller et al., 203 
2018). No analyses described in the current study was performed in the prior study. All 204 
patients provided informed consent as monitored by the local Institutional Review Board 205 
and in accordance with the ethical standards of the Declaration of Helsinki. The decision 206 
to implant, the electrode targets, and the duration of implantation were made entirely on 207 
clinical grounds without reference to this investigation. Patients were informed that 208 
participation in this study would not alter their clinical treatment, and that they could 209 
withdraw at any time without jeopardizing their clinical care. 210 
  211 
Electrode registration. Our electrode registration method has been described in detail 212 
previously (Dykstra et al., 2012; Groppe et al., 2017). Briefly, in order to localize each 213 
electrode anatomically, subdural electrodes were identified on the post-implantation CT 214 
with BioImagesuite4, and were coregistered first with the post-implantation structural MRI 215 
and subsequently with the pre-implantation MRI to account for possible brain shift 216 
caused by electrode implantation and surgery5. Following automated coregistration, 217 
electrodes were snapped to the closest point on the reconstructed pial surface6 of the 218 
pre-implantation MRI in MATLAB7. Intraoperative photographs were previously used to 219 
corroborate this registration method based on the identification of major anatomical 220 
features. Automated cortical parcellations were used to localize electrodes to anatomical 221 
regions8. 222 
 223 
Electrophysiological recordings. Invasive electrocorticographic (ECoG) recording 224 
from implanted intracranial subdural grids, strips and/or depth electrodes were sampled 225 
at 512 or 2048Hz depending on clinical parameters at the participating hospital (U.S.A. 226 
and Hungary, respectively). Data preprocessing and analysis was performed using the 227 
FieldTrip toolbox (Oostenveld et al., 2011). Line noise (60Hz and 50Hz for recordings in 228 
U.S.A and Hungary, respectively) was removed using a notch filter. Direct electrical 229 
stimulation induced stereotyped stimulation artifacts that were ~30ms in duration. We 230 
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applied a 4th order bandpass filter (Butterworth, two-pass) in the 100-150 Hz frequency 231 
range, which sharply localizes the stimulation artifacts as these artifacts comprise 232 
primarily high frequency power (>40 Hz, Fig 1D). Stimulation artifacts were subsequently 233 
detected by applying a value threshold. This value threshold was chosen per subject to 234 
detect all stimulation artifacts within the stimulation train. We replaced the stimulation 235 
artifact with stationary ECoG timeseries that represented similar amplitude and spectral 236 
profile as the background signal. This procedure was detailed previously (Crowther et 237 
al., 2019) and is preferred over simple spline interpolation given short intervals between 238 
pulses and the potential to introduce large spectral changes. To do this, we extracted 239 
ECoG signal with equal length as the stimulation artifact (~30ms, 15 or 61 samples 240 
depending on the sampling frequency) immediately preceding and following the artifact 241 
(Fig 1C). We reversed the ECoG signal and applied a tapering matrix (1:1/n:0 for the 242 
preceding data, 0:1/n:1 for the following data, where n is the number of samples 243 
contained in the artifact). The two ECoG signals were added together and subsequently 244 
used to replace the artifact period. The effectiveness of this artifact removal process is 245 
shown in Figure 1. Following artifact rejection, we applied a bipolar montage to depth 246 
electrodes and a common average reference montage to grid electrodes (Stolk et al., 247 
2018).  248 
 249 
Repetitive stimulation paradigm. In order to examine cortical dynamics during and 250 
after stimulation, we applied focal 10Hz stimulation in a clinically-relevant manner, as 251 
previously described (Keller et al., 2018). Each subject received 15 minutes of 10Hz 252 
direct electrical stimulation in a bipolar fashion (biphasic pulses at 100 s/phase). Each 253 
stimulation train was 5s (50 pulses / train) followed by 10s rest (15s duty cycle), resulting 254 
in 60 total trains and 3000 total pulses applied10 (Fig 1B). The stimulation current used 255 
was set at 100% of the motor threshold in patients with motor cortex coverage (Mehta 256 
and Klein, 2010; Keller et al., 2014c). Otherwise, 1 to 10mA was chosen depending on 257 
patient tolerance. The stimulation parameters were chosen to closely mimic commonly 258 
used rTMS treatment paradigms11. Stimulation sites were chosen in the frontal, temporal 259 
and parietal cortices as specified in Table 1. The mean stimulation current across all 260 
subjects was 6.1 mA (SD: 3.0).  261 
 262 
Experimental design and statistical analyses 263 
 264 
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Temporal dynamics of the stimulation response. To examine cortical responses during 265 
the repetitive stimulation protocol both within the stimulation train (intra-train) and after 266 
the train (post-train), we epoched the ECoG signal surrounding the 5s stimulation train 267 
(3s before the first pulse and 8s after the last pulse). The epoch was subsequently 268 
standardized using Z-scores against the pre-train baseline period (-600ms to -100ms 269 
before the start of the first pulse). The stimulation response was defined as the mean 270 
response during the period of stimulation (first pulse to last pulse). The offset response 271 
was defined as the mean response from 10ms (to dissociate the offset response from 272 
the stimulation response) to 1000ms after the last pulse. To quantify the dynamics of the 273 
stimulation response over time, we used repeated-measures ANOVA. First, as evoked 274 
oscillations were prominent during the stimulation, we quantified the slow fluctuations in 275 
the broadband signal by applying a 4th order Butterworth 1Hz low-pass filter. Second, we 276 
divided the stimulation period into 500ms bins. We reasoned if cortical excitability was 277 
changed during stimulation, then the means of individual bins should be significantly 278 
different. These bins represent the within-subject variable. Third, we created a variable 279 
representing the stimulation train number. Finally, we fitted a repeated measures model, 280 
where the broadband signal as stratified by the time bins is the response and the 281 
stimulation train number is the predictor variable (Time Bins ~ Stimulation Train). The F-282 
statistic and associated p-value were obtained for each coefficient (Time Bins and Time 283 
Bins*Stimulation Train). The F-statistic for the Time Bins coefficient indicates if there was 284 
a significant effect of time during the stimulation on the broadband signal whereas the F-285 
statistic for the Time Bins-Stimulation Train interaction indicates if there was progressive 286 
modulation of the broadband signal across the stimulation trains. A channel was 287 
considered stimulation responsive if either coefficient was significant using an p-value of 288 
0.05 after FDR correction for multiple channels comparison.  289 

 290 
Spectral decomposition of intra-stimulation dynamics. We evaluated the time-frequency 291 
dynamics during stimulation using Hanning tapers (100ms interval, -1s pre-train to +2s 292 
post-train). We identified characteristic changes in spectral power of the stimulation train 293 
in three frequency ranges: 1-8Hz (low-frequency power), 8-40Hz (mid-frequency power), 294 
70-170Hz (high-gamma power). These frequency bins were chosen after visual 295 
inspection of the time-frequency response due to observed differences in these bins 296 
(Figure 2A). To quantify slow changes in spectral power (Nir et al., 2008; Keller et al., 297 
2013), we first applied a bandpass filter (Butterworth, two-pass) with filter order 4 for 298 
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lower frequency bands (1-8Hz and 8-40Hz) or 8  for higher frequency bands (70-170Hz) 299 
(Crowther et al., 2019). Next, we took the absolute value of the filtered signal’s Hilbert 300 
transform to obtain the analytic signal (often referred to as band-limited power or 301 
BLP)(Foster et al., 2015). Finally, we applied a 4th order Butterworth 1Hz low-pass filter 302 
to obtain the slow component of the BLP (Nir et al., 2007; Keller et al., 2013) in order to 303 
compare the different BLP signals. Each data point was Z-transformed relative to the 304 
pre-train baseline period (-600ms to -100ms before the start of the first pulse) for 305 
normalization across patients. 306 
 307 
Pre/post-stimulation CCEP mapping (effective connectivity). To examine causal changes 308 
in brain excitability at baseline and after stimulation, we performed cortico-cortical 309 
evoked potential (CCEP) mapping (Keller et al., 2014a). CCEPs have been used to 310 
predict the onset of ictal events (David et al., 2008), examine the functional brain 311 
infrastructure (Keller et al., 2011; David et al., 2013; Entz et al., 2014; Keller et al., 312 
2014b), and causally examine the fronto-parietal (Matsumoto et al., 2011), hippocampal 313 
(Kubota et al., 2013; Megevand et al., 2017), visual (Keller et al., 2017), and language 314 
(Koubeissi et al., 2012) networks. Prior to and immediately after repetitive stimulation, 315 
we applied bipolar electrical stimulation (biphasic pulses at 100 s/phase) with a 1s 316 
inter-stimulation interval (ISI). This ISI was chosen to allow voltage deflections to return 317 
to baseline after ~500ms and to allow for sufficient trials to be collected within the 318 
expected time constraints in order to establish a stable pre-stimulation CCEP baseline 319 
(Keller et al., 2018). A uniform random jitter (+/-200ms) was included in the ISI to avoid 320 
potential entrainment effects that could change baseline cortical excitability (Keller et al., 321 
2018). Stimulation current was chosen to match the current used during repetitive 322 
stimulation. 191  20 (mean  SE) single pulses were applied to assess the baseline 323 

CCEP while 662  80 pulses were applied to assess post-stimulation CCEP. The 324 
number of CCEPs were chosen to maximize signal-to-noise within the amount of 325 
experimental time allotted. The number of pre and post CCEPs measured for each 326 
subject are outlined in Table 2. CCEPs from each channel were first epoched from -327 
1000ms to 1000ms. The epoch was subsequently standardized using Z-scores against 328 
the pre-CCEP baseline period (-150ms to -50ms, Fig 1C) by the formula: x -  / SD 329 

where x is a data sample,  is the mean of the baseline period, and SD is the standard 330 
deviation of the baseline period. The amplitude of the CCEPs was determined by 331 
averaging the standardized signal 10-100ms after the stimulation pulse and averaging 332 
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across all trials (Fig 1C). To evaluate whether CCEPs evoked at baseline were 333 
statistically different from zero, we used cluster-based nonparametric testing as 334 
previously described (Maris and Oostenveld, 2007). Briefly, we calculated one-sample t-335 
statistics at every time point from 10ms to 100ms to form clusters of significant time 336 
points based on temporal adjacency at an alpha level of 0.05 (Maris and Oostenveld, 337 
2007). The cluster-level statistics were obtained by taking the sum of the t-statistic within 338 
each cluster. To generate the null distribution, we calculated the cluster t-statistic for 339 
randomly shuffled ECoG signals based on 1000 simulations. The cluster t-statistic was 340 
compared to this null distribution and the CCEP was considered significant using a p-341 
value of 0.05 after FDR correction for multiple channels comparison. To determine if 342 
post-stimulation CCEPs were significantly different than baseline CCEPs (i.e. to assess 343 
presence of post-stimulation connectivity changes), we first matched the number of post-344 
stimulation CCEP trials with baseline CCEP trials. For example, if 200 baseline CCEP 345 
trials were present, then the first 200 post-stimulation CCEP trials were used for 346 
statistical testing. From 10-100ms after the single pulse, two-sample t-statistic was 347 
obtained at every time point and significant clusters were formed based on temporal 348 
adjacency at an alpha level of 0.05. The sum of the t-statistic was obtained for each 349 
clusters. The null distribution for the cluster t-statistic was produced by randomly 350 
shuffling trials between baseline CCEPs and post-stimulation CCEPs for 1000 iterations 351 
and computing the cluster t-statistics. The post-stimulation CCEPs were considered 352 
significantly different from the baseline CCEPs using a cluster p-value of 0.05 corrected 353 
for multiple channels comparison. The percent of channels found to have significantly 354 
different post-stimulation CCEPs for each subject are outlined in Table 2.   355 
 356 
Pre/post-stimulation coherence analysis (functional connectivity). To estimate functional 357 
connectivity through oscillatory synchrony of two brain regions, we computed coherence 358 
between all possible electrode pairs using FieldTrip (ft_connectivityanalysis)(Maris et al., 359 
2007). Coherence provides a measure of the phase difference between the paired 360 
signals and has been previously used to estimate functional connectivity (Solomon et al., 361 
2018; Yazdan-Shahmorad et al., 2018). To calculate coherence, we divided the pre and 362 
post-stimulation resting periods ranging from 5 to 10 minutes into 1s epochs. We used a 363 
multitaper method with 2 Hz spectral smoothing to compute the spectral estimate of 364 
each epoch (Scheeringa et al., 2011; Yazdan-Shahmorad et al., 2018). Coherence was 365 
calculated as the normalized cross-spectral density between the two signals. Theta 366 
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coherence was obtained by averaging across frequency range of 4 to 8 Hz and was 367 
used in the primary analysis. Theta coherence has been previously used in both non-368 
human primates and human studies to measure functional connectivity (Solomon et al., 369 
2018; Yazdan-Shahmorad et al., 2018). Alpha (8-12Hz), beta (12-25Hz), gamma (25-370 
50Hz) and high gamma (70-100Hz) frequency bands were also used for comparison 371 
analyses. To determine if pre-stimulation coherence for a particular pair of channels was 372 
significant, we generated a null distribution. To do this, we divided the resting timeseries 373 
into 20 bins, randomly shuffled the bins, and subsequently computed theta coherence. 374 
This bin number was chosen to be large enough to maintain the temporal structure of 375 
the ECoG time series but small enough to allow multiple iterations of data shuffling. This 376 
procedure was repeated for 1000 iterations as described above. Coherence for a 377 
particular pair of channels was considered significant using a p-value of 0.01 after FDR-378 
correction for multiple channels comparison. To test for coherence differences pre and 379 
post-stimulation, we employed nonparametric testing as described previously (Maris et 380 
al., 2007). Briefly, we calculated the Z-transformed coherence statistic and generated 381 
the null-distribution of the difference in coherence by randomly shuffling amongst pre 382 
and post-stimulation trials. This procedure was repeated 1000 times. Coherence was 383 
considered significantly different between two conditions using a p-value of 0.05 after 384 
FDR-correction for multiple channels comparison. The percent of channels found to 385 
have significantly different post-stimulation theta coherence (to the stimulation site) for 386 
each subject are outlined in Table 2.  387 
 388 
Prediction of post-stimulation connectivity change. To determine if features during the 389 
stimulation period predicted connectivity changes, we used logistical regression. For this 390 
analysis, we pooled all channels into a single dataset and categorized the channels by 391 
two outcomes: if there was significant pre/post CCEP change or significant pre/post 392 
theta coherence change. For a particular channel, the features derived from the 393 
stimulation period included (1) the stimulation response (the mean voltage during the 394 
stimulation period), (2) the presence of a significant stimulation response, and (3) the 395 
presence of modulation in the stimulation response after repeated stimulation trains. To 396 
evaluate the proportion of stimulation data required for good model performance, we 397 
created six subsets of the data. Using 1% (9 seconds), 10% (1.5 minutes), 20% (3 398 
minutes), 60% (9 minutes), 85% (12.75 minutes), and 100% (15 minutes) of the 399 
stimulation trains, we derived the three features from the stimulation period. For each 400 
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subset, we performed logistic regression with 10-fold cross validation. Receiver 401 
operating characteristic (ROC) curves were constructed and we quantified area under 402 
the curve (AUC) to evaluate model performance. To allow for comparison amongst 403 
models using different subset of data, we used bootstrap sampling (1000 permutations) 404 
to estimate the mean and 95% confidence interval of the model AUC.  405 
 406 
Results. 407 
 408 

We performed direct electrical stimulation using implanted electrodes while 409 
simultaneously recording electrical activity from the cortical surface (ECoG). Individual 410 
patient characteristics and stimulation sites are listed in Table 1. Electrode locations for 411 
each patient is visualized in Figure 5. As shown in Figure 1A-B, our stimulation paradigm 412 
included resting periods to evaluate functional connectivity, test pulses to evaluate 413 
effective connectivity, and repetitive stimulation. This paradigm provided us the unique 414 
opportunity to assess neural activity before, during, and after stimulation.  415 
 416 
Repetitive stimulation elicits a characteristic neural response.  417 

To study plasticity induction, we characterized neural activity occurring during 418 
repetitive electrical stimulation. We constructed a robust artifact rejection procedure 419 
using principles previously validated for CCEPs (Fig 1C, see Methods) (Crowther et al., 420 
2019). To assess the validity of this procedure on stimulation artifacts during a 421 
stimulation train, we used a previously described simulation approach by adding 422 
stimulation artifacts to resting ECoG data (Amengual et al., 2017) (Fig 1D). Poor 423 
correlation was observed between the artifact-spiked data and the original data (R2 = 424 
0.18) while good fidelity was observed between the artifact-removed data and the 425 
original data (Fig 1D, R2 = 0.88). After artifact rejection, the power spectrum of the 426 
cleaned ECoG data resembled that of the original resting data (Fig 1D, R2 = 0.96). We 427 
demonstrated a consistent neural response to stimulation following artifact rejection, on 428 
both a single trial and average level (Fig 2E). This stimulation response consisted of an 429 
increasing evoked potential amplitude (Fig 1F) and a slow shift in voltage during the 430 
stimulation train. Immediately post-stimulation train, we observed an evoked response 431 
lasting roughly one second (offset response). We further characterized this signal by 432 
computing the time-frequency power spectrum (Fig 2A). High gamma power (HGP, 70-433 
170 Hz) was elevated throughout the stimulation train, while 8-40 Hz power varied, 434 
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which reflected the changing amplitude of the evoked potentials. The offset response 435 
showed primarily an increase in low-frequency power (1-8 Hz). To explore the temporal 436 
dynamics of these power changes during stimulation on coarse timescales, we 437 
computed slow changes in band-limited power (BLP, Fig 2B). Averaged over all 438 
channels and subjects, HGP and mid-BLP (8-40 Hz) rapidly increased during stimulation 439 
and decreased quickly afterwards, whereas low BLP (1-8 Hz) gradually increased during 440 
stimulation and peaked during the offset period (Fig 2C). To quantify these changes, we 441 
averaged the response during stimulation (-5s to 0s) and during the offset period (0.01s 442 
to 1s). We found that stimulation elicited significant mean response in all BLP during 443 
stimulation (Fig 2D, see Table 3 for statistical details). Similar results were obtained 444 
when conventional frequency bands were used (Table 3). We then determined if a 445 
particular BLP was higher than the other during stimulation and found HGP (70-170 Hz) 446 
to demonstrate a stronger response compared to low BLP (Fig 2F, left panel, Table 3) or 447 
mid BLP. The offset period showed a significant increase in low BLP (Fig 2D, left panel, 448 
Table 3), mid BLP (Fig 2D, mid panel) and HGP (Fig 2D, right panel). Conventional 449 
frequency band analyses revealed the offset response showed significant power 450 
increases in the delta, theta, and alpha bands, but not beta and gamma bands (Table 3). 451 
Further, low BLP was significantly higher than both mid BLP (Fig 2F, right panel, Table 452 
3) and HGP in the offset period.  453 
 We next asked if the offset response could be used as a proxy for the response 454 
during stimulation, as determining the response during stimulation in other modalities 455 
such as rTMS can be challenging due to the multitude of stimulation-related artifacts 456 
(Wu et al., 2018b). Thus, we evaluated the relationships between the stimulation 457 
response and the offset response using linear regression. The strongest relationship 458 
was observed between the stimulation and the offset responses in low BLP (Fig 2E, left 459 
panel, R2 = 0.46; Table 3), followed by mid BLP (Fig 2E, mid panel, R2 = 0.14).  The 460 
weakest relationship was found in HGP (Fig 2E, right panel, R2 = 0.01). On a single trial 461 
level, the relationship between stimulation response and offset response was highest for 462 
low BLP (Fig 2G, left panel, R2 = 0.41; Table 3), followed by mid BLP (Fig 2G, middle 463 
panel, R2 = 0.32) and HGP (Fig 2G, right panel, R2 = 0.26). Finally, we repeated the 464 
above analyses using raw voltage (broadband response) as this data would be easily 465 
accessible from a clinical perspective. Repetitive stimulation elicited a significant 466 
broadband response during stimulation (Table 3) and in the offset period. Correlation 467 
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was observed between the stimulation and offset response on both a channel (R2 = 468 
0.20, Table 3) and single-trial level (R2 = 0.50). 469 

In summary, repetitive stimulation elicits a measurable response both during and 470 
immediately after the stimulation train. The stimulation response is characterized by 471 
predominantly an increase in HGP whereas the offset response is driven primarily by low 472 
frequency power. The offset response is best correlated with the stimulation response 473 
using low frequency power; however, robust correlations were observed across all 474 
bands on a single trial level.   475 
 476 
Stimulation response is predicted by effective and functional connectivity  477 

We next asked how the stimulation response relates to inter-area connectivity 478 
prior to stimulation. We quantified connectivity using single pulse CCEPs (a measure of 479 
network response to electrical stimulation) and resting theta coherence (a measure of 480 
related spontaneous neural activity). Qualitatively, channels with strong pre-stimulation 481 
CCEPs also exhibited strong broadband stimulation responses (Fig 3A-B) in one 482 
exemplar subject (S4). Further, the relationship amongst pre-stimulation theta coherence 483 
(to the stimulation site), CCEP, and the stimulation response is spatially shown (Fig 3C-484 
F). To relate pre-stimulation connectivity to the stimulation response, we plotted the 485 
stimulation response stratified by the strength of connectivity. We found that regions with 486 
stronger pre-stimulation CCEPs also demonstrated stronger broadband stimulation 487 
responses (Fig 3G, left panel, Table 3). Likewise, regions with higher pre-stimulation 488 
theta coherence also showed stronger broadband stimulation response (Fig 3G, right 489 
panel). We repeated this analysis for the HGP stimulation response (Fig 3H) and found 490 
that HGP stimulation response was significantly higher in regions with higher pre-491 
stimulation CCEPs (Fig 3H, left panel, Table 3) and theta coherence (Fig 3H, right 492 
panel). To avoid using an arbitrary threshold and to generalize this finding across 493 
subjects, we next defined whether or not a particular channel showed significant 494 
baseline CCEPs or theta coherence to the stimulation site (see Methods). We found that 495 
across subjects the broadband stimulation response was consistently stronger in regions 496 
with significant pre-stimulation CCEPs (Fig 3I, left panel, Table 3) and theta coherence 497 
to the stimulation site (Fig 3I, right panel). In a similar manner, the HGP during 498 
stimulation was higher in regions with significant pre-stimulation CCEPs (Fig 3J, left 499 
panel; Table 3) and theta coherence to the stimulation site (Fig 3J, right panel). To test if 500 
these results were dependent on the coherence band used, we computed coherence 501 
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using conventional frequency bands. Channels with significant band coherence in all 502 
frequency bands showed stronger broadband stimulation response (Table 3, all P < 503 
0.05). Higher HGP stimulation response was observed in channels with significant pre-504 
stimulation alpha, beta and gamma coherence (Table 3, all P < 0.01), but not high 505 
gamma coherence. Further, the increase in HGP or broadband stimulation response in 506 
regions with significant CCEP or theta coherence was not different when stratified by 507 
sites of stimulation (motor, frontal or temporal, Table 3). In summary, pre-stimulation 508 
network connectivity defined by CCEPs and coherence across frequency bands predicts 509 
the neural response during stimulation.   510 
 511 
Stimulation response is modulated after repeated stimulation in regions highly 512 
connected to the stimulation sites 513 

As shown in Figure 1B, our stimulation paradigm included 60 repeated 514 
applications of 10Hz stimulation trains separated by resting periods. This allowed us to 515 
track changes in neural activity during each stimulation train. We observed that the 516 
broadband signal during stimulation starts changing around train 10 and peaks in 517 
amplitude around train 40 (Fig 4B). Compared to early stimulation, later stimulations 518 
elicited progressively more negative response at the beginning of the train, and more 519 
positive response towards the end of the train (Fig 4B). To isolate the gradual change in 520 
brain excitability, we obtained the slow fluctuations (<1 Hz) in the broadband signal, 521 
which effectively removes the faster evoked potentials (Fig 4C). Subsequently, we 522 
quantified the stimulation dynamics using a repeated-measures model incorporating time 523 
bins and stimulation train as variables (see Methods and Figure 4D). A significant 524 
interaction between time during stimulation and the stimulation train number 525 
(Ftime*train(7,399) = 3.49, P = 0.001) indicated that there was modulation of the 526 
stimulation response over repeated trains. Across all channels, 19.7% of channels 527 
(308/1566) were stimulation responsive, which is defined as significance of either the 528 
time or time*train coefficients in the repeated-measures model (Fig 4E). Within these 529 
stimulation responsive channels, 34.4% (106/308) showed progressive modulation of the 530 
stimulation response. Spatially, these stimulation responsive channels were primarily 531 
local to the stimulation site (Fig 5). On a single subject level, the stimulation amplitude 532 
correlated strongly both with the number of stimulation responsive channels (R2 = 0.49, 533 
P = 0.006, Table 2) and the proportion of channels exhibiting response modulation (R2 = 534 
0.45, P = 0.009). Pooling together all channels, stimulation responsive channels 535 
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exhibited higher pre-stimulation theta coherence (Fig 4F, left panel, Table 3) and CCEP 536 
(Fig 4F, right panel) compared to non-responsive channels. Furthermore, limiting the 537 
analysis to only the stimulation responsive channels (N = 308), those channels which 538 
demonstrated modulation of the stimulation response over time had higher pre-539 
stimulation theta coherence (Fig 4G, left panel, Table 3) and CCEP (Fig 4G, right panel) 540 
compared to channels that were stimulation responsive but did not undergo modulation 541 
of activity across stimulation trains. In summary, stimulation-responsive regions were 542 
more strongly connected to the stimulation site than non-responsive regions. In a subset 543 
of regions that were strongly connected to the stimulation site, repeated stimulation 544 
trains progressively modulated neural activity over time.  545 
 546 
The stimulation period predicts changes in post-stimulation connectivity.  547 

Finally, we asked if features pertaining to the stimulation period can be used to 548 
predict post-stimulation connectivity changes. We hypothesized that stimulation 549 
responsive regions and regions which exhibit modulation of the stimulation response 550 
would be more likely to show post-stimulation connectivity changes. For instance, single 551 
10Hz stimulation trains elicited a strong stimulation response, and repeated trains 552 
elicited progressive modulation of the response (Fig 6A-B). We also observed a 553 
significant increase in the CCEP after the entire repetitive stimulation protocol (Fig 6C; 554 
non-parametric cluster T-test, cluster T = 631.15, P < 0.001). Of note, the direction of 555 
amplitude change observed in the pre/post CCEP (here, stronger post-stimulation 556 
CCEP) mirrored that of the direction of modulation (stronger) of the broadband 557 
stimulation response (Fig 6B-C). In total, a small proportion (5.1%, 80/1566) of all 558 
channels showed a significant pre/post CCEP change (Fig 6D). Likewise, a small 559 
proportion (1.9%, 29/1566) of all channels demonstrated significant change in pre/post 560 
theta coherence. We found that stimulation responsive channels were more likely to 561 
undergo pre/post CCEP change (Fig 6E, 22.0% vs 0.90%, Table 3). Similarly, of only the 562 
stimulation responsive channels, channels where stimulation response was 563 
progressively modulated were more likely to show pre/post CCEP change (Fig 6F, 564 
32.0% vs 17.0%). Additionally, we performed this analysis looking at post-stimulation 565 
changes in theta coherence. The presence of a significant stimulation response was also 566 
associated with post-stimulation change in theta coherence (3.3% vs 1.5%, Table 3). 567 
The presence of response modulation was not associated with pre/post theta coherence 568 
change (5.7% vs 2.0%). We next used logistic regression to assess if post-stimulation 569 
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connectivity changes can be predicted from features during stimulation. The features 570 
used were (1) the presence of a significant stimulation response without response 571 
modulation (binary variable), (2) the presence of response modulation (binary), and (3) 572 
amplitude of the broadband stimulation response (continuous). Channels were 573 
categorized as local (≤4cm from the stimulation site) and remote (≤4cm from the 574 
stimulation site). Subsets of the stimulation duration was used to determine the minimal 575 
number of stimulation trains required for stable model performance. Using 1%, 10%, 576 
20%, 60%, 85% and 100% of the stimulation data, post-stimulation changes in local 577 
CCEP were predicted with AUC 0.69 (95% confidence interval: 0.61-0.78), 0.76 (0.67-578 
0.84), 0.77 (0.69-0.84), 0.78 (0.70-0.84), 0.82 (0.74-0.87), 0.82 (0.74-0.87), respectively 579 
(Fig 6G, Left Panel). The model AUCs were not significantly from each as the 580 
confidence intervals overlap. For remote CCEP changes using 1%, 10%, 20%, 60%, 581 
85% and 100% of the stimulation data, the AUC values were 0.82 (0.66 – 0.91), 0.81 582 
(0.67 – 0.90), 0.86 (0.69 – 0.93), 0.89 (0.72 – 0.96), 0.96 (0.93 – 0.97), 0.95 (0.93 – 583 
0.97), respectively. Aside from the 1% and 10% data subset, the AUC for all other 584 
subsets were not significantly different. We were not able to meaningfully predict post-585 
stimulation changes in theta coherence [AUC = 0.47 (0.37 – 0.61) using 100% of data 586 
and both local and remote channels]. In summary, changes in CCEP and theta 587 
coherence occurred in a small proportion of total channels. Features from the stimulation 588 
period predicted CCEP changes after the stimulation protocol with high discriminability. 589 
Using subsets of the stimulation trains, we showed that model performance can reach 590 
stability with only a small proportion of the total data.  591 
 592 
Discussion.  593 

In this study we investigated the neural dynamics during and after a series of 594 
repeated stimulation trains. Across several stimulation sites, we observed a consistent 595 
increase in HGP activity during the stimulation train and a slower post-train evoked 596 
response that strongly correlated with activity changes during the train. We showed that 597 
in areas highly connected to the stimulation site, as indexed by two measures of 598 
connectivity, the stimulation response was stronger and exhibited progressive 599 
modulation with repeated trains. Finally, the stimulation period predicted post-stimulation 600 
connectivity changes with high discriminability. Importantly, we demonstrated that using 601 
a subset of the stimulation protocol was sufficient for good model performance.  602 
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Mounting evidence suggests that the induction period is characterized by 603 
stimulation-driven cycles of excitation and inhibition. In this study, we expand on 604 
evidence from animal studies during the induction period and offered insight into how a 605 
clinically-relevant stimulation pattern influences brain dynamics. First, we observed an 606 
increase in HGP during stimulation, especially in regions functionally connected to the 607 
stimulation site. As HGP has been shown to correlate with spiking activity (Nir et al., 608 
2007; Manning et al., 2009; Ray and Maunsell, 2011), this work suggests that 10Hz 609 
stimulation elicits increases in neuronal activity during stimulation. These findings are 610 
similar to recent work in rat hippocampal slices which reported a slow voltage drift during 611 
high frequency stimulation that corresponded with the change in excitatory post-synaptic 612 
potential (EPSP) amplitude (Wojtowicz and Mozrzymas, 2014). Second, low-frequency 613 
power also increased during 10Hz stimulation.  Although this is in contrast with a recent 614 
study that reported stimulation-driven decreases (Rao et al., 2018), this may be 615 
attributed to the difference in frequency of stimulation (10Hz vs 100Hz). Finally, after 616 
each stimulation train, we observed an evoked potential lasting for roughly a second, 617 
which we termed the offset response. Consistent with a prior study, this offset response 618 
is primarily driven by low-frequency power not be dependent on stimulation frequency 619 
(Solomon et al., 2018). These slow waves likely represent GABA-ergic inhibitory periods 620 
(Ulbert et al., 2004), which have been observed during spike and wave discharges 621 
(McCormick and Contreras, 2001; Alarcon et al., 2012) as well as single pulse evoked 622 
potentials in animals (Chen et al., 2014) and humans (Alarcon et al., 2012; Keller et al., 623 
2014a). Together, these findings suggest that in regions functionally connected to the 624 
stimulation site, stimulation trains increased spiking activity, which were followed by an 625 
inhibitory rebound period. 626 

Previously, we demonstrated that repetitive brain stimulation results in excitability 627 
changes that outlast the stimulation period itself (Keller et al., 2018). However, what 628 
happens during stimulation remains unexplored. Our current study revealed that neural 629 
response to repetitive stimulation is highly dynamics both within a single stimulation 630 
train, and across multiple stimulation trains. Within a single train, evoked potentials 631 
became progressively stronger, manifesting as increased power across multiple 632 
frequency bands. Across trains, slow fluctuations in broadband power were 633 
progressively modulated, suggesting a short-term change in the underlying excitability of 634 
the brain in response to stimulation. These results offer evidence that repetitive 635 
stimulation may rapidly reorganize neural connectivity, even within minutes. Further, 636 
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regions that demonstrated dynamic changes during stimulation were more likely to show 637 
sustained changes after stimulation. Similar findings have been reported in non-human 638 
primates and in the human motor cortex. In non-human primates, repetitive optogenetic 639 
stimulation was able to strengthen functional connectivity between motor and 640 
somatosensory cortices within minutes (Yazdan-Shahmorad et al., 2018). In the same 641 
study, stimulation-evoked activity predicted post-stimulation changes in connectivity. 642 
Similarly, in humans, motor evoked potential (MEP) facilitation during anodal transcranial 643 
direct current stimulation predicted lasting MEP changes post-stimulation (Bergmann et 644 
al., 2009). Our results along with these prior studies support the notion that plasticity 645 
following brain stimulation follow Hebbian mechanisms, and that depending on the 646 
stimulation site, different regions are more susceptible to stimulation-induced changes.  647 

Of note, although we were able to predict post-stimulation CCEP changes with 648 
high discriminability, our model performance was not as robust in the prediction of post-649 
stimulation theta coherence changes. This could be due to the order of post-stimulation 650 
testing (resting data for coherence was collected after CCEP testing and therefore was 651 
further in time from the stimulation protocol) or to the method of connectivity 652 
measurement (evoked for CCEPs, rest for coherence analysis). Although it was beyond 653 
the scope of this investigation, comparing theta coherence and CCEP in approximating 654 
network connectivity would be of substantial interest.  655 

The clear neurophysiological effects we observed during stimulation offer 656 
intriguing clinical utility. Efforts to optimize treatment by updating stimulation parameters 657 
in real-time have recently sparked an interest in closed-loop brain stimulation (Bergmann 658 
et al., 2016; Bergmann, 2018; Ghasemi et al., 2018). Two findings from this study 659 
highlight the potential for real-time implementation. First, we found that the strength of 660 
stimulation response was correlated strongly with the strength of the offset response, 661 
both on a channel and single trial level. This is an important finding given removal of 662 
stimulation artifacts in other modalities [i.e. EEG during rTMS (Wu et al., 2018a)] is often 663 
difficult. Our findings suggest that the offset response may be used as a proxy for the 664 
stimulation response during clinical monitoring. Second, we found that only a few 665 
minutes of stimulation data were required to achieve stable model performance in 666 
predicting post-stimulation effects. To date, we lack a method to rapidly optimize 667 
stimulation patterns for an individual, as pre/post testing after the entire stimulation 668 
protocol will be cumbersome if multiple parameters are tested. Yet based on our results, 669 
if the stimulation response (or offset response) can be monitored and pre-processed in 670 
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real-time or near real-time, then effects of multiple stimulation paradigms can be tested 671 
rapidly. If this work can be replicated by non-invasive modalities such as TMS, then one 672 
could envision a ‘stimulation localizer’ day prior to stimulation treatment. During this day, 673 
pre-stimulation characteristics would first be used to help localize the stimulation site 674 
(and network) of interest (Keller et al., 2018).  This would be followed by multiple 675 
stimulation trains of short duration (2 minutes) with various parameters (frequency, 676 
pattern, intensity) to select the stimulation paradigm that would maximize post-677 
stimulation effects. 678 

Several aspects of this study limit its generalizability. First, since seizures can 679 
alter both local and global brain excitability and connectivity (Pereira et al., 2010; Bettus 680 
et al., 2011; Pittau et al., 2012), our results may not be entirely representative of 681 
responses in a healthy brain.  Although direct recording provides unsurpassed 682 
spatiotemporal resolution in humans, epilepsy patients differ in their underlying etiologies 683 
and electrode implantation patterns.  Second, behavioral effects of stimulation were not 684 
measured in this study and this warrants further investigation with mood self-reporting 685 
(Wozniak-Kwasniewska et al., 2014). Third, given hospital time constraints (typically ~1 686 
hour per patient), we were unable to modify the stimulation parameters that may be 687 
critical in inducing plasticity: stimulation site, frequency, and intensity. Fourth, we 688 
observed prominent harmonics during stimulation, which are due to evoked potentials in 689 
response to the electrical pulses. Although one could attempt to model and remove 690 
harmonics, we believe they represent progressive modulation of the evoked potential 691 
during stimulation and is a direct result of electrical stimulation. As such, we recognize 692 
the power increase during stimulation can arise from two sources: 1) the evoked 693 
potentials and 2) an underlying increase in neuronal excitability, which could not be 694 
separated in the present study.  695 

Future work includes (1) computational modeling of evoked responses and their 696 
spectral profile. This would allow us to disentangle stimulation responses from pulse-697 
evoked neuronal activity and that of the underlying neuronal activity, providing a way to 698 
study entrainment effects during repetitive stimulation; (2) a thorough examination of 699 
how parameters of a single stimulation train –  including train frequency, number of 700 
pulses, and intensity – affect stimulation and offset responses; (3) an evaluation of how 701 
both induction and post-stimulation effects are modulated when repeated trains (3000 702 
pulses each) are applied at different stimulation frequencies (10 and 100Hz for 703 
example), stimulation intensities (50% and 100% MT), and stimulation sites; (4) an 704 
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evaluation of not only how these stimulation parameters affect mood, similar to Chang et 705 
al.(Rao et al., 2018), but also for several stimulation frequencies and targets; (5) 706 
replication of these experiments using microelectrode recording in non-human primates 707 
to evaluate mechanistic changes at a scale unattainable even in ECoG; (5) adapting 708 
these experiments to patients with neuropsychiatric disorders using non-invasive 709 
neuromodulation (TMS) paired with scalp EEG, in order to determine if these signals can 710 
be feasibly measured and monitored for clinical translation. Knowledge gained from 711 
these planned experiments will greatly enhance our understanding of how stimulation 712 
modulates human brain activity and behavior, helping propel us to the next generation of 713 
personalized neuromodulation therapies. 714 

Here, we characterized the neural activity in the time period surrounding a train 715 
of electrical stimulation and its dependency on existing functional networks, thus 716 
providing valuable insight as to how the brain changes during stimulation. Furthermore, 717 
we demonstrated the utility of this information, by showing that neural activity during 718 
stimulation serves to predict stimulation-induced changes in network connectivity.  719 
Taken together, our work provides key insights into the development of closed-loop 720 
neuro-modulatory devices.   721 
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 948 
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Table 1. Participant characteristics, implant type and stimulation sites  
ID Age Sex Handed

ness 
Medications Seizure Zone Implant 

Type 
Stimulation 
Location 

MNI  

S1 21 M R Levetiracetam 
Lacosamide 

R mesial temporal Grid/Strips R precentral gyrus 60, -12, 39 

S2 57 F L Levetiracetam 
Carbamazepine 

R mesial temporal sEEG L precentral gyrus -58, -6, 39 

S3 31 F R Levetiracetam 
Carbamazepine 
Clonazepam 

R STG/mesial 
temporal 

sEEG R precentral gyrus 57, -13, 37 

S4 43 F R Carbamazepine 
Zonisamide 

R posterior temporal Grid/Strips L middle frontal 
gyrus 

-44, 35, 29 

S5 30 F R Lamotrigine L mesial temporal Grid/Strips L middle temporal 
gyrus 

-35, 27, -29 

S6 32 M L Carbamazepine 
Clobazam 
Topiramate 

R middle frontal 
gyrus 

Grid/Strips R precentral gyrus 65, -1, 19 

S7 20 M R Levetiracetam 
Carbamazepine 
Lamotrigine 

R frontal cortex Grid/Strips R precentral gyrus 65, -5, 23 

S8 44 F R Carbamazepine 
Valproate 
Lamotrigine 

R premotor cortex sEEG R middle frontal 
gyrus 

55, 28, 17 

S9 28 F R Levetiracetam 
Carbamazepine 
Lamotrigine 

R hippocampus sEEG R temporo-
parieto-occipital 
junction 

51, -43, 21 

S10 28 M R Levetiracetam 
Lamotrigine 
Clonazepam 

L middle frontal 
gyrus 

sEEG R inferior frontal 
gyrus 

19, 37, -21 

S11 36 M R Levetiracetam 
Lamotrigine 

L temporo-polar-
basal 

sEEG L mesial temporal -23, 9, -32 

S12 50 F R Levetiracetam 
Topiramate 

R OFC/amygdala sEEG R cingulate gyrus 6, 37, 13 

S13 48 F R Levetiracetam 
Clobazam 
Topiramate 
Phenytoin 
Primidone 

R mesial temporal sEEG R middle frontal 
gyrus 

55, 35, 13 

S14 46 M R Levetiracetam 
Valproate 
Topiramate 
Lacosamide 

R posterior temporal sEEG L inferior frontal 
gyrus 

-51, 13, 4 
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Table 2. Stimulation setting, recording parameters and stimulation outcomes for each participant 
ID Stimulation 

Frequency 
Stimulation 
Current 
(mA) 

Channel 
Number* 

CCEP 
Number (pre-
stimulation) 

CCEP 
Number 
(post-
stimulation) 

Channels 
that are 
stimulation 
responsive 
(%)  

Channel 
with 
significant 
response 
modulation 
(%)  

Channel 
with 
pre/post 
CCEP 
change  
(%)  

Channel 
with 
pre/post 
theta 
coherence 
change (%)  

S1 
 

10Hz 6 159 149 790 1.9 0.6 0 0 

S2 
 

10Hz 1.35 121 149 1265 18.2 7.4 0.8 0 

S3 
 

10Hz 1 166 144 330 0.6 0 0 0 

S4 
 

10Hz 8 104 194 794 42.3 19.2 7.6 7.7 

S5 
 

10Hz 7 176 231 868 12.5 1.1 5.1 0 

S6 
 

10Hz 10 57 149 448 63.2 28.1 50.9 0 

S7 
 

10Hz 10 62 149 448 53.2 27.4 16.1 3.2 

S8 10Hz 5 26 149 448 26.9 0 15.4 0 

S9 10Hz 5 64 149 743 21.9 1.6 0 0 

S10 10Hz 10 79 149 449 31.7 6.3 3.8 0 

S11 10Hz 8 54 149 297 77.8 20.4 18.5 0 

S12 10Hz 6 99 199 400 19.2 8.1 3.0 0 

S13 10Hz 4 197 358 997 18.8 7.6 0.5 1.5 

S14 10Hz 4 202 358 1000 1.5 0.5 1.0 7.9 

*Depth bipolar channels used for analysis (stimulation channels and noise channels excluded) 
The variations in these percentages across patients are dependent on the stimulation current. The correlation coefficient are as 

follows:  Rcurrent-responsive: 0.70 (p=0.006); Rcurrent-modulation: 0.67 (p=0.009); Rcurrent-CCEP: 0.58 (p=0.030) 
The theta frequency band used is 4-8Hz with 29 out of 1566 total channels showing change. This analysis was performed for other 

frequency bands including 8-12Hz, 12-25Hz, 25-50Hz, and 70-100Hz. The numbers of channels showing change in these frequency 
bands were 30, 1, 3, 8 out of 1566 channels respectively.   
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Table 3. Statistical estimate and p-value referenced in Figures and Results 
Figure Descriptor Statistical 

Estimate 
DF P-Value 

2D (left panel) Low BLP, stim response, paired t-test t = 5.84 13 <0.001 

2D (left panel) Low BLP, offset response, paired t-test t = 6.05 13 <0.001 

2D (mid panel) Mid BLP, stim response, paired t-test t = 4.59 13 < 0.001 

2D (mid panel) Mid BLP, offset response, paired t-test t = 7.27 13 < 0.001 

2D (right panel) HGP, stim response, paired t-test t = 8.39 13 < 0.001 

2D (right panel) HGP, offset response, paired t-test t = 2.56 13 0.024 

Secondary Analysis 1-4Hz, stim response, paired t-test t = 6.19 13 < 0.001 

Secondary Analysis 4-8Hz, stim response, paired t-test t = 3.87 13 0.002 

Secondary Analysis 8-12Hz, stim response, paired t-test t = 3.57 13 0.004 

Secondary Analysis 12-25Hz, stim response, paired t-test t = 4.24 13 0.001 

Secondary Analysis 25-50Hz, stim response, paired t-test t = 8.81 13 < 0.001 

Secondary Analysis 1-4Hz, offset response, paired t-test t = 4.81 13 < 0.001 

Secondary Analysis 4-8Hz, offset response, paired t-test t = 3.89 13 0.002 

Secondary Analysis 8-12Hz, offset response, paired t-test t = 2.18 13 0.004 

Secondary Analysis 12-25Hz, offset response, paired t-test t = 1.39 13 0.188 

Secondary Analysis 25-50Hz, offset response, paired t-test t = 1.25 13 0.233 

2E (left panel) F-test for overall model F = 1311 1, 1564 < 0.001 

2E (mid panel) F-test for overall model F = 250 1, 1564 < 0.001 

2E (right panel) F-test for overall model F = 22.2 1, 1564 < 0.001 

2F (left panel) HGP vs low BLP, paired t-test t = 3.50 13 0.003 

2F (left panel) HGP vs mid BLP, paired t-test t = 3.29 13 0.006 

2F (right panel) HGP vs low BLP, paired t-test t = 3.30 13 0.006 

2F (right panel) Mid BLP vs low BLP, paired t-test t = 3.52 13 0.004 

2G (left panel) F-test for overall model F = 56079 1, 82518 < 0.001 

2G (mid panel) F-test for overall model F = 38868 1, 82518 < 0.001 

2G (right panel) F-test for overall model F = 28597 1, 82518 < 0.001 

Secondary Analysis Broadband, stim response, paired t-test t = 4.43 13 < 0.001 

Secondary Analysis Broadband, offset response, paired t-test t = 4.71 13 < 0.001 

Secondary Analysis Broadband, F-test for overall model F = 370 1, 1564 < 0.001 

Secondary Analysis Broadband, F-test for overall model, single trial F = 82676 1, 82518 < 0.001 

3G (left panel) +/- CCEP, Broadband stim, 2-sample t-test t = 5.55 102 < 0.001 

3G (right panel) +/- theta coh, Broadband stim, 2-sample t-test t = 2.32 102 0.022 

3H (left panel) +/- CCEP, HGP stim, 2-sample t-test t = 8.06 102 < 0.001 

3H (right panel) +/- theta coh, HGP stim, 2-sample t-test t = 3.03 102 0.003 

3I (left panel) +/- CCEP, Broadband stim, paired t-test t = 3.89 13 0.002 

3I (right panel) +/- theta coh, Broadband stim, paired t-test t = 3.08 13 0.009 

3J (left panel) +/- CCEP, HGP stim, paired t-test t = 4.61 13 < 0.001 

3J (right panel) +/- theta coh, HGP stim, paired t-test t = 6.14 13 < 0.001 

Secondary Analysis +/- 8-12Hz coh, HGP stim, paired t-test t = 5.3 13 < 0.001 

Secondary Analysis +/- 8-12Hz coh, Broadband stim, paired t-test t = 2.95 13 0.01 

Secondary Analysis +/- 12-25Hz coh, HGP stim, paired t-test t = 2.36 13 0.003 

Secondary Analysis +/- 12-25Hz coh, Broadband stim, paired t-test t = 3.57 13 0.03 

Secondary Analysis +/- 25-50Hz coh, HGP stim, paired t-test t = 4.07 13 0.001 
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Secondary Analysis +/- 25-50Hz coh, Broadband stim, paired t-test t = 2.75 13 0.020 

Secondary Analysis +/- 70-170Hz coh, HGP stim, paired t-test t = 1.92 13 0.077 

Secondary Analysis +/- 70-170Hz coh, Broadband stim, paired t-test t = 2.23 13 0.04 

Secondary Analysis +/-Theta coh, Broadband or HGP by sites of stimulation 

(motor, frontal, temporal), ANOVA 

F = 0.161 2, 11 0.854 

Secondary Analysis +/-CCEP, Broadband or HGP by sites of stimulation 

(motor, frontal, temporal), ANOVA 

F = 0.695 2, 11 0.520 

4F (left panel) +/-stim response, theta coh, 2-sample t-test t = 10.47 1564 < 0.001 

4F (right panel) +/-stim response, CCEP, 2-sample t-test t = 12.82 1564 < 0.001 

4G (left panel) +/-response modulation, theta coh, 2-sample t-test t = 2.13 306 0.03 

4G (right panel) +/-response modulation, CCEP, 2-sample t-test t = 2.95 306 0.003 

6E Chi-squared test, prob. CCEP by stim response 2 = 237 1 <0.001 

6F Chi-squared test, prob. CCEP by response modulation 2 = 8.7 1 0.003 

Secondary Analysis Chi-squared test, prob. theta-coh by stim response 2 = 4.1 1 0.042 

Secondary Analysis Chi-squared test, prob. theta-coh by response 

modulation 

2 = 3.0 1 0.083 
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Figure 1 – Experimental design and artifact removal. A) Intracranial stimulation and 990 
recording (Subject 4). Co-registered pre-operative MRI and post-operative CT allowed 991 
the visualization of subdural electrodes. B) Schematic of the stimulation paradigm. 992 
Periods of rest (‘Resting’) and single pulse cortico-cortical evoked potentials (CCEP, 993 
‘Test pulses’) were applied before and after repetitive stimulation. Focal repetitive 994 
stimulation consisted of 15 minutes of 5s 10Hz trains with an inter-train interval of 6 to 995 
10s. Pulses were bipolar with 100 s/phase. Electrocorticography (ECoG) was recorded 996 
during each phase of the stimulation paradigm. C) Removal of electrical stimulation 997 
artifact. Left Panel: single trial CCEP demonstrates the stimulation artifact follows a 998 
consistent waveform. Middle Panel: the stimulation artifact identified between -20ms and 999 
10ms (shown in red) was removed using our artifact rejection pipeline (see Methods). 1000 
The green trace represents the CCEP signal after artifact removal. Right Panel: to 1001 
quantify CCEPs, we performed Z-standardization of the signal using baseline of -150ms 1002 
to -50ms, and subsequently averaged the signal between 10 to 100ms across all trials. 1003 
D) Power-frequency analysis using simulated ECoG data to test the effectiveness of the 1004 
artifact removal process. 10Hz stimulation artifact was added to the resting ECoG data, 1005 
and the artifacts were subsequently removed using our artifact rejection pipeline (see 1006 
Methods). The artifact-spiked data had poor correlation with the original data while the 1007 
artifact-removed data had good fidelity with the original data. Right panel: Power 1008 
spectrum is showed for the original data, the artifact-spiked data, and the cleaned data. 1009 
The power spectrum of the artifact-spike data is poorly correlated with that of the original 1010 
data, while the spectrum of the artifact-removed data resembled that of the original data. 1011 
E) Single trial and average ECoG during and directly following the stimulation train 1012 
recorded from the black electrode labeled in A. Note 1) the increase in evoked potential 1013 
amplitude later in the stimulation train, and 2) the offset response: an evoked potential 1014 
shortly after the 10 Hz stimulation train. F) Evoked potentials after single electrical 1015 
pulses at different time periods during stimulation. Blue: first 3rd of the evoked potentials; 1016 
Teal: second 3rd of the evoked potentials; Magenta: Last 3rd of the evoked potentials. 1017 
Top panel: waveforms of evoked potentials using one stimulation train. Bottom panel: 1018 
waveforms of evoked potentials using an average of all stimulation trains. Error bars 1019 
show 1 SEM. 1020 
 1021 
 1022 
 1023 
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Figure 2 – Repetitive stimulation elicits a multi-phasic neural response. A) Time 1024 
frequency spectrogram during 10Hz stimulation. ECoG data shown in A-B are recorded 1025 
from the electrode in Figure 1A. The stimulation period is characterized by changes in 8-1026 
40 Hz power, corresponding to the changes in evoked potentials observed in the raw 1027 
broadband signal, as well as an increase in high gamma (>70 Hz) activity. Immediately 1028 
after the stimulation train, an evoked response lasting ~1000ms occurs, and is primarily 1029 
driven by low frequency power (<8Hz, see insert). B) Raw broadband signal (black) was 1030 
transformed to band-limited power (BLP) to capture temporal dynamics of power 1031 
changes during stimulation. C) Group dynamics of stimulation-induced response. Trials 1032 
and channel data were averaged per subject, and the subject-averaged trace for each 1033 
BLP is shown. Mid BLP (8-40 Hz) and 70-170 Hz power (high gamma power, HGP) 1034 
remain elevated during stimulation and decrease quickly afterwards, while low BLP (1-8 1035 
Hz) increases during stimulation and peaks in the offset period. D) Group-level response 1036 
during different phases of the stimulation train. Across subjects, the mean BLP during 1037 
stimulation was significantly elevated during stimulation. In the offset period, low BLP 1038 
and mid BLP was elevated, but not HGP. E) Channel-level relationship between the 1039 
stimulation response and the offset response for each BLP with linear regression line 1040 
(black line). Each color represents data from a single subject.  Note the strongest 1041 
correlation between the stimulation response and the offset response was observed with 1042 
low BLP. F) Comparison of BLP in the stimulation and the offset period. During 1043 
stimulation, the mean HGP was significantly higher than low BLP and mid BLP. In the 1044 
offset period, low BLP was significantly higher than the mid BLP and HGP. Each dot 1045 
represents the channel-averaged response for a single subject. G) The stimulation 1046 
response is highly correlated with the offset response on a single trial level. The linear 1047 
regression line (black) was calculated using the aggregate of all data points. In all three 1048 
frequency bands, the stimulation response was highly correlated with the offset 1049 
response on a single trial basis. Error bars show 1 SEM; ***P < 0.001. 1050 

 1051 
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 1053 
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Figure 3 – The stimulation response is predicted by functional and effective 1056 
connectivity. A-B) Exemplar broadband signal across several channels for Subject 4. 1057 
A) Single pulse cortico-cortical evoked potentials (CCEPs) recorded prior to stimulation 1058 
and B) the corresponding neural response to the stimulation train. Qualitatively 1059 
electrodes with strong CCEPs generally also elicited strong response during the 1060 
stimulation train. C-F) Single subject (S4) spatial distribution of CCEP, theta coherence 1061 
and the stimulation response (broadband and HGP). C) Strong CCEPs were elicited 1062 
near the stimulation sites and at select parietal and temporal regions. D) Theta 1063 
coherence to the stimulation site was highest in the prefrontal cortex. E) The mean 1064 
voltage during stimulation (the broadband stimulation response) was high in certain 1065 
regions across prefrontal, parietal and temporal cortices. F) Similar pattern of response 1066 
was observed for HGP during stimulation. G) Increased mean broadband response was 1067 
observed during stimulation in channels with higher pre-stimulation CCEP (left panel, + 1068 
refers to ≥5Z and – refers to <5Z) and theta coherence to the stimulation site (right 1069 
panel, + refers to coherence of ≥0.15 and – refers to <0.15) H) Box plots demonstrating 1070 
increased mean HGP during stimulation in channels with higher pre-stimulation CCEP 1071 
(left panel) and theta coherence to the stimulation site (right panel). I-J) Channels with 1072 
significant pre-stimulation CCEP or theta coherence were averaged per subject, and the 1073 
mean stimulation response is shown for each subject. I) Higher broadband stimulation 1074 
response is observed in channels with significant pre-stimulation CCEP (left panel) and 1075 
theta coherence to the stimulation site (right panel) across subjects. J) Higher HGP 1076 
stimulation response is observed in channels with significant pre-stimulation CCEP (left 1077 
panel) and theta coherence to the stimulation site (right panel) across subjects. Error 1078 
bars show 1 SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Box plots show the mean value 1079 
(innermost line), the 95% CI (dark band), and the SD (light band).  1080 
 1081 
 1082 
 1083 
 1084 
 1085 
 1086 
 1087 
 1088 
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Figure 4 – Progressive modulation of the stimulation response occurs in regions 1089 
highly connected to the stimulation site. A-D) Example of neural changes across 1090 
stimulation trains in one subject (S4). A) Location of stimulation and the recording 1091 
electrode. B) Heatmap representation of the epoched broadband signal to increasing 1092 
number of stimulation trains. Horizontal line represents time period of stimulation train. 1093 
Color in the image represents the broadband signal during and after stimulation train. C) 1094 
Time series of the smoothed broadband signal during stimulation as stratified by early 1095 
(blue), middle (green), and late (red) trains in the stimulation protocol. D) Quantification 1096 
of the stimulation dynamics in the exemplar channel. Repeated-measures ANOVA 1097 
demonstrated a significant interaction between time during stimulation and the 1098 
stimulation train number.  E) Amongst aggregate of all channels across 14 patients, 1099 
308/1566 (19.7%) of channels were stimulation-responsive. Amongst the 308 1100 
stimulation-responsive channels, 106 (34.4%) showed a modulation in stimulation 1101 
response (see Fig 5 for location of these channels). F) Box plots stratifying pre-1102 
stimulation CCEP and theta coherence by stimulation responsive channels. Stimulation 1103 
responsive channels demonstrated higher theta coherence (left panel) and CCEP 1104 
amplitude (right panel). G) Box plots stratifying pre-stimulation CCEP and theta 1105 
coherence by channels that did or did not undergo response modulation. Channels with 1106 
stimulation response modulated by progressive trains demonstrated higher theta 1107 
coherence (left panel, two-sample t-test, P = 0.03) and CCEP amplitude (right panel). 1108 
Error bars show 1 SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Box plots show the mean 1109 
value (innermost line), the 95% CI (dark band), and the SD (light band). 1110 
 1111 
 1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
 1119 
 1120 
 1121 

  1122 
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Figure 5 – Location of electrodes exhibiting significant stimulation responses and 1123 
modulation of the stimulation response. In each subject, significant stimulation 1124 
responses were elicited in a subset of the regions recorded (yellow and red electrodes). 1125 
Of all the stimulation-responsive electrodes, some underwent significant change in the 1126 
stimulation response over repeated application of the stimulation train (red electrodes). 1127 
Regions demonstrating response modulation are primarily local to the stimulation sites, 1128 
although a small proportion of these electrodes are found on the opposite hemisphere or 1129 
distant cortex.  1130 
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Figure 6 – The stimulation period predicts connectivity changes following the 1157 
entire stimulation protocol. A-C) Exemplar channel recording from Subject 5. A) 1158 
Location of stimulation and the recording electrode. B) Time series of the smoothed 1159 
broadband signal during stimulation as stratified by early (blue), middle (green), and late 1160 
(red) trains in the stimulation protocol. C) The corresponding pre/post single pulse 1161 
CCEP. Note the similar direction of change in CCEP and in the stimulation response. D) 1162 
Amongst aggregate of all channels across 14 patients, 80/1566 (5.1%) of channels 1163 
showed significant pre/post CCEP change. E) The probability of CCEP change in 1164 
regions with and without a significant stimulation response. Stimulation responsive 1165 
channels had higher probability of showing pre/post CCEP change. F) The probability of 1166 
CCEP change in regions with and without response modulation by stimulation trains. 1167 
Amongst only the stimulation-responsive channels, those that showed response 1168 
modulation had a higher probability of showing pre/post CCEP change. G) Receiver 1169 
operating characteristic (ROC) curves using features from the stimulation period to 1170 
predict pre/post CCEP change. The features used were the presence of significant 1171 
stimulation response without response modulation, the presence of response modulation 1172 
by stimulation trains and the mean amplitude of the broadband signal during stimulation. 1173 
Left Panel: prediction of CCEP change in channels closer than 4cm of the stimulation 1174 
site. Right Panel: prediction of CCEP change in channels further than 4cm of the 1175 
stimulation site. Greater performance was achieved in predicting remote CCEP changes. 1176 
Error bars show 1 SEM. 1177 














