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Abstract

®

CrossMark

Objective. Direct electrical stimulation (DES) is a clinical gold standard for human brain
mapping and readily evokes conscious percepts, yet the neurophysiological changes
underlying these percepts are not well understood. Approach. To determine the neural
correlates of DES, we stimulated the somatosensory cortex of ten human participants at
frequency-amplitude combinations that both elicited and failed to elicit conscious percepts,
meanwhile recording neural activity directly surrounding the stimulation site. We then
compared the neural activity of perceived trials to that of non-perceived trials. Main results.
We found that stimulation evokes distributed high gamma activity, which correlates with
conscious perception better than stimulation parameters themselves. Significance. Our findings
suggest that high gamma activity is a reliable biomarker for perception evoked by both natural

and electrical stimuli.

Keywords: DES, electrocorticography, functional mapping, neural prosthesis, direct electrical

stimulation
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(Some figures may appear in colour only in the online journal)

1. Introduction

Direct electrical stimulation (DES)—the application of elec-
trical current to the cortical surface—has been used clinically
since the early 1900s to map human functional anatomy [1-5].
DES mapping is routinely used to guide surgical decisions by
identifying patient-specific brain regions critical for percep-
tual or cognitive functions such as sensation, movement, lan-
guage and more [6—14]. The functional maps created by DES

3 Author to whom any correspondence should be addressed.

1741-2552/18/026015+10$33.00

are then used to prevent neurological morbidity after surgical
resection. Recent work has provided strong evidence linking
stimulation site and intensity to properties of a patient’s sub-
jective experience of naturally and artificially evoked percepts
[15, 16]; however, the neural effects of DES remain unknown
[17, 18]. Most studies of the effects of DES are limited to
behavioral reports of overt percepts elicited by stimulation
[14-16, 19-21]. The paucity of electrophysiological data in
these studies relates to technical challenges associated with
simultaneous stimulation and recording of neural activity,
including stimulation artifact and amplifier saturation.

© 2018 IOP Publishing Ltd  Printed in the UK
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The goal of the present study was to systematically inves-
tigate the neurophysiological effects of DES in order to better
understand the relationships between stimulation properties,
neural activity, and behavioral outcomes. Pioneering elec-
trocorticography (ECoG) studies by Crone and colleagues
discovered that high gamma (75-100 Hz) neural activity in
humans, which is correlated with local multi-unit neural firing
rate [22], focally increases in relation to natural somatosen-
sory perception in humans [23]. High gamma increase in
response to sensory stimuli has been recapitulated in the case
of controlled natural stimulation during brain mapping and in
the case of peripheral nerve stimulation [24, 25]. We hypoth-
esized that the artificial percepts induced by DES would share
this underlying electrophysiological signature. Moreover,
we hypothesized that high gamma activity was specifically
related to the conscious perception of electrical stimulation,
independent of the stimulation parameters.

To test these hypotheses, we recorded neural activity
before, during, and after electrical stimulation in somatosen-
sory cortex of ten human participants undergoing chronic sub-
dural recordings for epilepsy localization and clinical brain
mapping. To overcome the aforementioned technical chal-
lenges, we used a high dynamic range amplifier that did not
saturate during stimulation, along with artifact rejection signal
processing methods, while recording from the area directly
adjacent to the site of stimulation and the wider surrounding
cortex. For each subject, we collected behavioral reports and
neurophysiological responses at a range of clinically relevant
stimulation parameters (manipulating pulse frequency and
amplitude). Finally, we defined each subject’s perceptual
threshold and applied DES repeatedly to examine trial-by-
trial neural response properties that differed as a function of
perceptual outcome when stimulation parameters were fixed.
Our results indicate that stimulation-evoked high gamma
power is an independent marker of somatosensory perception.

2. Methods

2.1. Experimental setup

2.1.1. Participants. Experimental procedures were approved
by the Committee for Human Research at the University
of California, San Francisco, and all participants provided
written informed consent. Patients undergoing ECoG grid
implantation for epilepsy focus localization (N = 10, 6 males;
20-55 years old) volunteered to participate in this research
study (supplementary table 1 (stacks.iop.org/JNE/15/026015/
mmedia)). Patients were implanted with 256 channel high-den-
sity subdural electrode arrays (AdTech, Racine, WI or Integra,
Plainsboro, NJ) with 4mm center-to-center spacing (1.17mm
exposed diameter). Electrode arrays were positioned purely
according to clinical indications. Participants were included
whose coverage included the ventral sensorimotor cortex (pre-
and post-central gyri). An electrode in the sub-galeal space
served as the reference electrode and ground for recording.

2.12. Tasks and stimuli. A neurologist (VRR or RCK)
operated a clinical bipolar stimulator (Nicolet™ Cortical

Stimulator, Natus Medical Inc.) while monitoring ECoG sig-
nal for electrical abnormalities throughout testing. Stimulation
pulse train parameters were as follows: biphasic, charge bal-
anced, cathode-leading, pulse width = 100 ps, duration = 1s.
In a typical experimental session, the clinician tested several
bipolar pairs individually by stimulating with typical clinical
parameters and asking the subject to report any sensations
evoked by electrical stimulation. The site that produced the
most discrete sensory percept was chosen as the test site for
the rest of the experimental session. Most of these sites pro-
duced percepts in the hand or lower face areas. The subject
was instructed to press a button when they felt the percept
and to not move otherwise. The subject did not know when
stimulation was occurring, as they could not see the opera-
tor and there was no sound associated with stimulation. The
typical 3 x 3 table of parameters was then tested with at least
five repetitions of stimulation pulse trains for each current and
frequency combination. Because the testing would have taken
too long if the clinician had changed the parameters for each
trial, the five repetitions were always completed back to back.
However, each patient had a pseudorandom order of presenta-
tion of the current and frequency combinations. Pulse trains
were presented by the operator with several seconds between
pulse trains. Across patients, the timing of button press fol-
lowing a perceived stimulus was well correlated with timing
of stimulation pulse trains, and false positives were rare. Six
subjects also participated in a second experiment during the
same session during which stimulation was presented at a con-
stant ‘threshold’ level, and the subject was again instructed to
press the button when he or she perceived stimulation. A mid-
range level of current delivered at 50 Hz was chosen for this
threshold test and titrated until the experimenter determined
that the patient was perceiving the stimuli approximately half
of the time.

2.1.3. Button press control. Throughout all of the testing
sessions, subjects were instructed to press the button using
their ipsilateral (to the implanted grid) thumb. A button press
control task was performed by each subject in the absence of
electrical stimuli. The subject was cued by the researcher to
press and hold the button. The same statistical analysis that
was used to test for increased high gamma following stimu-
lation pulse trains was used to test for high gamma activity
over baseline corresponding with the button press. These elec-
trodes were then excluded from further analyses (n = 107 of
1824 total electrodes across patients).

2.14. Sensory control. A sensory control task was per-
formed by six subjects in the absence of electrical stimuli. In
anatomical locations for which it was feasible, the researcher
applied light tactile pressure to the anatomical area in which
the subject reported feeling paresthesias. The sensory control
was time-aligned using a corresponding button press by an
observing researcher. Because this control was used only to
identify the location of neural representation of the sensory
area in question, the exact pressure applied was not analyzed.
The same statistical analysis that was used to test for increased
high gamma following stimulation pulse trains was used to
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test for high gamma activity over baseline corresponding with
the sensory stimulus. Electrodes that displayed high gamma
activity above baseline were then designated as part of the
‘natural sensory network’.

2.2. Recording and data processing.

Signals were acquired at a sampling rate of 3051.8 Hz and were
amplified and digitized using a Tucker-Davis Technologies
(Alachua, FL, USA) neural recording system (RZ2 DSP com-
bined with a 256-channel PZ2 amplifier). Manual artifact
and channel rejection was performed, followed by common
median referencing [26].

The signal from each electrode channel was filtered into
40 frequency bands using an FFT followed by a Hilbert
transform with logarithmically increasing center frequencies
(range of CF = 4.07 Hz—193.8 Hz). The analytic amplitude,
also known as the envelope, and the phase were calculated for
each [27]. The high gamma analytic amplitude was calculated
by averaging filtered frequencies between 70 and 150 Hz. A
z-score of the filtered frequencies was calculated with respect
to a rest block recorded during the same session by following
the method of Canolty, et al [28]. The anatomical location of
electrodes was determined with the aid of co-registered brain
CT and MRI images.

2.3. Analytical methods

2.3.1. Basic analyses. To avoid contamination by stimula-
tion artifact, we excluded 100 ms of data on either side of the
stimulation pulse train. Due to forward and reverse filtering,
any artifact from the stimulation is symmetrical at the onset
and offset of stimulation. This interval was adequate for arti-
fact rejection for all parameters used, as determined by com-
parison of z-scored signals prior to stimulation and following
stimulation across stimulation parameters, and was corrobo-
rated by visual inspection.

The stimulating channel pair was excluded from analyses.
Z-scored signals were tested for significance from baseline
and corrected for false discovery rate using the method of
Canolty et al [28]. It was found that the only consistent signal
across subjects that differed from baseline was the increased
amplitude of the high gamma band following stimulation.
The time course of high gamma increase was determined by
counting the number of time points of the neural spectrogram
from 0.1 to 2s post pulse train with significantly greater high
gamma amplitude than during the baseline period. Across
all electrodes, over two thirds of the significant time points
occurred in the time period between 0.1 and 0.3 s following
stimulation. Thus, the average high gamma power during this
time frame is used for following analyses.

2.3.2. Logistic regression on behavior. A logistic regression
was performed to predict whether or not a subject perceived a
given trial (binary value) as a function of stimulation frequency
and amplitude, and their interaction. Random intercepts were
included in the model, allowing the regression to capture dif-
ferences among subjects in their perceptual thresholds.

2.3.3. Linear regression on HG amplitude. A linear regres-
sion was performed for each electrode for the single subject
that was able to complete most of a 5 X 4 matrix of stimula-
tion parameter values (current values of 1.5, 3, 4.5, 6, 7.5 mA
and frequencies of 10, 30, 50, and 100 Hz). This extended
matrix of parameters was tested because, in this rare case, the
team had more time to collect data prior to the patient’s sur-
gery. This afforded an opportunity to determine what factors
best predict increases in high gamma amplitude, and whether
there exist subpopulations of electrodes that respond to some
parameters and not others. Parameters that went into the
regression were frequency, current, ‘charge per time’ (defined
as frequency multiplied by current), percept (binary: 0 or 1),
and a full model with all predictors included. Electrodes that
never displayed an adjusted R? of 0.1 or over were discarded
from the analysis. Two additional outliers with abnormally
high R? values were identified and removed.

2.3.4. LDA classification of perceived trials. In the same
subject, and for each stimulation parameter pair, two linear
discriminant analysis classifiers were constructed to predict
whether a conscious percept was elicited. In one model, the
stimulation frequency, amplitude, and charge per time were
the predictors. In the second model, the mean high gamma
z-score from 100 to 300ms post-pulse train for all significant
electrodes were the predictors. The classifiers were evalu-
ated with cross-validation (trained on data from all parameter
sets except two, which served as the held-out parameters to
test). The same paradigm was then repeated over 100 itera-
tions to define distributions for the accuracy of stimulation
parameters and of high gamma in predicting perception. The
result of each model was a percent correct over all predictions,
obtained by dividing the number correct by the total number
of predictions.

2.3.5. Testing for differences between HG after and dur-
ing stimulation at threshold. For data after stimulation, the
previous methods were used to determine which electrodes
exceeded baseline levels in the high gamma range in the time
period of 100-300ms post pulse train. A student’s #-test was
performed for each of these electrodes to determine if there
was a significant difference between high gamma values in
perceived versus non-perceived trials from the threshold
experiment. Electrodes with a significant difference in high
gamma are plotted for a single example subject in figure 3(B).
For data during stimulation, the Lomb—Scargle algorithm was
used to estimate power in the high gamma band with miss-
ing data points. Its input was raw data recorded 100ms after
the start of a pulse train to 100 ms before the end of a pulse
train, with a total of 7.2ms of data missing in the time sur-
rounding each stimulation pulse. A student’s 7-test was per-
formed on power estimates of high gamma amplitude for each
trial obtained with the Lomb-Scargle algorithm. Electrodes
that displayed above-baseline activity are plotted for a single
example subject in figure 3(C). In both cases, a paired 7-test
was used to test for differences in electrodes’ activity com-
bined across patients in the case of perceived versus non-per-
ceived stimuli.
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Some readers may wonder if the response that we describe
during stimulation is actually neural activity, or if it may be
attributed to artifact due to electrical ringing or data filtration.
This question may be addressed in three ways. First, our fil-
tering methods take advantage of forward and reverse filters,
so artifacts due to data processing/filtering would be expected
to show up symmetrically on either side of any offending
electrical artifact: that is, both before and after stimulation in
terms of time. This is not the case, as shown in figure 1(C).
Second, ringing artifacts are expected to be observed directly
following stimulation offset (expected latency <1ms) and to
decay exponentially, a phenomenon that we do not see, espe-
cially considering our data of interest arises at relatively long
latency (>0.1s post stimulation) [29]. Third, threshold trial
data (figure 3) show differences in neural activity even though
stimulation and processing parameters were exactly the same.
If the effect were due to artifact, one would expect that all
trials would show the same high gamma increase. The fact
that we find significantly greater high gamma power on con-
sciously perceived trials than on otherwise identical unper-
ceived trials demonstrates that the measured neural effects
cannot be attributed to stimulation artifact.

3. Results

For each participant, we chose a single cortical site that had
been determined through clinical mapping to evoke a somato-
sensory percept. We applied bipolar stimulation using a pair
of electrodes at that site spaced 8 mm apart (typical electrode
spacing used clinically) (figure 1(A)). To determine the effect
of stimulation parameters on perception and on neural activity,
we employed a 3 x 3 stimulation pulse train paradigm that
included at least five trials each of low (1 mA), medium
(34 mA), and high (7-10 mA) current amplitudes at frequen-
cies of 10, 50, and 100 Hz. Stimulation pulse trains lasted 1s
and pulse width was 100 ps. The participants were instructed to
push a button with their ipsilateral thumb if they felt the stim-
ulation. Subjects were blind to the timing of stimulation, and
false positives were rare. Electrodes that were responsive to
button press in isolation were excluded from further analyses.
Across subjects, the proportion of trials that elicited a percept
increased, as expected, with increasing charge delivered per
unit time (defined here as stimulation frequency x current,
figure 1(B)).

We next examined the neural recordings associated with
stimulation pulse trains in the 3 x 3 paradigm. To avoid
examining data contaminated with stimulation artifact, we
analyzed data 100-300ms following the offset of stimula-
tion. Across subjects, the only consistent evoked activity was
in the 65-200 Hz range (figure 1(C)), typically referred to
as the high gamma range [22, 28, 30]. The frequency of the
evoked response (high gamma) did not vary with stimulation
frequency (as indicated by non-significant f-tests between
average neural responses grouped by stimulation frequencies
of 50 Hz and 100 Hz). In a minority of sites for some subjects,
lower frequency bands showed significant deviations from

baseline, but these changes were not observed for the majority
of subjects in response to stimulation.

Focal bipolar stimulation was associated with high gamma
activation of a relatively large cortical area surrounding the
stimulation site. For sites that showed significant high gamma
modulation in response to stimulation, the amplitude of their
high gamma increase was, on average, related to their prox-
imity to the stimulation site, but the variability in this relation-
ship was high (figure 1(C), scatterplot, R? of best fit = 0.098).
This spatial spread function is inconsistent with a simple
volume conduction model, as distant sites regularly exhibit
greater high gamma values than some directly adjacent sites.
This spatial spread is therefore likely driven by cortico-cor-
tical evoked potentials.

For a subset of subjects, we used the same analytical
methods to quantify the neural response to natural touch in
the absence of electrical stimulation (figure 1(C), ‘Natural
touch’). We applied light tactile pressure to the site that the
patient reported their evoked percept while recording their
neural response. As has been previously shown [31], natural
touch reliably evoked high gamma activity in these subjects.

We used mixed-effects logistic regression across patients
to quantify the separate effects of stimulation amplitude and
frequency on the probability of causing a conscious percept
(figure 1(D)). Stimulation frequency multiplied by current,
defined in this work using the term ‘charge per time’, was also
entered as a predictor of perception. Increased amplitude and
increased charge per time were both associated with higher
rates of reported perception (p < 10~* and p < 107, respec-
tively). Some parameter combinations produced a ‘threshold
response’ such that the patient felt the stimulation on approxi-
mately half of the trials. At such threshold parameter com-
binations in the 3 x 3 paradigm, we noted increased high
gamma activity for perceived trials over non-perceived trials
(figure 1(D) inset, t-test, p < 0.05).

To test whether increased high gamma activity and con-
scious perception were consistently related, we compared
perceptual reports with high gamma activity at stimulation-
responsive sites (figure 2(A)). We found a pronounced co-
occurrence of perceptual reports with increased high gamma,
and a significant shift to greater high gamma activity for per-
ceptual trials over non-perceptual trials in the 3 x 3 paradigm
(figure 2(B)).

Patients tended to perceive stimulation during trials with
pulse trains of high stimulation amplitude, high stimulation
frequency, or a combination of the two. We expanded our 3 x 3
table of stimulation frequencies and amplitudes so that there
was more continuity in tested levels of frequency and ampl-
itude, and so that there were matched pairs of charge per time
for a single subject (e.g. 10 Hz at 7.5 mA and 50 Hz at 1.5 mA,
both of which inject 75 Hz x mA of charge; matched pairs are
outlined in black and labeled in figure 2(C)). In some cases,
even though equal amounts of charge per time are injected, the
perceptual outcomes are different. This is exemplified by the
two stimulation parameter combinations that result in a charge
per time of 300 Hz x mA, but whose perceptual outcomes are
highly disparate (figure 2(C)). There are also examples of a
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Figure 1. DES evoked high gamma (HG) activation is
correlated with conscious perception. (A) Stimulation schematic.

Somatosensory cortex (highli

ghted in blue) is the target site of

stimulation for all patients. Inset: bipolar stimulation occurs

across two electrodes spaced
recorded throughout the expe

8 mm apart. Neural activity is
riment from electrodes surrounding

the stimulation site. (B) Proportion of subjects that perceived
stimulation increases with frequency and amplitude. Proportion
shown for each of the nine stimulation parameter combinations. (C)
HG increases following perceived stimulation. Mean HG activation

100-300 ms post pulse train i

s mapped onto the cortical surface

for an example subject following stimulation with a parameter
set in which the subject reported feeling a percept. Stimulation
electrodes are shown in green. Inset: neural spectrogram 1s before
and after stimulation for an example electrode. Neural frequency is
on the y-axis in log space. Dashed lines mark 100 ms on either side

of the stimulation pulse train,

denoting the conservative window

of time that was discarded from analyses to avoid spectral bleed

from stimulation artifact. Dat

a points that were determined to be

higher charge per time resulting in fewer positive percepts
than a lower charge per time. For instance, at 100 Hz and
3 mA (300 Hz x mA) the subject in figure 1(C) felt the stimu-
lation in approximately 20% of the trials, yet at 50 Hz and
4.5 mA (225 Hz x mA), the subject felt the stimulation in
100% of trials. These differences in outcome from matched
pairs of charge illustrate that it is not simply the charge per
time that leads to a percept, nor is it solely the stimulation
frequency or stimulation amplitude. Increasing stimulation
parameters boosts the chance of evoking a conscious percept,
but the stimulation parameters themselves are not the sole
determinants of the perceptual outcome of stimulation.

So far, we have shown that stimulation parameters, high
gamma activation, and perception are all related, but that
stimulation parameters alone are not sufficient to predict
either perceptual outcomes or the extent or amplitude of high
gamma activation. These findings suggest that high gamma
amplitude and conscious perception are correlated. We evalu-
ated the best predictors of high gamma change by conducting
a series of linear regression analyses for each recording site.
For each site, the trial-by-trial high gamma activity following
stimulation was modeled using frequency, current, charge per
time, or percept as sole predictors. We compared the model fits
to each other and to a full model that incorporated all of the
factors (figure 2(D)). For the majority of electrodes, whether
or not the stimulus was perceived was the best indicator of
high gamma activity, and, moreover, for most electrodes, this
simple binary model based on percept alone did approxi-
mately as well as the full model (mean increase in adjusted R*
was 0.018). That is, perception alone predicts high gamma as
well as perception with all other stimulation parameters (the
full model was not significantly different from that of the per-
cept model, p = 0.56). Finally, we used an LDA classifier to
predict whether the subject perceived the stimulation based on

significantly different than baseline activity are outlined in black

(z score with respect to baseline distribution, p < 0.01). Right
panel: the amplitude during the time window of 100-300ms after
stimulation is averaged across electrodes and patients and shown
as the dark black line, with the standard error of the mean in gray.
Red shaded region demarcates the HG range. Above: scatterplot
shows mean HG versus distance from stimulating pair for each
significant electrode across patients. The HG amplitude 100-300 ms
post stimulation offset determines significant electrodes. Natural
touch: electrodes that significantly respond to natural touch are
shown on the brain of an example subject in purple, with respect to
stimulation electrodes in green. Inset shows the neural spectrogram
of an example electrode with respect to onset of natural touch.
Right panel: the amplitude after touch is averaged across electrodes
and patients and shown as the dark black line, with the standard
error of the mean in light gray. Red shaded region demarcates the
HG range. (D) Proportion of stimuli perceived is predicted by
stimulation parameters and by HG activity. Logistic regression best-
fit lines calculated across subjects are shown for each frequency

of stimulation as a function of increasing current. Inset: single
trials of HG post pulse train are shown for an example electrode.
0-100ms post offset is shown in gray. To avoid stimulation artifact
contamination, this part of the data is not included in analyses.
Perceived trials are blue lines, and non-perceived trials are yellow
lines. Gray bar demarcates time points in which perceived trials are
significantly different than non-perceived trials (z-test, p < 0.05).



J. Neural Eng. 15 (2018) 026015 L Muller et al
A B
Behavioral
Frequency (Hz) 07
® .
3 *
10 50 100 1005 £ 6 [ No percept
1 1 Y 5 M-
= o3 g2 05 ercept
g 4 3 g 2 = _E,
N s 8z
o 8 5 g
C =
o
Neural 1 .g 8
>8 g
=K &
gg 10123456738
[ HG z score
Subject 1  Subject2  Subject 3 0 @ * R K
1+
¢ D I * 1 I * 1 E I
Frequency (Hz) 03 o0 . 08
10 30 50 100 °
100 .0 °
15 75 [150 ey » -
—_- o
750 5 5 y 02 4 — S o6f
~ 3 * @ - ®° o Qe 8
£ S 3 ) Yo7 s T
= 45 g2 g . o . ® ° 2
s 52 g 2 LT =% g 04p
5 6 o 0.1 ?& s 8° g
o v I
75 /) & d
0 o ’s ’ 0.2}
0 2‘ ..o B
F ¢ Chaee o eoRcp ’ Stimulation  HG
per Time ,C,FxC, imulation
parameters

Predictors of high gamma

Predictors of percept

Figure 2. High gamma (HG) amplitude predicts perception better than stimulation parameters. (A) Neural data mirrors behavioral reports
of perceived stimuli. Behavioral and neural data are shown for three example subjects. Although the goal was to obtain behavioral and
neural data for a full 3 x 3 parameter set, some participants did not tolerate the higher stimulation intensities. At least five trials of each

stimulation parameter pair were completed. Dark blue boxes indicate that the subject reported feeling the stimulus 5/5 or 100% of the trials
unless otherwise noted by text in white. Yellow boxes indicate that the subject reported feeling the stimulus 0/5 trials. For the corresponding
neural data, each box denotes a post-stimulus HG z score averaged over electrodes that showed significantly different activity from baseline

in the HG band for any stimulation parameter pair, whether or not it was perceived. (B) Across subjects, the HG z score of significant
electrodes shows a shift toward higher values for perceived trials (the two distributions have significantly different means, p < 0.05 in a
paired z-test). (C) Neither current, frequency, nor charge per time perfectly predict perception. An expanded experimental paradigm and
its corresponding number of perceived trials are shown for one subject where additional stimulation parameters could be tested. Matched
pairs of total charge within the extended matrix are outlined and denoted by their total charge (mA x Hz). (D) Whether the stimulus was
perceived predicts HG activity better than stimulation parameters at single electrodes. Adjusted R? values for linear regressions predicting
HG amplitude are shown for significant electrodes. Predictors are frequency (F), current (C), charge per time (CT), percept (P, input

as 0 or 1), and a full model with all parameters (F, C, F x C, P). Filled dots are adjusted R? values for each electrode, predicted by the
parameter(s) above which they are centered. Gray lines connect the dots to denote the trajectory of the model fit for the same electrode
predicted in each of the five cases. Neighboring groups were tested pairwise for differences in their means. Stars and brackets demarcate
neighboring groups that show a significant difference (student’s t-test, p < 0.0125). (E) HG predicts perception better than stimulation
parameters predict perception in a classification analysis. LDA classification results for predicting perception at each stimulation parameter
pair, bootstrapped over 100 iterations. Gray bars show the relative performance of stimulation parameters and HG across all electrodes
above baseline as inputs to the classifier. HG predicts perception better than stimulation parameters of frequency, charge per time, and

current (student’s r-test, p < 1079).

either stimulation parameters or high gamma activity across
significant sites (figure 2(E)). We found that more trials were
accurately classified using high gamma activity than stimu-
lation parameters (93% versus 78%). Across these different
methods of analysis, our results strongly suggest that the cor-
tical high gamma response to stimulation predicts perception
more accurately than stimulation parameters.

If high gamma evoked by DES is a reliable predictor of
a subject’s behavioral response to stimulation, a compelling
demonstration would be to show that high gamma activity
is consistently greater for perceived than non-perceived
trials, even when stimulation parameters are held con-
stant. As such, we conducted a controlled psychophysical

stimulation experiment with a subset of the experimental
subjects, wherein we calibrated stimulation parameters to
find each subject’s sensory threshold, defined as the stimulus
level at which subjects perceive the stimulus about 50% of
the time (figure 3(A)). By holding stimulation current and fre-
quency constant at a subject’s threshold over many trials and
comparing the recorded neural signal on perceived and non-
perceived trials, it is possible to isolate biomarkers that reflect
differences in the underlying neural processing of a stimulus,
rather than differences in external factors such as stimulation
parameters or stimulation artifact. Using electrical stimulation
fixed at perceptual threshold, we still observe that the evoked
high gamma is greater in perceived trials than non-perceived
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Figure 3. With stimulation parameters held constant, high gamma (HG) amplitude increases on perceived trials, as compared to non-
perceived trials. (A) Schematic: 3D MRI brain reconstruction with electrode array placement and stimulating pair is shown for one
example subject who was stimulated with threshold level stimulation for 48 stimulation pulse trains. 22 were perceived and 26 were not
perceived. Schematic shows the time included for during and after stimulation in relation to a stimulation pulse train. (B) Most sites show
greater HG activity after perceived trials. The T statistic is plotted for each electrode that increased its activity statistically above baseline
after stimulation as determined using the same methods as in prior figures and that showed a significant difference between perceived and
non-perceived trials as determined using a 7-test. A positive T statistic (blue electrodes) denotes that the mean HG power after stimulation
was higher in the case of perception over no perception. Across subjects, electrodes display significantly higher HG amplitudes during
stimulation for perceived trials over non-perceived trials (paired #-test, p = 6.74 x 10™%). (C) Most sites show greater HG activity during
perceived trials. The T statistic is plotted for each electrode that increased its activity at least two standard deviations above baseline during
stimulation. A positive T statistic (blue electrodes) denotes that the mean HG power during stimulation was higher in the case of perception
over no perception (t-test on Lomb—Scargle processed data). Across subjects, electrodes display significantly higher HG amplitudes during
stimulation for perceived trials over non-perceived trials (paired #-test, p = 0.0098).

trials following stimulus presentation (figure 3(B)). For all
patients that completed the threshold stimulation task, high
gamma amplitude following stimulation is higher in perceived
trials over non-perceived trials (figure 3(B), paired z-test,
1(42) = 3.67,p = 6.74 x 107%).

Up to this point, we have limited our analysis to evoked
neural signals following electrical stimulation to avoid the
concern of stimulation artifact during stimulation pulses.
Threshold trials enable us to confidently estimate the dif-
ferences in high gamma signal between perceived and non-
perceived trials during stimulation, since the electrical stim-
ulus (and any stimulation artifact) is identical for both con-
ditions. The Lomb-Scargle algorithm [32, 33] estimates the
power spectrum of a time series with missing data points. The
algorithm was used to compare the mean high gamma activity
during stimulation at each electrode (see Methods). Many
more electrodes in the vicinity of the stimulation site show
increased HG during perceived trials as compared to non-per-
ceived trials at threshold stimulation parameters (figure 3(C)).
For all patients that completed the threshold stimulation
task, normalized high gamma amplitude during stimulation
is higher in perceived trials over non-perceived trials (figure
3(C), paired #-test, #(57) = 2.67, p = 0.0098).

4. Discussion

Understanding the effects of cortical stimulation in humans is
instrumental to the interpretation of both clinical and scientific
studies that employ stimulation in assigning functions to cor-
tical areas. In this study, we used clinically relevant stimula-
tion parameters to evoke sensory percepts while measuring the
neural response at cortical sites surrounding the stimulation
site. Several experimental features enabled us to draw conclu-
sions about neural correlates of effective cortical stimulation.
In contrast to other cortical stimulation studies, we were able
not only to record neural activity throughout stimulation using
a high dynamic range amplifier, but also to densely sample
this activity over centimeters of cortex directly adjacent to the
stimulation site.

We have shown that: (1) DES evokes neural activity pri-
marily in the high gamma frequency range, consistent with
the neural response observed during natural touch; (2) high
gamma increases in response to stimulation are found in
cortical regions beyond the focal site of stimulation; and (3)
evoked high gamma activity is significantly greater for stimu-
lation that evokes conscious perception, both after stimulation
and during stimulation at threshold stimulation levels. These
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responses were evident across participants, and the conclu-
sions are independent of which anatomical sites in somatosen-
sory cortex were stimulated.

One important implication of this work is that DES reca-
pitulates normal physiology, evoking conscious perception
via the same mechanism as natural stimuli. The characteristic
increase in high gamma following stimulation that we found
here is consistent with animal work describing increased
neural firing in response to electrical microstimulation using
pulse trains [34]. Activity in the high gamma range in response
to natural stimuli has been observed in multiple sensory cor-
tices [35—44], and it was explicitly distinguished from lower
frequency bands in studies of human subjects using ECoG
[45, 46]. It has since proven to be a strong correlate of sen-
sory, motor, and cognitive events [23, 28, 31, 45, 47-50]. High
gamma activity correlates not only with the functional magn-
etic resonance imaging blood-oxygen level-dependent signal
[51-53], but also with multi-unit firing rate [22], making it a
reasonable proxy for evoked neural firing in response to stim-
ulation. As single or even multi-unit recordings were impos-
sible in this study, the nature of the subset of neurons that are
stimulated is unclear. As described in previous studies [54],
we surmise that it holds true that the axons of surrounding
neurons are stimulated, leading to individual neuron depolari-
zation and thereby accounting for the increased high gamma
power as these neurons fire. Future studies may reveal whether
the prevailing neural populations excited by stimulation are
themselves excitatory, inhibitory, or mixed.

The high degree of regional connectivity of the cortex is evi-
dent from the broad spatial spread of high gamma responses,
which could not be explained by volume conduction. Other
studies have noted cortico-cortical evoked potentials centim-
eters away from the stimulation site [55, 56], so it is not sur-
prising that in driving cortical activity with DES we observe
responses both near and far from the origin of stimulation.
Resulting neural activation may cover a broad expanse (cen-
timeters from the stimulation site) due to the interconnectivity
of the stimulated site with other sites in the surrounding area.

While the high gamma power increase presented in this
study strongly correlates with conscious perception, it cannot
be definitively represented as a cause and effect relationship.
It may be that the induced percept is causing high gamma
response, for instance. In either case, it does not change the
main claim of this work: that high gamma is a reliable bio-
marker of perceived stimuli.

In clinical practice, frequency and amplitude are two
major parameters that are used to control stimulation effects.
Charge delivered per unit time is the most relevant factor in
whether stimulation exceeds threshold for a sensory percept.
One example of this comes from microstimulation studies in
rats, where it was shown that higher frequency and lower cur-
rent may be used to achieve a similar sensation as lower fre-
quency and higher current [57, 58]. However, we have shown
that predicting the outcome of stimulation using frequency
and amplitude values is not as simple as summing the charge
delivered. Equal increases in charge per time obtained using
stimulation frequency as compared to stimulation amplitude
will not have equal effects on either behavior or on neural

activity, and frequency and amplitude may be tuned to
deliver the same charge per time but affect perception dif-
ferently. Importantly, a high frequency, low current stimulus
may safely achieve the desired outcome without causing the
damage to neural tissue that is associated with high currents.
This knowledge is useful for achieving adequate stimulation
levels while preserving the integrity of neural tissue in long-
term devices [59-61].

Finally, in this study, perception was assayed as a binary
feature, but the behavioral response magnitude was not exam-
ined. Future work may include metrics of intensity or percep-
tual aspects associated with stimulation patterns or modulated
stimulation profiles [62, 63].

5. Conclusion

We found that high gamma activation is a reliable biomarker
of stimulation in sensory cortex that produces a subjective
percept. Because in practice not every electrical stimulus
causes a behavioral response, there are significant practical
implications for future uses of this biomarker for clinical
purposes. Furthermore, it is possible that DES induces high
gamma activation at other brain regions where stimulation
is expected to cause different behavioral effects. Therefore,
high gamma power could be a biomarker for effective stimu-
lation levels in many different applications. This would be
especially useful for disorders in which there may not be
obvious or immediate behavioral outcomes, such as in neuro-
psychiatric conditions.
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