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brain allows identification of epileptogenicity and con-
nectivity of cortical areas (Lacruz et al., 2007; David et al. 
2010). It is performed in pharmaco-resistant focal epilepsy 
patients implanted with depth electrodes in preparation for 
brain surgery (Valentin, 2002; Cuello Oderiz et al., 2019). 
Neuronal responses to stimulation (SPES-R) are recorded 
by subdural electrocorticographic or stereo-electroencepha-
lographic (SEEG) electrodes. These responses convey, inter 
alia, information about the strength of directed functional 
connections from the stimulation to the recording sites as 
well as about the latency of signals propagation. In recent 
years we integrated SEEG stimulation data of over a thou-
sand patients in the Functional Tractography (F-TRACT) 
database (https://f-tract.eu).

Group analysis performed on this database allows deriva-
tion of brain maps describing various features of connec-
tivity in a given parcellation. For example, probability of 
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Abstract
Cohort studies of brain stimulations performed with stereo-electroencephalographic (SEEG) electrodes in epileptic patients 
allow to derive large scale functional connectivity. It is known, however, that brain responses to electrical or magnetic 
stimulation techniques are not always reproducible. Here, we study variability of responses to single pulse SEEG electri-
cal stimulation. We introduce a second-order probability analysis, i.e. we extend estimation of connection probabilities, 
defined as the proportion of responses trespassing a statistical threshold (determined in terms of Z-score with respect to 
spontaneous neuronal activity before stimulation) over all responses and derived from a number of individual measure-
ments, to an analysis of pairs of measurements.

Data from 445 patients were processed. We found that variability between two equivalent measurements is substantial 
in particular conditions. For long ( > ~ 90 mm) distances between stimulating and recording sites, and threshold value Z = 3, 
correlation between measurements drops almost to zero. In general, it remains below 0.5 when the threshold is smaller 
than Z = 4 or the stimulating current intensity is 1 mA. It grows with an increase of either of these factors. Variability is 
independent of interictal spiking rates in the stimulating and recording sites.

We conclude that responses to SEEG stimulation in the human brain are variable, i.e. in a subject at rest, two stimula-
tion trains performed at the same electrode contacts and with the same protocol can give discrepant results. Our findings 
highlight an advantage of probabilistic interpretation of such results even in the context of a single individual.

Keywords  Brain atlas · Connectivity mapping · Stereoelectroencephalography (SEEG) · Cortico-cortical evoked 
potentials (CCEP) · Single pulse electrical stimulation (SPES)

Received: 12 July 2022 / Accepted: 9 November 2022 / Published online: 15 December 2022
© The Author(s) 2022

Variability of Single Pulse Electrical Stimulation Responses Recorded 
with Intracranial Electroencephalography in Epileptic Patients

Maciej Jedynak1,2  · Anthony Boyer1,2 · Blandine Chanteloup-Forêt1 · Manik Bhattacharjee1,2  · Carole Saubat1 · 
François Tadel1,4  · Philippe Kahane1,3  · Olivier David1,2  · F-TRACT Consortium

1 3

https://f-tract.eu
http://orcid.org/0000-0003-1876-5485
http://orcid.org/0000-0002-8183-1521
http://orcid.org/0000-0001-5726-7126
http://orcid.org/0000-0003-1330-3281
http://orcid.org/0000-0003-0776-0216
http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-022-00928-7&domain=pdf&date_stamp=2022-12-15


Brain Topography (2023) 36:119–127

connection between two parcels is defined as the proportion 
of significant responses recorded in the destination parcel 
over the number of all recordings in this parcel performed 
during stimulation applied in the source parcel. A significant 
response is such that it crosses within a given time window a 
statistical threshold, derived from spontaneous pre-stimulus 
neuronal activity. Similarly, a latency map contains median 
values of signal propagation times between the parcels. We 
have recently derived maps for a number of such features 
and shared them online on the F-TRACT website as a whole-
brain connectivity atlas (Lemaréchal et al., 2022; Trebaul et 
al., 2018). This atlas is complemented with dependencies of 
the features (e.g. probability or latency) on factors such as 
the statistical threshold value, distance between stimulating 
and recording sites or stimulating current intensity (Trebaul 
et al., 2018).

The results published in such a probabilistic atlas are 
of the first-order, i.e. they provide an aggregate feature 
value, optionally with a measure of its dispersion, but do 
not inform about variability or repeatability of individual 
measurements. At the same time, it is known from animal 
and human studies that brain responses to electrical and 
magnetic single pulse stimulations, or brain responsive-
ness, depend on the brain state, the marker of which can 
be a consciousness level (e.g. as modulated by either sleep, 
anesthesia or attention) (Casali et al. 2013; Pigorini et al., 
2015; Arena et al. 2021) or some pathological process, e.g. 
epileptic seizure (David et al., 2008; Saillet et al., 2013). 
Therefore, in the context of SEEG studies, a question about 
intrinsic variability of probabilistic connections arises: if 
an observed response to stimulation is above (below) a sta-
tistical threshold, would it remain (in)significant if evoked 
again after some period of time? A hypothesis that the sig-
nificance of this response can change, is supported by rela-
tively high false positive and false negative rates reported in 
some SEEG studies (Keller et al. 2011). The above question 
impacts interpretation of results published in a connectiv-
ity atlas. Say the probability of a connection is 0.5: does it 
mean that in half of the subjects this link always manifests 
as significant and in the other half always as insignificant 
(no intrinsic variability)? Or rather in all subjects it is sig-
nificant in half of the performed measurements (large intrin-
sic variability)? Furthermore, what factors – if any – does 
intrinsic variability depend on? If these factors can be con-
trolled, then in future studies variability could be, to some 
extent, modulated.

In this paper, we address these questions by performing 
a second-order analysis that considers variability between 
two identical measurements which will be referred to as 
measurement pairs. We analyze a series of such pairs, for 
each of them assessing consistency of significance of the 
two paired SPES-R. Importantly, both measurements in 

a pair were performed in the same experimental condi-
tions. Stimulation parameters, data recording and analysis 
procedures are invariant between the two measurements, 
therefore variability between the corresponding responses 
originates in the brain activity itself. It is coherent with the 
fact that brain states during which signals were recorded 
are not guaranteed to be identical, though the patients were 
awake, at rest and asked to lay still. In this study, we do not 
explore the ample variability of response waveforms, but 
instead we focus only on the variability of their significance. 
Thereby we adhere to the methodology employed in the der-
ivation of the F-TRACT atlas which detects the presence of 
a significant N1 component (defined as the first component 
arising before 200 ms post-stimulation) in the cortico-cor-
tical evoked potentials after Z-scoring with pre-stimulation 
baseline (Lemaréchal et al., 2022; Trebaul et al., 2018).

Furthermore, we study how intrinsic variability of 
the presence of the N1 can be modulated by a choice of 
experimental parameters. We test for it by quantifying its 
dependence on the experimental setup, in particular how it 
changes with: (1) the chosen value of the statistical threshold 
(Z-score), (2) stimulating current intensity and (3) distance 
between the stimulating and recording electrode contacts. 
The choice of these factors links to our earlier work (Tre-
baul et al., 2018) and extends its results to the second order. 
Since all SEEG signals used for this work were recorded in 
epileptic patients, we complement this study with a verifica-
tion whether our results depend on occurrence of interictal 
epileptic spikes in recorded signals.

Materials and Methods

This study was performed on the F-TRACT database 
(https://f-tract.eu/), that to this day contains aggregated data 
of over one thousand patients with drug-resistant epilepsy 
who underwent SEEG implantations in preparation for 
resective brain surgery. Individual recordings, due to data 
privacy protection, are not shared. The code can be shared 
upon request. All patients gave consent to undergo invasive 
recordings and stimulation, and to share their data to the 
F-TRACT project operating under ethical guidelines of the 
International Review Board at INSERM (protocol num-
ber: INSERM IRB 14–140) for conducting international 
multicenter post-processing of clinical data. The procedure 
involved 1 Hz electrical stimulations of awake patients and 
simultaneous recording of responses in all electrodes (David 
et al., 2013; Trebaul et al., 2018). From the whole dataset, 
we selected those stimulations that were performed twice in 
the same technical conditions, i.e. delivered with the same 
electrode contacts, with the same stimulating frequency, 
current intensity, pulse pattern (monophasic vs. biphasic) 
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and pulse duration, and within the same sessions (i.e. at a 
few minutes interval). There were 7079 such stimulation 
pairs (a stimulation pair consists of two identical stimula-
tions) in 459 implantations (229 males, age 25 ± sd 14 and 
227 females age 25.5 ± sd 13, three unspecified) of 445 
patients from 22 medical centers. If a stimulation was per-
formed three times, we considered two pairs. A stimulation 
consists of a train of pulses; we did not require the number 
of these pulses to be identical in paired stimulations. During 
each stimulation, signals from a number of electrode con-
tacts are recorded, therefore one stimulation corresponds 
to many measurements. Two measurements performed by 
the same (bipolar) contact during two repeated stimula-
tions constitute a measurement pair. We analyzed 566,371 
such measurement pairs. We emphasize that the term “pair” 
does not refer to the fact that a stimulation is usually per-
formed between two adjacent contacts, nor to the fact that 
the recording is later re-referenced to bipolar montage, also 
involving two adjacent contacts.

In order to provide comparability of our research with 
typical SPES-R studies, we apply here a fairly standard 
signal processing pipeline described in detail in Trebaul 
et al., 2018. In short, first signals were re-referenced to 
bipolar montage, since it is the most common choice in 
both clinical (Lachaux et al., 2003) and scientific (Zaveri 
et al., 2006) applications. Then, stimulation artifacts were 
removed (Trebaul et al., 2016) and signals were band-pass 
filtered between 1 and 45 Hz. Responses to all pulses in one 
stimulation run were averaged. The 800 ms post-stimula-
tion averaged signal was then Z-scored with respect to the 
baseline defined as activity on the pre-stimulation [-400, -10 
ms] interval. A SPES-R is considered significant if within 
the 800 ms it goes above a Z-score threshold, for which we 
used values from Z = 3 to Z = 7. We present the results for 
this wide time window and additionally, in order to provide 
translatability of our results into the context of above-men-
tioned probabilistic atlas, we performed the same analysis 
with a condition used in the atlas generation procedure. This 
condition is meant to reduce spurious signals and the num-
ber of indirect (polysynaptic) interactions, and it states that 
a response is considered significant only if the maximum 
of the peak crossing the threshold appears within a 200 ms 
time window after stimulation.

Assessment of the degree to which epileptic-like activity 
could manifest in recorded signals was based on the rate of 
interictal spikes appearing in time courses, as detected by the 
DELPHOS (Detector of Electro Physiological Oscillations 
and Spikes) software (Roehri et al., 2016, 2017). We verify 
if our results are contingent on the spiking rate as observed 
in the stimulating or recording contacts. Stimulating con-
tacts are not recorded during stimulation, but the rates could 
be still derived from other sessions where these contacts 

served as the recording ones. Parameters set in DELPHOS 
are: power threshold (200), time ratio threshold (1.5) and 
frequency spread threshold (9). Because spike rate distribu-
tions vary for different individuals, we standardized them to 
Z-score by subtracting the mean and dividing by the stan-
dard deviation as obtained for each patient independently.

In the context of a single measurement pair, one of the 
three outcomes can be observed: (1) both readouts are above 
the statistical threshold ( “aa”), (2) both readouts are below 
the threshold (“bb”), (3) one readout is above and the other 
below the threshold (“ab”). In the context of many mea-
surement pairs, we computed three normalized frequentist 
probabilities paa, pbb, pab that correspond respectively to 
proportions of occurrences of each of the three above men-
tioned outcomes among all measurement pairs. pab quantifies 
intrinsic variability and takes values from zero to maximal 
intrinsic variability pab

max that corresponds to independence 
and hence lack of correlation between measurements in a 
pair. We verified that probabilities of significance (com-
puted over all pairs) of the first and the second paired mea-
surement are equal, thus described with the same first-order 
probability pa (such as the one published in the atlas). This 
equality together with independence of measurements leads 
to pab

max = 2 · pa · (1 - pa), where pa = paa + 0.5 · pab.
The sizes of groups we compare here do not have to 

be equal. For example, there are more measurements per-
formed with some given current intensity value than with 
another value. In order to verify if this sampling bias does 
not affect the presented results, as well as in order to estimate 
their uncertainty, we employed a subsampling procedure 
involving two independent subsets of data: characterized 
with high and low statistics. The former one was randomly 
divided into folds of the same size as the undivided (small) 
subset. Our variability study was performed on each fold 
and the mean values of pa, pb and pab along with their stan-
dard errors of means (SEM) were computed over all folds. 
Differences between results obtained from the whole subset 
and the mean values, as well as the magnitude of SEM allow 
us to conclude about potential impact of the sampling bias 
and about estimation errors.

Results

In this section, we present results of the second-order prob-
ability analysis. With this term, we refer to distributions of 
paa, pbb and pab, whereas with “intrinsic variability” or sim-
ply “variability” we will refer to pab only. In what follows, 
we particularly focus on how the second-order quantities are 
affected by the choice of experimental parameters, namely 
by: (1) the Z-score threshold chosen for the SPES-Rs analy-
sis, (2) stimulating current intensity, (3) distance between 
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results computed on all data and means computed on folds, 
as well as standard errors of means, were only non-zero on 
the third or fourth decimal place. We therefore omit error 
bars in plots.

Fourth, we confirmed that the Z-score threshold and dis-
tance studies (for Z = 5), performed five times for all current 
intensities independently preserve the same trends. There-
fore, we did not include multivariate analysis in this study, 
although bivariate distributions are not strictly factorisable. 
We note, however, that for short distances (< 20 mm) it is 
mainly the intensity 1 mA that contributes to occurrence of 
the ab and bb pairs and that the curve separating paa and 
pab distributions in the distance study becomes less con-
cave with growing intensity (results not shown). Finally, we 
found that variability is not dependent on spiking rates, as 
detected by DELPHOS, characterizing either the stimulat-
ing (top panel in Fig. 2a) or the recording electrode contacts 
(top panel in Fig. 2b).

Discussion

In this paper, we presented second-order probability anal-
ysis of responses to single pulse electrical stimulations 
(SPES-Rs) performed and recorded by SEEG electrodes 
implanted in drug-resistant epileptic patients and candidates 
to brain resection surgery. Thereby we studied variability of 
thresholded responses performed twice between the same 
electrode contacts and in the same conditions. Our results 
inform about variability and thus repeatability of brain func-
tional connections obtained from stimulation-based SEEG 
measurements, such as those leading to the derivation of 
a whole-brain functional connectivity atlas (Trebaul et al., 
2018).

This atlas is probabilistic in the frequentist sense, 
because it averages binarized significance of corresponding 
responses recorded in many patients. It was computed on 
the F-TRACT dataset, the same as we used for this study. 
As of today,  this dataset aggregates data from 29 medical 
centers that use different clinical protocols. In effect, the 
averaged results comprise measurements obtained in dif-
ferent conditions, between which, for example, durations 
of the stimulating runs could differ. Furthermore, the data 
were collected in clinical conditions less strictly controlled 
than e.g. in the case of cognitive research and therefore we 
can not report the exact state of patients, who were nev-
ertheless asked to lay still. Finally, individual differences 
between subjects diversify the results. For these reasons a 
certain degree of variability could have been anticipated. Up 
to now, however, variability of measurements performed on 
the same subject, in the same conditions and under the same 
medical treatment was not known. Although in our study 

stimulating and recording electrode contacts. Strictly speak-
ing, both a stimulation and a recording are performed by 
two adjacent contacts (see Materials and Methods). By a 
stimulating (recording) site we will mean an averaged posi-
tion (point in between) of the two stimulating (recording) 
electrode contacts. Then the distance is measured between 
the stimulating and the recording sites. We present two sets 
of results: where a response is considered significant if it 
crosses the Z-score threshold wherever in the 800 ms time 
window after stimulation, and where its maximum has to 
appear within the first 200 ms after stimulation. To the latter 
condition, we will refer to as “peak delay cut”.

First, we studied the importance of the choice of the 
Z-score threshold in the second-order probability analy-
sis. Figure  1a shows that raising the threshold entails an 
increase of the relative number of bb measurement pairs 
(dark gray bar) and a decrease of the number of the aa pairs 
(light gray). Intrinsic variability is relatively closest to its 
maximal value (white dots) for the lowest Z-score threshold 
and it decreases with the growing threshold.

Second, we investigated the effect of the Euclidian dis-
tance between stimulating and recording sites. This effect 
is presented in Fig. 1b top and bottom panels for Z-score 
thresholds Z = 3 and Z = 5 respectively. The first panel 
shows that intrinsic variability grows with distance and 
saturates above ~ 75  mm at the level ~ 0.45 which almost 
reaches its maximal value (white dots). To the contrary, 
for Z = 5 (Fig.  1b, bottom) intrinsic variability initially 
grows with distance and above 25  mm it slightly decays, 
to finally flatten and almost reach the value of pab

max (white 
dots) around 90 mm. The two above discussed points of the 
analysis are repeated with peak delay cut equal to 200 ms. 
Z-score threshold dependence is shown in Fig. 1c and dis-
tance dependence in Fig.  1d. These figures show that the 
peak delay cut reduces intrinsic variability that still roughly 
reaches its maximal value for large distances. In all distance 
studies, the first bin is an outlier characterized with low sta-
tistics as indicated in Fig. 1e that shows the number of pairs 
considered per distance in panels b and d. As indicated in 
this panel, also the largest distances are characterized with 
relatively low statistics.

Third, we focused on the dependence of the second-order 
quantities on the stimulating current intensity. This depen-
dence, studied for Z-score threshold Z = 5, is shown in the 
top panel of Fig. 1 f. This panel demonstrates that variability 
does not depend on intensity, but paa and pbb do: as could be 
intuitively anticipated, higher intensity yields more signifi-
cant responses. This, in turn, entails an increase of maximal 
variability (white dots). Next, we applied the subsampling 
procedure described in Materials and Methods. Stimula-
tions performed with current intensity 2 mA (5 mA) were 
used as the large (small) subset. The differences between 
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Fig. 1    Second-order probability analysis of paired thresholded 
responses to two identical SPES. Light gray bars indicate the pro-
portion in all measurement pairs of pairs where both responses were 
above the Z-score threshold (paa), dark gray indicates the proportion of 
pairs where both responses were below that threshold (pbb) and black 
indicates the proportion of measurement pairs where one response 
was above and the other one was below that threshold (pab). The lat-
ter value is referred to in text as “intrinsic variability”. White dots 
mark value pab

max, i.e. the maximum value of intrinsic variability that it 
would take if all paired responses were trespassing the threshold in an 
independent fashion (indicating no correlation between thresholded 

results in a pair). Frame a shows dependency of paa, pbband pabon the 
Z-score threshold. Frame b demonstrates dependency of these values 
on the distance between stimulating and recording sites for Z-score 
threshold Z=3 (top panel) and Z=5 (bottom panel). Frames c and d 
show the same as a and b respectively, but with peak delay cut equal 
to 200 ms. Panel e shows statistics relevant to frames b and d. In the 
case of these frames for the sake of clarity, pab

maxis plotted only for 
every fifth bin (white dots). Frame f shows dependence of paa, pbband 
pabon stimulating current intensity (top panel) and the relevant statis-
tics (bottom panel)
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signature of independence between the two measurements. 
Then, each measurement will be significant with the same 
probability pa regardless of the result of the other measure-
ment. Because the first and the second measurements are, 
on average, characterized with the same pa (see Materials 
and Methods), intrinsic variability along with another sec-
ond-order quantity, e.g. paa, allows to compute other values 
of interest, for example probability that one measurement 
will be significant if such was the other one. It is given by 

we did not control or consider all the conditions of the data 
recorded in clinical setting or associated constraints, our 
results shed light on the intra-subject variability and showed 
how and to what extent it could be controlled.

In particular, we defined and quantified intrinsic vari-
ability pab that informs about changeability between two 
thresholded measurements performed in the same patient 
and in the same conditions. When this quantity reaches its 
maximum value pab

max that we found theoretically, it is a 

Fig. 2  Dependence of variability on standardized spiking rates of the 
stimulating (panel a) and the recording (panel b) contacts. Light gray 
bars indicate the proportion in all measurement pairs of pairs where 
both responses were above the threshold Z=5 (paa), dark gray indi-
cates the proportion of pairs where both responses were below that 
threshold (pbb) and black indicates the proportion of measurement 

pairs where one response was above and the other one was below that 
threshold (pab). White dots mark value pab

max, i.e. the maximum value 
of intrinsic variability that it would take if all paired responses were 
trespassing the threshold in an independent fashion. The bottom panels 
show statistics relevant to the dependence presented in the top panels
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combined with network reconfiguration between the mea-
surements could be the reason for the decay of correlation on 
long distances. Contribution to paa on long distances could 
be due to interhemispheric homotopic connections, which 
were shown to be relatively strong (Trebaul et al., 2018). 
To sum up, this part of our results uncovers variability of 
long-range functional connections that could be intrinsic to 
the human brain but also could follow from limitations of 
the SPES-R method.

In the last part of our study we found that higher stimu-
lating current intensity leads to an increase of paa (Fig. 1f). 
It can be intuitively anticipated, as it is known that higher 
stimulation current leads to greater amplitude of response 
(Donos et al., 2016; Trebaul et al., 2018; Hays et al., 2021). 
Nevertheless, our results provide more insight than that. 
Figure 1f shows that intrinsic variability does not depend 
on the stimulation current, which could be interpreted in 
the following way: if, due to an increase of intensity, pab 
decreases in favor of paa, then this effect is compensated by 
the decrease of pbb in favor of pab. Nevertheless, variabil-
ity changes only slightly between intensities 2 and 4 mA. 
Intensity 1 mA might be too low, since it yields correlation 
lower than 0.5. Then, we used the intensity study to engage 
a subsampling procedure allowing us to verify that the sam-
pling bias does not affect the results. We also found esti-
mation errors to be negligible. Finally, we did not observe 
any dependence of our results on the interictal spike rates 
of stimulating or recording contacts. Although the studies 
about the link between this rate and the location of the epi-
leptic zone are still ongoing (Bartolomei et al., 2016), this 
result suggests that our findings are robust with respect to 
epileptic pathologies.

In summary, in this paper we presented a second-order 
probability analysis, in which we found that the probabil-
ity of observing two discrepant SPES-Rs, obtained with a 
widely accepted data analysis protocol, can be substantial. 
We characterized conditions conducive for this effect and 
we conclude that data should be interpreted in a probabilis-
tic manner even in the context of a single individual. Here 
we showed that interpretations assuming permanency of 
responses significance drawn from individual SPES-R read-
outs are likely to be inaccurate in certain conditions. Our 
results allow for more informed interpretation of SEEG-
derived functional connectivity and improved experimental 
setup design. In this study, we were comparing paired mea-
surements, thus responses to stimulations performed twice 
in the same technical conditions. In the future, more than 
two identical stimulations could be examined, which could 
allow for derivation of response amplitude distributions 
and probabilities already on the individual level. Moreover, 
future analyses could include the timing of stimulations and 
the number of delivered single pulses. Studies focused on 

conditional probability: paa / pa = paa / (paa + 0.5 · pab). An 
analogous formula can be derived for insignificance. Simi-
larly, Pearson correlation between measurements can be 
found as 1 - pab / pab

max.
We studied how paa, pbb and pab change with chosen fac-

tors. First, we focused on the effect of the choice of the 
Z-score threshold. Results presented in Fig. 1a lead us to 
conclude that Z = 3 is too low, as in this condition intrinsic 
variability reaches 0.35 being not far from its maximal value 
(0.45). For Z = 5 correlation grows above 0.5, which could 
be a criterion for the threshold choice. One could also use 
thresholds greater than 5, but, as indicated in Fig. 1a, this 
comes at the cost of lowering the number of detected sig-
nificant responses. Therefore, we conclude that Z = 5 might 
be a reasonable choice. Introducing an additional constraint 
that only responses arriving in a 200 ms window after stim-
ulation are significant, leads to correlation trespassing 0.5 
already for Z = 4 (Fig. 1c).

Second, we showed that for long distances between 
stimulating and recording electrode contacts ( > ~ 90 mm), 
the intrinsic variability almost reaches its maximal value, 
which we interpret in what follows. The relative differ-
ence between pab

max and pab equals the value of the Pearson 
correlation. In the case of Z = 3 without the peak delay cut 
(Fig.  1b top) this correlation for all pairs separated by at 
least 90 mm equals 0.04. We confirmed this result by com-
puting correlation explicitly on two measurement series and 
we found the associated p-value to be negligible. Note that 
the magnitude of this correlation informs about deviation 
from independence, not about similarity of paired measure-
ments that can be high, even when Pearson correlation is 
small. This similarity for long distances and conditions pre-
sented in the top panel of Fig. 1b, is reflected in the fact that 
the probability of repeating an (in)significant measurement 
is (0.48) 0.56. Lifting the threshold up to Z = 5 and introduc-
ing the peak delay cut (Fig. 1d bottom) for long distances 
leads to a decrease of pab and pab

max, but at the same time to 
an increase of their relative difference – thus correlation – to 
0.25. In these conditions, the probability of repeating an (in)
significant measurement is (0.97) 0.28. Near to zero cor-
relation for long distances and Z = 3 corroborates our earlier 
conclusion that this value of the threshold is too low.

The decay of paa with distance, shown in Fig. 1b and d, is 
consistent with the decay of response amplitude observed in 
other studies (Trebaul et al., 2018; Silverstein et al., 2020). 
We hypothesize that one reason for the decay of paa could 
be a polysynaptic character of long-range connections. If 
any monosynaptic connection is realized with some prob-
ability, then the probability of completing the whole poly-
synaptic route drops with the number of links. On the other 
hand, connections performed over the whole network could 
be realized over various paths. These two effects together 

1 3

125



Brain Topography (2023) 36:119–127

David O, Job A-S, De Palma L, Hoffmann D, Minotti L, Kahane 
P (2013) Probabilistic functional tractography of the human 
cortex. NeuroImage 80:307–317. https://doi.org/10.1016/j.
neuroimage.2013.05.075

David O, Woźniak A, Minotti L, Kahane P (2008) Preictal short-
term plasticity induced by intracerebral 1 hz stimulation. 
NeuroImage 39(4):1633–1646. https://doi.org/10.1016/j.
neuroimage.2007.11.005

Donos C, Mîndruţă I, Ciurea J, Mălîia MD, Barborica A (2016) A 
comparative study of the effects of pulse parameters for intracra-
nial direct electrical stimulation in epilepsy. Clin Neurophysiol 
127(1):91–101. https://doi.org/10.1016/j.clinph.2015.02.013

Hays MA, Smith RJ, Haridas B, Coogan C, Crone NE, Kang JY 
(2021) Effects of stimulation intensity on intracranial cortico-
cortical evoked potentials: a titration study. Clin Neurophysiol 
132(11):2766–2777. https://doi.org/10.1016/j.clinph.2021.08.008

Keller CJ, Bickel S, Entz L, Ulbert I, Milham MP, Kelly C, Mehta 
AD (2011) Intrinsic functional architecture predicts electri-
cally evoked responses in the human brain. Proceedings of the 
National Academy of Sciences, 108(25), 10308–10313. https://
doi.org/10.1073/pnas.1019750108

Lachaux JP, Rudrauf D, Kahane P (2003) Intracranial EEG and human 
brain mapping. J Physiology-Paris 97(4–6):613–628. https://doi.
org/10.1016/j.jphysparis.2004.01.018

Lacruz ME, García Seoane JJ, Valentin A, Selway R, Alarcón G (2007) 
Frontal and temporal functional connections of the living human 
brain: connections of the human brain. Eur J Neurosci 26(5):1357–
1370. https://doi.org/10.1111/j.1460-9568.2007.05730.x

Lemaréchal J-D, Jedynak M, Trebaul L, Boyer A, Tadel F, Bhattacha-
rjee M, Deman P, Tuyisenge V, Ayoubian L, Hugues E, Chan-
teloup-Forêt B, Saubat C, Zouglech R, Mejia R, Tourbier GC, 
Hagmann S, Adam P, Barba C, Bartolomei C (2022) A brain atlas 
of axonal and synaptic delays based on modelling of cortico-
cortical evoked potentials. Brain 145(5):1653–1667. https://doi.
org/10.1093/brain/awab362. F., … F-TRACT consortium

Pigorini A, Sarasso S, Proserpio P, Szymanski C, Arnulfo G, Casa-
rotto S, Fecchio M, Rosanova M, Mariotti M, Russo L, Palva 
G, Nobili JM, Massimini M (2015) Bistability breaks-off deter-
ministic responses to intracortical stimulation during non-REM 
sleep. NeuroImage 112:105–113. https://doi.org/10.1016/j.
neuroimage.2015.02.056

Roehri N, Lina J-M, Mosher JC, Bartolomei F, Benar C-G (2016) 
Time-frequency strategies for increasing high-frequency Oscilla-
tion Detectability in Intracerebral EEG. IEEE Trans Biomed Eng 
63(12):2595–2606. https://doi.org/10.1109/TBME.2016.2556425

Roehri N, Pizzo F, Bartolomei F, Wendling F, Bénar C-G (2017) 
What are the assets and weaknesses of HFO detectors? A bench-
mark framework based on realistic simulations. PLoS ONE 
12(4):e0174702. https://doi.org/10.1371/journal.pone.0174702

Saillet S, Gharbi S, Charvet G, Deransart C, Guillemaud R, Depau-
lis A, David O (2013) Neural adaptation to responsive stimula-
tion: a comparison of auditory and deep brain stimulation in a rat 
model of absence Epilepsy. Brain Stimul 6(3):241–247. https://
doi.org/10.1016/j.brs.2012.05.009

Silverstein BH, Asano E, Sugiura A, Sonoda M, Lee M-H, Jeong J-W 
(2020) Dynamic tractography: integrating cortico-cortical evoked 
potentials and diffusion imaging. NeuroImage 215:116763. 
https://doi.org/10.1016/j.neuroimage.2020.116763

Trebaul L, Deman P, Tuyisenge V, Jedynak M, Hugues E, Rudrauf D, 
Bhattacharjee M, Tadel F, Chanteloup-Foret B, Saubat C, Mejia 
R, Adam GC, Nica C, Pail A, Dubeau M, Rheims F, Trébuchon S, 
Wang A, Liu H, David S, O (2018) Probabilistic functional trac-
tography of the human cortex revisited. NeuroImage 181:414–
429. https://doi.org/10.1016/j.neuroimage.2018.07.039

Trebaul L, Rudrauf D, Job A-S, Mălîia MD, Popa I, Barborica A, 
Minotti L, Mîndruţă I, Kahane P, David O (2016) Stimulation 

changes to brain states could be concerned with correlat-
ing variability of SPES-Rs with factors such as subject’s 
condition or performance in a task. Finally, it appears very 
relevant to carefully control the states of the patients when 
they are stimulated, to minimize the variability in SPES-Rs 
of biological origin.

Funding  The research leading to these results has received funding 
from the European Research Council under the European Union’s Sev-
enth Framework Programme (FP/2007–2013)/ERC Grant Agreement 
no. 616268  F-TRACT, the European Union’s Horizon 2020 Frame-
work Programme for Research and Innovation under Specific Grant 
Agreement No. 785907 and 945539 (Human Brain Project SGA2 and 
SGA3), and from the Agence Nationale de la Recherche grant number 
ANR-21-NEUC-0005-01.

Statements and Declarations

Competing Interests  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Arena A, Comolatti R, Thon S, Casali AG, Storm JF (2021) Gen-
eral Anesthesia Disrupts Complex Cortical Dynamics in 
Response to Intracranial Electrical Stimulation in Rats. Eneuro, 
8(4), ENEURO.0343–20.2021. https://doi.org/10.1523/
ENEURO.0343-20.2021

Bartolomei F, Trébuchon A, Bonini F, Lambert I, Gavaret M, Wood-
man M, Giusiano B, Wendling F, Bénar C (2016) What is the con-
cordance between the seizure onset zone and the irritative zone? 
A SEEG quantified study. Clin Neurophysiol 127(2):1157–1162. 
https://doi.org/10.1016/j.clinph.2015.10.029

Casali AG, Gosseries O, Rosanova M, Boly M, Sarasso S, Casali 
KR, Casarotto S, Bruno M-A, Laureys S, Tononi G, Massimini 
M (2013) A theoretically based index of consciousness indepen-
dent of sensory Processing and Behavior. Sci Transl Med 5(198). 
https://doi.org/10.1126/scitranslmed.3006294

Cuello Oderiz C, von Ellenrieder N, Dubeau F, Eisenberg A, Got-
man J, Hall J, Hincapié A-S, Hoffmann D, Job A-S, Khoo HM, 
Minotti L, Olivier A, Kahane P, Frauscher B (2019) Association 
of cortical Stimulation–Induced Seizure with Surgical Outcome 
in patients with Focal Drug-Resistant Epilepsy. JAMA Neurol 
76(9):1070. https://doi.org/10.1001/jamaneurol.2019.1464

David O, Bastin J, Chabardès S, Minotti L, Kahane P (2010) Study-
ing Network Mechanisms Using Intracranial Stimulation in Epi-
leptic Patients. Frontiers in Systems Neuroscience, 4. https://doi.
org/10.3389/fnsys.2010.00148

1 3

126

http://dx.doi.org/10.1016/j.neuroimage.2013.05.075
http://dx.doi.org/10.1016/j.neuroimage.2013.05.075
http://dx.doi.org/10.1016/j.neuroimage.2007.11.005
http://dx.doi.org/10.1016/j.neuroimage.2007.11.005
http://dx.doi.org/10.1016/j.clinph.2015.02.013
http://dx.doi.org/10.1016/j.clinph.2021.08.008
http://dx.doi.org/10.1073/pnas.1019750108
http://dx.doi.org/10.1073/pnas.1019750108
http://dx.doi.org/10.1016/j.jphysparis.2004.01.018
http://dx.doi.org/10.1016/j.jphysparis.2004.01.018
http://dx.doi.org/10.1111/j.1460-9568.2007.05730.x
http://dx.doi.org/10.1093/brain/awab362
http://dx.doi.org/10.1093/brain/awab362
http://dx.doi.org/10.1016/j.neuroimage.2015.02.056
http://dx.doi.org/10.1016/j.neuroimage.2015.02.056
http://dx.doi.org/10.1109/TBME.2016.2556425
http://dx.doi.org/10.1371/journal.pone.0174702
http://dx.doi.org/10.1016/j.brs.2012.05.009
http://dx.doi.org/10.1016/j.brs.2012.05.009
http://dx.doi.org/10.1016/j.neuroimage.2020.116763
http://dx.doi.org/10.1016/j.neuroimage.2018.07.039
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1523/ENEURO.0343-20.2021
http://dx.doi.org/10.1523/ENEURO.0343-20.2021
http://dx.doi.org/10.1016/j.clinph.2015.10.029
http://dx.doi.org/10.1126/scitranslmed.3006294
http://dx.doi.org/10.1001/jamaneurol.2019.1464
http://dx.doi.org/10.3389/fnsys.2010.00148
http://dx.doi.org/10.3389/fnsys.2010.00148


Brain Topography (2023) 36:119–127

Montavont, Sylvain Rheims, Fabrice Bartolomei, Agnès Trébuchon, 
Aileen McGonigal, Wenjing Zhou, Haixiang Wang, Sinclair Liu, Zhang 
Wei, Zhu Dan, Guo Qiang, Hu Xiangshu, Li Hua, Hua Gang, Wang Wen-
sheng, Mei Xi, Feng Yigang, Rima Nabbout, Marie Bourgeois, Anna 
Kamińska, Thomas Blauwblomme, Mercedes Garcés, Antonio Valentin, 
Rinki Singh, Liisa Metsähonkala, Eija Gaily, Leena Lauronen, Maria Pel-
tola, Francine Chassoux, Elizabeth Landré, Philippe Derambure, Wil-
liam Szurhaj, Maxime Chochois, Edouard Hirsch, Maria Paola Valenti, 
Julia Scholly, Luc Valton, Marie Denuelle, Jonathan Curot, Rodrigo 
Rocamora, Alessandro Principe, Miguel Ley, Ioana Mindruta, Andrei 
Barborica, Stefano Francione, Roberto Mai, Lino Nobili, Ivana Sartori, 
Laura Tassi, Louis Maillard, Jean-Pierre Vignal, Jacques Jonas, Louise 
Tyvaert, Mathilde Chipaux, Delphine Taussig, Philippe Kahane, Lorella 
Minotti, Anne-Sophie Job, Véronique Michel, Marie de Montaudoin, 
Jérôme Aupy, Viviane Bouilleret, Ana Maria Petrescu, Pascal Masnou, 
Claire Dussaule, Marion Quirins, Delphine Taussig, Carmen Barba, 
Renzo Guerrini, Matteo Lenge and Elisa Nacci. 

artifact correction method for estimation of early cortico-cortical 
evoked potentials. J Neurosci Methods 264:94–102. https://doi.
org/10.1016/j.jneumeth.2016.03.002

Valentin A (2002) Responses to single pulse electrical stimula-
tion identify epileptogenesis in the human brain in vivo. Brain 
125(8):1709–1718. https://doi.org/10.1093/brain/awf187

Zaveri HP, Duckrow RB, Spencer SS (2006) On the use of bipolar 
montages for time-series analysis of intracranial electroenceph-
alograms. Clin Neurophysiol 117(9):2102–2108. https://doi.
org/10.1016/j.clinph.2006.05.032

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

F-TRACT Consortium members: Claude Adam, Vincent Navarro, Arnaud 
Biraben, Anca Nica, Dominique Menard, Milan Brazdil, Robert Kuba, 
Jitka Kočvarová, Martin Pail, Irena Doležalová, François Dubeau, Jean 
Gotman, Philippe Ryvlin, Jean Isnard, Hélène Catenoix, Alexandra 

1 3

127

http://dx.doi.org/10.1016/j.jneumeth.2016.03.002
http://dx.doi.org/10.1016/j.jneumeth.2016.03.002
http://dx.doi.org/10.1093/brain/awf187
http://dx.doi.org/10.1016/j.clinph.2006.05.032
http://dx.doi.org/10.1016/j.clinph.2006.05.032

	﻿Variability of Single Pulse Electrical Stimulation Responses Recorded with Intracranial Electroencephalography in Epileptic Patients
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Results
	﻿Discussion
	﻿References


