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Abstract
Objective. Direct electrical stimulation of the brain through intracranial electrodes is currently used
to probe the epileptic brain as part of pre-surgical evaluation, and it is also being considered for
therapeutic treatments through neuromodulation. In order to effectively modulate neural activity,
a given neuromodulation design must elicit similar responses throughout the course of treatment.
However, it is unknown whether intracranial electrical stimulation responses are consistent across
sessions. The objective of this study was to investigate the within-subject, cross-session consistency
of the electrophysiological effect of electrical stimulation delivered through intracranial
electroencephalography (iEEG). Approach. We analysed data from 79 epilepsy patients implanted
with iEEG who underwent brain stimulation as part of a memory experiment. We quantified the
effect of stimulation in terms of band power modulation and compared this effect from session to
session. As a reference, we made the same measurements during baseline periods.Main results. In
most sessions, the effect of stimulation on band power could not be distinguished from baseline
fluctuations of band power. Stimulation effect was consistent in a third of the session pairs, while
the rest had a consistency measure not exceeding the baseline standards. Cross-session consistency
was highly correlated with the degree of band power increase, and it also tended to be higher when
the baseline conditions were more similar between sessions. Significance. These findings can
inform our practices for designing neuromodulation with greater efficacy when using direct
electrical brain stimulation as a therapeutic treatment.

1. Introduction

About 35% of patients with epilepsy are drug-
resistant and require additional treatment [1, 2]. In
this context, direct electrical stimulation through
intracranial electroencephalography (iEEG) has
become an invaluable tool for clinicians. Direct elec-
trical stimulation is currently used in three ways:
first, functional mapping of the cortex so that elo-
quent cortical areas are preserved in resective epilepsy
surgery [3, 4]; second, measuring the ‘epileptogen-
icity’ of the stimulated and surrounding areas [5];
third, exploring the neuromodulatory potential of

direct electrical stimulation which can be the basis
for therapeutic interventions [6–8]. In this work we
will focus on the neuromodulatory potential of intra-
cranial electric stimulation. Arguably, to achieve any
therapeutic goals, the effect of stimulation should be
consistent across multiple sessions in each patient
[9]. To our knowledge, the consistency of iEEG stim-
ulation effect has not been studied systematically.

Neuromodulation has been explored as an altern-
ative treatment for patients with non-conclusive pre-
surgical evaluation of the epileptogenic zone [10]. In
such cases, without any candidate resection area, the
goal is to modulate the epileptic network in a way
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that enhances physiological neural activity and pre-
vents pathological, or seizure, activity. It is currently
unknown how a targeted modulatory effect can be
achieved a priori, but several studies have begun
to map out how stimulation affects the brain both
electrophysiologically as well as behaviourally. For
instance, Keller et al showed that repeated stimula-
tion modulated the excitability of neighbouring areas
around the stimulation site [7]. Memory enhance-
ment has been reported after using a closed-loop elec-
trical stimulation of the lateral temporal cortex [11].
Furthermore, stimulation applied to the posterior
cingulate cortex induced an increase of low gamma
power in hippocampus, which correlated with the
magnitude of memory impairment [12]. Muller and
colleagues have reported a correlation between the
modulation of high gamma frequencies and soma-
tosensory perception, both induced by direct current
stimulation [13]. Khambhati and colleagues demon-
strated functional reconfiguration of brain networks
after stimulation as indicated by alterations in band-
specific functional connectivity [8], while Huang
and colleagues further demonstrated the close rela-
tionship of functional connectivity and stimulation-
induced band power modulation [14]. Similarly,
another study showed that temporal cortex stimu-
lation increased theta band power in remote areas
predicted by functional connectivity, especially when
the stimulation was delivered close to white matter
[15]. These studies show the potential of using dir-
ect electrical stimulation in therapeutic neuromodu-
lation, and intracranial stimulation through iEEG can
be a useful tool to rapidly explore possible stimulation
locations and parameters for the design of effective
neuromodulation.

Consistent stimulation effects—electrophysiologi-
cally or behaviourally—across sessions are crucial for
developing therapeutic neuromodulation treatments
[16]. For example, understanding the underlying
electrophysiological effect of transcranial stimula-
tion and its consistency is an important step towards
taking advantage of its already demonstrated benefits
on motor rehabilitation [17, 18]. Relevant investiga-
tions on cross-session consistency have been reported
in non-invasive stimulation modalities (for a review
see [9]). For instance, while the electrophysiolo-
gical effect of transcranial magnetic stimulation has
been reported to be highly consistent across sessions
[19], while transcranial direct current stimulation
(tDCS) effect was found to be inconsistent [20, 21]
(but see also [22]). The sources of such variability
have been discussed extensively in the context of
inter-individual studies, but some of these factors
affect intra-individual variability as well (e.g. baseline
physiological state, cognitive task at hand; for a review
see [23]). However, to our knowledge, the cross-
session consistency of the electrophysiological effects
of iEEG stimulation has not yet been systematically
investigated.

Here we investigate the consistency of the
iEEG stimulation effect in terms of band power
modulations between stimulation sessions from the
same subject. We measure how stimulation modu-
lates band power in five different frequency bands
and investigate whether these modulations vary from
one stimulation session to the next for the same sub-
ject and stimulation location. We introduce a meas-
ure of consistency that accounts for the distributed
stimulation effects recorded across multiple iEEG
channels. We finally investigate which features of
the stimulation protocol, the measured stimulation
effect, and the baseline conditions most influence
between-session consistency.

2. Methods

2.1. Electrophysiological and cortical surface data
We used data that are publicly available as part
of the Restoring Active Memory project (man-
aged by the University of Pennsylvania; http://
memory.psych.upenn.edu/RAM). As stated in
the project’s website ‘Informed consent has been
obtained from each subject to share their data,
and personally identifiable information has been
removed to protect subject confidentiality’. The ori-
ginal research protocol for data acquisition was
approved by the relevant bodies at the participat-
ing institutions. Furthermore, the University Ethics
Committee at Newcastle University approved the
current project involving the data analysis reported
here (Ref: 12721/2018). We extracted data from all
patients (n= 87) that underwent at least one stim-
ulation session while performing memory tasks.
We excluded eight patients that either had sub-
stantial stimulation artefacts in almost all chan-
nels or their data were limited (single session with
< 18 stimulation trials). Thus, we analysed data
from 79 subjects (mean age 35.4, range 16–63, 44
females) from which 36 had at least 2 stimula-
tion sessions with the same stimulation location
(totalling 101 pairs of sessions with same stimulation
location).

2.2. Stimulation paradigm
Stimulation was delivered using charge-balanced
biphasic rectangular pulses (300µs pulsewidth) at 10,
25, 50, 100, or 200 Hz frequency 0.25–3.5 mA amp-
litude. The duration of the stimulation was 500 ms
or 4.6 s, depending on the experiment. Note that,
for some subjects the amplitude of stimulation var-
ies from session to session and we analyse it in fig-
ure 4 and account for it in figure 6. Stimulation dura-
tion does not vary between sessions within a subject.
Stimulation frequency varies in 2 out of the overall
79 subjects but these subjects were not used to eval-
uate cross-session consistency. Sessions with stimu-
lation duration 4.6 s always have 50 Hz stimulation
frequency.
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2.3. Preprocessing
To measure stimulation effect, 1-second segments
were extracted from the iEEG signals around every
stimulation trial; that is, we extracted one segment
before (pre) and one after (post) the stimulation
event, with a 50 ms buffer between each segment and
the event (following [15]). To assess baseline fluc-
tuations, ‘pre’ and ‘post’ segments were also extrac-
ted from the baseline activity during baseline epochs,
with a pre-post interval equal to the one around
the stimulation trials of the same session. A baseline
epoch was considered to be any inter-stimulus inter-
val which was at least 20 s long and 5 s away
from the stimulation itself. Figure 1 shows a schem-
atic of the session timeline and the process of seg-
ment extraction. Since the stimulation trials were
temporally organised in groups of three in a typ-
ical session (i.e. less than 10 s interval between tri-
als in the same group), we extracted baseline pre/-
post segments from each baseline epoch in groups of
three as well (see figure S1 in Supplementary Mater-
ial (https://stacks.iop.org/JNE/17/054001/mmedia)),
such that the number of segments taken around stim-
ulation and the number of baseline segments were
approximately equal in each session.

The time series of each segment were centred
around zero and de-trended. De-trending was
achieved by applying linear regression and then
removing the least-squares fit from the signal. Any
channels with repeated artefacts were excluded
(see below). A common average re-referencing was
applied to the remaining set of channels. The stimula-
tion channels were excluded from the common aver-
age calculation, but the calculated common average
was applied to them. The band power of each segment
was calculated in five different bands [delta (2–4 Hz),
theta (4–8 Hz), alpha (8–12 Hz), beta (12–25 Hz),
and gamma (25–55 Hz)] after estimating the power
spectral density of the segment usingWelch’s method
(with window length equal to half of the segment
length and overlap length equal to a quarter of the
segment length). Finally, the band powers were log-
transformed. Figure 1 shows a schematic of the pre-
processing.

Channels with repeated stimulation artefacts (i.e.
voltage deflection) were excluded. A repeated stim-
ulation artefact was detected based on two criteria.
Either one of these two criteria was sufficient to indic-
ate a channel with repeated artefacts. First, a strong
effect of stimulation on the average (across time)
voltage of the first half of the post segment compared
to the average (across time) voltage of the second
half of the pre segment. The effect was quantified
using the t-statistic of a paired t-test. Second, the
second half of the average (across trials) post signal

had a slow return to the average (across time) voltage
value of the pre segments. This was detected by linear
regression.

2.4. Box plots
Box plots were used to summarise various distribu-
tions in the Results. Central lines indicatemedian val-
ues, while the boxes extend from the 25th to 75th
percentile (interquartile range) of the distribution.
Whiskers extend to the upper and lower adjacent val-
ues, that is, the most extreme values that are not out-
liers. Outliers are considered to be values that liemore
than 1.5×[interquartile range] away from the 25th or
75th percentile.

2.5. Effect measures
The effect of stimulation on band power from pre to
post was considered as the z-statistic (indicated by
U throughout) produced by the Wilcoxon sign rank
test (paired non-parametric test; signrank function in
MATLAB). A positive U indicates an increase in band
power from pre to post, whereas a negative U indic-
ates a decrease from pre to post. To also quantify the
baseline fluctuations of band power, the same meas-
ure was used on the ‘pre/post’ pairs of the baseline
activity (figure 1).

The overall difference in stimulation effect
between two sessions (across all channel/band com-
binations) in figure 4(B) was quantified by using the
absolute t-statistic of a paired t-test on the absolute
effect U of the two sessions. We used absolute effects
as we wanted to generally assess changes in effect
magnitude.

2.6. Consistency coefficient
The consistency of stimulation effect was measured
for each pair of sessions with the same stimulation
location in the same subject. All possible combina-
tions of two sessions were considered, totalling 101
pairs. The consistency was computed by first pairing
the effect values of corresponding channel/band com-
binations between the two sessions. Note that only
the intersection of valid channels between the two
sessions was considered (a channel can be excluded
due to artefacts in one session but not the other).
The consistency coefficient was given by the Fisher-
transformed zero-centred Pearson’s correlation. Con-
sidering the effect values of the two sessions as
random variables S1 and S2, then the consistency
coefficient is given by: r0 = E[S1S2]/(σ̂1σ̂2), where E
denotes expected value and σ̂ refers to the average

deviation from 0 (σ̂ =
√
(
∑n

i=1 s
2
i )/n). We use the

zero-centred Pearson’s correlation to only detect a
zero-translated agreement between the random vari-
ables, that is, in the form of S1 = kS2, with 0 intercept
and k a non-zero constant.

2.7. Consistency curve
The consistency curve was used to express the consist-
ency between two sessions by gradually considering
fewer pairs of effect values at low effect sizes. Con-
sidering a scatter plot of all the effect value pairs, it
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Figure 1. Measuring band power changes in response to stimulation and band power baseline fluctuations. Top panel:
Timeline of a typical stimulation session. The schematic also shows how pre- and post-stimulation segments are extracted from
each stimulation trial and analysed in terms of their band power. While only three trials are shown here, a typical stimulation
session had 60 trials (median value with 13.9 SD). Lower panels: Band power in five different frequency bands was calculated and
log-transformed for each extracted segment. The effect of stimulation on band power, and equivalently, band power’s fluctuations
during baseline, are expressed by the effect U, which is derived from a non-parametric test applied to the paired differences
between pre and post segments.

was computed by gradually increasing the radius of an
exclusion circle emanating from (0, 0). The consist-
ency curve at radius = 0 gives the consistency when
all points are included in the consistency calculation,
whereas the consistency curve at radius= x expresses
the consistency as computed after excluding every
pair of effect values that lie inside a circle with centre
(0, 0) and radius x. The circle was gradually enlarged
with a step of 0.2 and the enlargement stopped just
before covering 98% of the scattered values. We used
this procedure to ensure that we can detect consist-
ency even if only a few channels exhibited consistency,
without the consistency being masked by low effect
channels.

Each consistency curve is represented by its max-
imumconsistency coefficient. Themaximumconsist-
ency coefficient is the value on the curve that deviates
the most from 0, being positive or negative. Thus, it
expresses the strongest correlation or anti-correlation
found between the effect values of the two sessions.

2.8. Multiple linear regression analysis
To explore which factors determine consistency
across all 101 session pairs, we modelled the maximal
value of consistency as a linear combination of the
following variables:

• session time difference: absolute time difference
between the sessions’ starting timestamps.

• difference in baseline (band power) means: mean
absolute paired difference between the sessions’
mean values of band power during baseline (both
‘pre’ and ‘post’).

• difference in baseline (band power) standard
deviations: mean absolute paired difference
between the sessions’ standard deviations of
band power during baseline (both ‘pre’ and
‘post’).

• average max effect: average (between ses-
sions) maximum effect (across all channel/band
combinations).

• average min effect: average (between ses-
sions) minimum effect (across all channel/band
combinations).

• average stimulation amplitude: average stimula-
tion amplitude between sessions.

• stimulation amplitude difference: difference in
stimulation amplitude between sessions.

• stimulation frequency: frequency of stimulation
pulse train (always common between examined
session pairs).

• depth of the stimulation location: distance of stim-
ulation location (midpoint between anode and
cathode) from brain surface.

• task difference: difference in memory tasks per-
formed by the subject during recording; that is, 0

for same and 1 for different tasks between sessions
(categorical variable).

4
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Figure 2. Examples of sessions with low and high stimulation effect. The heat maps show the stimulation effect in two example
sessions: one from subject 1022 with low effect and one from subject 1069 with high effect. The effect was measured for all
combinations of channels and frequency bands. Notice that the effect can be positive or negative, indicating increase or decrease
of band power from pre to post stimulation (see example distributions of the post-pre differences in the rightmost panels and
their corresponding effect sizes (U). The fluctuations of band power during baseline are also shown for comparison. The channels
are sorted based on their Euclidean distance from the stimulation site. The lower panels show the spatial distribution of the
stimulation effect on theta band across the cortex.

The stimulation depth was computed as the Euc-
lidean distance of the anode-cathode midpoint from
the subject’s brain surface. If thatmidpoint was found
to be outside the provided surface, its depth was set to
negative (minus the Euclidean distance).

2.9. ANOVA test
In order to quantify the explanatory power of all the
different independent variables on the consistency we
used ANOVA test on the model built by the Multiple
Linear Regression Analysis. We built the model and
assessed the ANOVA effects 200 times through boot-
strapping. We used this bootstrapping approach to
check for the robustness of the model. The ANOVA
effect, the R2, and the Adjusted R2 are reported.

2.10. Code availability
The code used for the analysis of the pre-
processed data to produce the results is avail-
able online https://github.com/cnnp-lab/iEEGstim_
consistency.git.

3. Results

3.1. Stimulation elicits a weak effect in most
sessions and across frequency bands
Figure 2 shows the measured stimulation effects
across channels and frequency bands for one example
session in each of two example subjects 1022 and
1069. These example sessions represent sessions with

weak (figure 2, left) and strong (figure 2, right)
stimulation effects. As a reference, the upper panels
show the ‘effect’ during baseline, that is, the back-
ground fluctuations of band power. The lower pan-
els show the stimulation effect in terms of band
power changes, based on multiple pre- and post-
stimulation pairs (see example inset panels on the
right and figure 1). Notice that, even in the example
subject 1069, where some strong stimulation effects
are seen, these are restricted to a handful of chan-
nels and specific frequency bands. This observation
is typical for all the sessions that exhibited a strong
effect. Similarly, the example session on the left is a
typical example of all the sessions that have a stimula-
tion effect that is indistinguishable from the baseline
fluctuations.

The lower panels in figure 2 show the spatial lay-
out of the iEEG stimulation and recording channels in
the brain, with electrodes colour-coded by their cor-
responding stimulation effect sizes. Note that a strong
stimulation effect, in this case on theta band, is not
limited to contacts close to the stimulation site but
also affected remote contacts (lower right panel).

In order to assess if the effect of stimulation
exceeded baseline fluctuations in general across
all 165 sessions and 79 patients, we compared the
extrema of the stimulation effect to the extrema
of the baseline fluctuations for each frequency
band. Figure 3(A) shows the distributions of min-
ima and maxima effect on theta band for baseline
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Figure 3. Low stimulation effect on theta band found in
most sessions. (A) Across all sessions, the distributions of
their extrema effect values on theta band are compared
between baseline and stimulation. Each point corresponds
to the minimum (left) or maximum (right) effect value U
of all recording channels in a given session. A minority of
sessions (10.2% for min and 18.1% for max) have
stimulation extrema that are more extreme than the
adjacent values seen in baseline distributions (adjacent
values being the most extreme values that are not outliers).
(B) The histograms present the paired (per session)
differences in extreme values of effect on theta band
(session stimulation effect-session baseline effect).

and stimulation. These extrema were taken across
channels to capture the strongest effect during a
session. Generally, it is evident that, even the chan-
nel with the strongest stimulation effect does not
have a substantially larger effect size compared to
the baseline fluctuations. In theta band, only 10.2%
of the sessions exhibit a minimum (negative) stim-
ulation effect that exceeds the adjacent value of the
baselineminima. Similarly, only 18.1%of the sessions
exhibit a maximum (positive) stimulation effect that
exceeds the adjacent value of the baseline maxima
(see figure 3(A)).

The limited stimulation effect across all sessions
was also evident when we computed the paired dif-
ferences in effect between stimulation and baseline
conditions. The histograms for the effect minima and
maxima in figure 3(B) indicate that, in most sessions,
even the most extreme effect sizes do not exceed the
band power fluctuations during baseline. However,
these distributions are not zero-centred (paired t-
test for minima: p= 2.4 · 10−5, effect size for minima:
−0.430; paired t-test for maxima : p= 4.9 · 10−5,
effect size for maxima: 0.437), indicating that across
patients and sessions there is a small but significant
difference between baseline and stimulation condi-
tions in our dataset. Similar results were found for
all frequency bands (see figure S2 in Supplementary
Material).

3.2. Low stimulation amplitude cannot explain the
limited effect of stimulation
Next, we investigated whether the low stimulation
effect size in most sessions can be attributed to the
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Figure 4. No correlation found between stimulation
amplitude and effect. (A) The effect minima and maxima
(across all channels and frequency bands) from each session
is scattered against the stimulation amplitude of the session.
(B) For all the pairs of sessions that come from the same
subject and have the same stimulation location, the
difference in their stimulation effects is scattered versus the
difference in their stimulation amplitudes.

stimulation amplitude of the session. Figure 4(A)
shows that there is no correlation between the effect
size achieved in the session and the session stimula-
tion amplitude. The distributions of effect sizes for
each session, across all channels and frequency bands,
are represented by theirminima andmaxima. Neither
of these two measures tend to increase or decrease
with the stimulation amplitude (range: 0.25–3.5 mA;
see also figure S3 in SupplementaryMaterial for band
specific results).

Furthermore, we considered all the pairs of stim-
ulation sessions with the same stimulation location
in the same subject (101 pairs). We tested whether
their difference in effect size is correlated with the
difference of stimulation amplitude between the ses-
sions. Figure 4(B) shows that the absolute difference
in effect size is not correlated with the absolute dif-
ference in stimulation amplitude. Thus, even for the
same subject and the same stimulation location, an
increase in stimulation amplitude does not necessar-
ily produce a stronger effect.

Similar analysis was performed on the influence
of stimulation frequency and duration. We found a
significant anti-correlation between the stimulation
frequency and the minimum values of effect across
all sessions (Pearson’s correlation, p= 0.008). The
minimum effect becomes more negative with higher
stimulation frequency, that is, stronger decrease in
band power with higher frequencies of stimulation
(specifically in theta, alpha, and beta bands, see
figure S7 in Supplementary Material). We also found
that the short stimulation duration (0.5 s) can elicit
more extreme minimum and maximum effect values
(see figure S8 in Supplementary Material).
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3.3. Weak stimulation effects are inconsistent
across sessions
To investigate the consistency of stimulation effect
across sessions, we focused on pairs of sessions in the
same subject and stimulation location. Figure 5 shows
two examples of these session pairs. The example on
the left (subject 1022) does not show positive correla-
tion between the two sessions in terms of stimulation
effect in different channels and frequency bands. The
example on the right (subject 1069) shows that the
patient’s two sessions are positively correlated. Notice
that this correlation is mainly driven by channels that
exhibit a strong positive stimulation effect in the first
place.

In order to assess the level of consistency in stim-
ulation effect across all 101 session pairs, we com-
puted the consistency curve for each pair. Figure 6(A)
shows the consistency curves of the two session pair
examples in figure 5 alongside some illustrations on
how the curve is computed: a circle of exclusion
emanating from (0,0) is gradually enlarged and the
consistency coefficient is calculated for varying val-
ues of the circle’s radius (see Methods). The con-
sistency curve (as a function of the radius) captures
the consistency coefficient of the session pair when
all effect values are considered (at radius 0) but also
while increasingly excluding channel and frequency

band combinations with weaker stimulation effect (at
higher radii). The exclusion of channel/band com-
binations with weak effect serves to minimise the
influence of the inherently inconsistent band power
fluctuations on the consistency calculation. In addi-
tion, considering the selective connectivity of brain
areas, it is expected that only a subset of channels will
respond to a localised stimulation. The two curves
shown in figure 6(A) capture the difference between
high and low consistency as shown in the scatter
plots of figure 5, not only when all values are con-
sidered, but also when only the strong effect values
are considered. This approach of gradually exclud-
ing the weaker stimulation effects (around the level of
baseline fluctuations) essentially allows us to capture
consistency in the few channels that display a discern-
ible stimulation effect in the first place.

Figure 6(B) shows the consistency curves for all
101 session pairs and the confidence interval of con-
sistency coefficients of the baseline periods (blue
background). The overall consistency in this data-
set is limited: 32.7% of the session pairs have higher
consistency than the 97.5th percentile of the baseline
‘effect’ at radius = 0; 12.9% of the session pairs have
higher consistency than the 97.5th percentile of the
baseline ‘effect’ at radius = 3; and only 34.6% of
the session pairs have a maximum consistency that
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Figure 6. Cross-session consistency is found in a minority of subjects while it relies heavily on strong (positive) effect.
(A) Consistency curves were computed by gradually enlarging the circle of exclusion and calculating the consistency coefficient on
the remaining scatter points. Three example radii for the circle of exclusion are shown. The plotted consistency curves represent
the two example session pairs in figure 5. (B) All 101 consistency curves, one for each session pair, are shown with five examples of
maximal consistency coefficients achieved (brown diamonds). The shaded blue region indicates the 95% two-sided confidence
interval of the consistency coefficients of baseline activity. (C) Maximum consistency coefficient scattered versus average
maximum effect reveals a strong correlation between them (Pearson’s r= 0.536,p= 7.4× 10−9). (D) Distributions of ANOVA
effect values (produced through bootstrapping—see Methods) for the independent variables used in the multiple linear
regression model which was used to explain the maximum consistency coefficients. The average maximum effect between paired
sessions has the strongest explanatory power over consistency. Both task difference and difference in baseline mean have a fair
explanatory power over consistency. Outliers are omitted for clarity.

is higher than the maximum value of the baseline
‘effect’ confidence interval. Four examples of max-
imum consistency coefficients on four of these curves
are indicated with brown markers in figure 6(B).
We will consider these maximum consistency coeffi-
cients as the representative values of the session pair
consistency in the following (i.e. highest consistency

achieved after exclusion of some not stimulation-
related channels).

In figure 6(C), we demonstrate a strong and
significant correlation between the average max-
imum effect and the maximum consistency coef-
ficients (Pearson’s r= 0.536,p= 7.4× 10−9). Theta
and alpha bands contribute more to this correlation
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(see figure S4 in Supplementary Material). As a
comparison, we applied the same procedure to
simulated data (normal distribution with mean 0
and standard deviation matching the the sessions’
baseline), and the correlation is not present (Pear-
son’s r=−0.003,p= 0.438). Essentially, the stronger
stimulation effects also tend to be more consistent
across sessions.

Finally, we built a multiple linear regression
model to explain the maximum consistency coef-
ficients as a linear combination of multiple inde-
pendent variables including the average maximum
effect (R2 = 0.406, Adjusted R2 = 0.340). The high
explanatory power of the average maximum effect is
also evident after running ANOVA on the multiple
linear regression model, with the results shown in
figure 6(D) (distributions produced after 200 boot-
strap samples). Other than the strong effect of the
average maximum effect on consistency, figure 6(D)
shows a fair effect of both the task difference and the
difference of baseline mean on consistency (p= 0.008
and p= 0.017, respectively), which are both anti-
correlated with themaximum consistency coefficient.

4. Discussion

Weshowed that thewithin-subject, cross-session con-
sistency of stimulation effect, as measured by band
power modulation, is relatively low in a group of
36 subjects who had multiple stimulation sessions
through iEEG. A third of session pairs (101 pairs in
total) indicate a consistency that is above the baseline
consistency (figure 6(B)). High consistency of stim-
ulation effect was found to rely heavily on a strong
positive effect of stimulation, that is, high increase
of band power (figure 6(D)). Thus, given these find-
ings, the low consistency levels would be expected
in this dataset since the stimulation effect was lim-
ited (figure 3). Other datasets with more pronounced
stimulation effects in terms of band power changes
may exhibit a higher level of consistency between
sessions.

Variability in the baseline brain state may have
impacted the consistency of the stimulation responses
in our data set. Even the stimulation response within
a session has been repeatedly found to depend on
the underlying brain state [24–26]. This finding is
corroborated here since consistency was found to be
anti-correlated with both the difference in baseline
mean band power and difference in memory task
which can be understood as a difference in brain state
(figure 6(D)). In other words, the more similar the
brain states were in this dataset, as measured by task
or band power baseline configurations, themore con-
sistent the stimulation effects tended to be. Therefore,
in practice, it is advised to use the same task across
stimulation sessions if consistency across sessions is
desired.

Using multiple linear regression, we investig-
ated how different factors influence cross-session
consistency and stimulation depth was one of those
factors. We found that stimulation depth was not a
strong predictor of cross-session consistency of stim-
ulation effect. This is not surprising since we did not
find any strong relation between stimulation depth
and band power modulation (see figure S5 in Supple-
mentary Material). However, it is worth noting that
there was no distinction between stimulation through
surface and depth electrodes in our analysis. The dif-
ference between these two types of electrodes cannot
be fully captured by the stimulation depth variable.
Other confounding characteristics, like the physical
dimensions of the contacts and the average distance
from other recording electrodes, were not accounted
for. Future work can investigate further whether con-
sistency depends on such factors.

Stimulation frequency and duration vary from
subject to subject but not from session to ses-
sion within a subject. In fact, these two parameters
co-vary, as described in Methods. Since they co-vary,
we included only one of these parameters (stimu-
lation frequency) in the linear regression model to
investigate for any association with cross-session con-
sistency. Despite the fact that no such association was
found (see figures 6(D) above and S8 in Supplement-
ary Material), we found some association between
these parameters and the minimal/maximal effects
across all individual sessions (see figures S7 and S8 in
Supplementary Material).

Across all subjects, the most represented stimu-
lation sites are the medial temporal lobes, but sev-
eral other areas were stimulated as well (see fig-
ure S6 in Supplementary Material). The anatomical
heterogeneity of the medial temporal lobe and its
diverse connectivity profile with distributed cortical
and subcortical areas ([27]) could be another factor
undermining cross-session consistency. In particular,
the activity of such a widely connected area could be
influenced by many interactions, leading to a more
variable stimulation response than inmore peripheral
regions. However, a visual inspection of all the stim-
ulation sites and the highly responsive sites did not
reveal any specific area that was associated with either
high or low effect/consistency (see figure S6 in Sup-
plementary Material). Future work could investigate
whether functional or structural connectivity meas-
ures of the stimulated area influence cross-session
consistency.

Surprisingly, the effect on band power was not
correlated with the amplitude of stimulation in
this dataset. This finding agrees with the repor-
ted insensitivity of motor-cortical excitability to
tDCS intensity increases [28]. However, another
iEEG study has found stimulation intensity to cor-
relate with high frequency activity (30–100 Hz),
a frequency range which extends beyond those
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we investigated [29]. Furthermore, multiple stud-
ies have reported correlations between stimula-
tion intensity and motor improvements when deep
brain stimulation of subthalamic nuclei is used for
the treatment of Parkinson’s disease (e.g. [30]).
This discrepancy might indicate a non-trivial or
non-linear relationship between the electrophysiolo-
gical and behavioural effects of an increasing stim-
ulation intensity. The potentially ‘all-or-nothing’
response may further depend on the stimulated
area.

In our study, the stimulation effect was meas-
ured based on the immediate responses within a ses-
sion only. Arguably, the effect of stimulation can
manifest at longer timescales or in other features and
those effects may be more consistent across sessions
[31, 32]. Delayed stimulation effects may also affect
baseline measurements which, in our study, are taken
from interstimulus intervals that may carry some
long-term modulations of band power. Consistency
in long-term changes due to stimulation should be
investigated in future studies.

5. Conclusion

Cross-session consistency of stimulation effect is
critical for developing therapeutic neuromodulation
treatments, both in terms of electrophysiological, as
well as behavioural, stimulation effects. This argu-
ment is supported by recent studies which established
relationships between stimulation-induced modula-
tion of specific frequency bands and behavioural out-
comes [12, 13]. Despite the fact that some anatom-
ical factors (e.g. thicknesses of the skull and the
cerebrospinal fluid layer) do not influence intracra-
nial stimulation, as opposed to tDCS [33], we found
that stimulation through iEEG still has low consist-
ency in terms of band power modulations across
sessions in our dataset, similar to tDCS [20–22].
Our results suggest that ensuring a strong positive
modulation of band power through stimulation, by
choosing the appropriate stimulation location and
parameters, is prerequisite for a high consistency
across sessions. In addition, our results suggest that
the dynamical brain state needs to be taken into
account and a state-depended framework of stimula-
tion may be required. The present and previous stud-
ies all show that more sophisticated protocol designs
are needed to maximise the benefit of neurostimula-
tion interventions.
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