
Clinical Neurophysiology 161 (2024) 222–230
Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier .com/locate /c l inph
The effect of propofol on effective brain networks
https://doi.org/10.1016/j.clinph.2024.01.012
1388-2457/� 2024 International Federation of Clinical Neurophysiology. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: CCEP, corticocortical evoked potentials; ECoG, electrocorticogra-
phy; PRIOS study, Propofol Intra-Operative SPES study; SPES, single pulse electrical
stimulation.
⇑ Corresponding author.

E-mail addresses: d.vanblooijs@umcutrecht.nl (D. van Blooijs), s.blok-4@umcu-
trecht.nl (S. Blok), g.j.m.huiskamp@umcutrecht.nl (G.J.M. Huiskamp), p.vaneijsden-
3@umcutrecht.nl (P. van Eijsden), h.g.e.meijer@utwente.nl (H.G.E. Meijer), f.s.s.
leijten@umcutrecht.nl (F.S.S. Leijten).
D. van Blooijs a,b,⇑, S. Blok a, G.J.M. Huiskamp a, P. van Eijsden a, H.G.E. Meijer c, F.S.S. Leijten a

aUMC Utrecht Brain Center, Department of Neurology and Neurosurgery, University Medical Center Utrecht, PO Box 85500, 3584 GA Utrecht, The Netherlands
b Stichting Epilepsie Instellingen Nederland (SEIN), P.O.box 540, 2130 AM Hoofddorp, The Netherlands
cDepartment of Applied Mathematics, University of Twente, Drienerlolaan 5, 7522 NB Enschede, The Netherlands
h i g h l i g h t s

� The number of corticocortical evoked potentials decreases under anesthesia compared to the awake state.
� The N1-peak latency is increased under propofol-anesthesia.
� The topology of effective networks in awake patients is preserved under anesthesia.
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Objective: We compared the effective networks derived from Single Pulse Electrical Stimulation (SPES) in
intracranial electrocorticography (ECoG) of awake epilepsy patients and while under general propofol-
anesthesia to investigate the effect of propofol on these brain networks.
Methods: We included nine patients who underwent ECoG for epilepsy surgery evaluation. We per-
formed SPES when the patient was awake (SPES-clinical) and repeated this under propofol-anesthesia
during the surgery in which the ECoG grids were removed (SPES-propofol). We detected the cortico-
cortical evoked potentials (CCEPs) with an automatic detector. We constructed two effective networks
derived from SPES-clinical and SPES-propofol. We compared three network measures (indegree, outde-
gree and betweenness centrality), the N1-peak-latency and amplitude of CCEPs between the two effective
networks.
Results: Fewer CCEPs were observed during SPES-propofol (median: 6.0, range: 0–29) compared to SPES-
clinical (median: 10.0, range: 0–36). We found a significant correlation for the indegree, outdegree and
betweenness centrality between SPES-clinical and SPES-propofol (respectively rs = 0.77, rs = 0.70,
rs = 0.55, p < 0.001). The median N1-peak-latency increased from 22.0 ms during SPES-clinical to
26.4 ms during SPES-propofol.
Conclusions: Our findings suggest that the number of effective network connections decreases, but net-
work measures are only marginally affected.
Significance: The primary network topology is preserved under propofol.
� 2024 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction care unit. Propofol inhibits, among other mechanisms of action,
Propofol is an intravenous agent used for induction and mainte-
nance of general anesthesia during surgery and in the intensive
the c-aminobutyric acid (GABAA)-receptor by slowing the channel
closing time of the receptor, with an inhibitory effect on neuro-
transmission (MacIver, 2014; Rudolph and Antkowiak, 2004;
Sahinovic et al., 2018; Yip et al., 2013). In the EEG, slowing of brain
signals and reduction of epileptic activity is observed (Hindriks and
van Putten, 2012; Kuruvilla and Flink, 2003; San-Juan et al., 2010),
as well as suppression of motor evoked potentials in a dose-
dependent manner (Ohtaki et al., 2016).

Analyzing the difference between brain networks while awake
or while under anesthesia may give us additional and complemen-
tary insight in the effects of anesthesia at a network level. Brain
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networks can be categorized as structural, functional or effective
networks (Yaffe et al., 2015). Structural networks are based on
the anatomical connections between brain regions (typically corre-
sponding to white matter fiber tracts). Functional networks are
based on the temporal dependency between neural activities of
different brain regions, usually estimated in fMRI or (intracranial)
EEG data. Analysis of functional brain networks in human subjects
has informed us that there is a balance between local segregation
and global integration in the awake state, which means that
lower-level information can be processed locally and modularly,
whereas higher-level information is distributed efficiently over
the brain because of global integration (Liu et al., 2022). This bal-
ance between local segregation and global integration is disturbed
in anesthesia-induced loss of responsiveness (Zhang et al., 2019).

Effective networks describe the interaction between brain
regions caused by perturbation in one brain region that leads to
responses in other brain regions (van Blooijs et al., 2018). Single
Pulse Electrical Stimulation (SPES) is one of the techniques that
can be used to study effective brain connectivity by using direct
electrical stimulation and recording of intracranial electrodes on
the brain (Matsumoto et al., 2004). With SPES, we stimulate two
adjacent electrodes and analyze the cortico-cortical evoked poten-
tials (CCEPs) in all other electrodes (van Blooijs et al., 2018). CCEPs
have a sharp negative deflection (N1) that occur between 9 and
100 ms after the stimulation artefact. A CCEP exposes an effective
network connection between the stimulation site and the record-
ing electrode. This has provided insight into eloquent brain net-
works such as language, cognitive and motor networks
(Matsumoto et al., 2004, 2007, 2012).

The complex network structure of the brain can be character-
ized by a set of topological network measures, such as the inde-
gree, outdegree and betweenness centrality (Haneef and Chiang,
2014; Keller et al., 2014; Olmi et al., 2019; Rubinov and Sporns,
2010; van Blooijs et al., 2018; van Mierlo et al., 2013; Wilke
et al., 2011). The indegree is a measure describing the number of
incoming connections towards an electrode of interest. In an effec-
tive network, this is the number of CCEPs evoked in the electrode
of interest after stimulating other electrode pairs. The outdegree
describes the number of outgoing connections from an electrode
of interest. In an effective network, this is the number of CCEPs
evoked elsewhere after stimulating the electrode of interest. The
betweenness centrality is the fraction of all shortest paths in the
network that pass through an electrode of interest (Rubinov and
Sporns, 2010). Electrodes with a high betweenness centrality are
assumed to be important controllers of a network (Joyce et al.,
2010). These measures characterize the topological network and
enable us to compare the network in an awake state to a network
under anesthesia.

We analyzed whether propofol alters the effective network con-
nections by investigating the number of CCEPs, the indegree, out-
degree, betweenness centrality, the N1-peak-latency and the N1-
peak-amplitude. To the best of our knowledge, this is the first
study that compares effective brain networks in the same subjects
in the awake state and under general propofol-anesthesia.
2. Material and methods

2.1. Subjects and data recording

Between 2020 and 2022, patients who underwent electrocor-
ticography (ECoG) recordings for epilepsy surgery evaluation were
asked to give consent to participate in this study (PRIOS: Propofol
Intra-Operative SPES). The study complied with the Dutch law on
Medical Research in Humans and was approved by the medical
research ethics committee of the University Medical Centre
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Utrecht. The ECoG implant strategy was determined solely by clin-
icians and not influenced by this study. ECoG data was recorded
with a sample frequency of 2048 Hz.
2.2. Stimulation protocols

We applied two SPES protocols (Fig. 1): SPES-clinical and SPES-
propofol. SPES-clinical was performed at least one day after subdu-
ral electrode grid implantation in the awake subject as part of clin-
ical routine. Ten monophasic electrical pulses (0.2 Hz, 1 ms, 8 mA)
were applied to each pair of adjacent electrodes in consecutive
numbers across the implanted electrode grid (e.g. 1–2, 2–3, etc.,
Supplementary Fig. 1). We decreased the current intensity to
4 mA when electrodes were located on the pre- or post-central
gyrus. After five stimuli, the anode and cathode were switched to
reduce the stimulus artefact when averaging the responses to
these stimuli.

SPES-propofol was performed under propofol-anesthesia at the
start of the grid explantation surgery. We started with SPES-
propofol at least five minutes after the initial administration of
propofol, during preparations for grid explantation and often epi-
lepsy surgery. We stimulated each adjacent electrode pair twice
and switched anode and cathode after the first stimulus. If we fin-
ished the protocol in time and surgical preparations were still
ongoing, additional stimuli were applied to some stimulus pairs.
We considered all stimuli for analysis.
2.3. Signal processing

A clinical neurophysiologist (FL) annotated periods with burst
suppression during SPES-propofol. We excluded epochs that were
recorded during burst suppression, because CCEPs are suppressed
during burst suppression (Suzuki et al., 2019).

We excluded data from noisy electrodes, and electrodes located
on top of other electrode grids. ECoG recordings were converted to
the Brain Imaging Data Structure (Demuru et al., 2022). For each
electrode, epochs with a time window of 2 s pre-stimulus to 2 s
post-stimulus, time-locked to the stimulus artefact, were re-
referenced by subtracting the averaged signal of 10% of the elec-
trodes with the lowest variance post-stimulation (Fig. 1B). For each
electrode, epochs of all stimuli per stimulus pair were averaged
(Fig. 1C).
2.4. N1-peak detection and visual check

The standard deviation (SD) was calculated in the pre-stimulus
window (-2 s to �0.1 s). N1-peaks were detected (van Blooijs et al.,
2018) in each averaged epoch per electrode when the evoked
response exceeded 2.6 * SD (Fig. 1C). The detected N1-peaks of
the CCEPs were visually checked by two observers (DvB and SB).
When an incorrect N1-peak was selected by the detector, the cor-
rect N1-peak was selected manually.

For each subject and each SPES-protocol, an inter-observer
agreement was calculated between the two observers with the
unweighted Cohen’s kappa. Subjects were excluded from further
analyses when the inter-observer agreement of SPES-clinical or
SPES-propofol was lower than 0.6. We only included N1-peaks
for further analyses when these were visually confirmed by both
observers. When both observers selected N1-peaks with more than
five samples difference, these N1-peaks were visually checked (SB),
and the correct N1-peak was selected (Fig. 1D). N1-peaks less than
five samples apart were averaged.



Fig. 1. Example of the two SPES (Single Pulse Electrical Stimulation)-protocols in PRIOS03. We performed two SPES protocols: SPES-clinical and SPES-propofol. A)
Rendering of a standardized brain with electrode positions of PRIOS03 in MNI305 coordinates. The pink electrodes are stimulated. The responses to these stimuli in the blue
electrode are shown in B). B) The responses to stimulation for SPES-clinical (left) and SPES-propofol (right). We were able to apply four stimuli to this stimulus pair during
SPES-propofol due to spare time and visualized the four responses to these stimuli. C) We averaged the ten (in SPES-clinical) and four (in SPES-propofol) responses to stimuli
visualized in B. The individual responses are displayed with dotted lines, the averaged response is displayed with a continuous line. The grey area corresponds to the interval
in which no physiological response could be measured due to the stimulation artefact. The peak at 28.3 ms and 33.7 ms was the N1-peak of the CCEP (cortico-cortical evoked
potential). D) Example of visual correction. When two small peaks were visible during the N1-waveform, the first N1-peak was selected in the averaged CCEP response.
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2.5. Analysis

We first analyzed with a chi-square test whether stimulation of
a given electrode pair would evoke a CCEP in similar electrodes in
both SPES-protocols. We then used the Wilcoxon Signed Rank-test
to compare the number of evoked CCEPs for each stimulus pair
between SPES-clinical and SPES-propofol.

For the analysis of the network measures, we defined the elec-
trodes as nodes and therefore, we needed to make the assumption
that when stimulation in a stimulus pair would evoke a CCEP in
another electrode, both electrodes in this stimulus pair contributed
to this evoked CCEP. From this assumption, it follows that we
include a connection in the network from both stimulation elec-
trodes to the response electrode. For each electrode, we calculated
the indegree, outdegree and betweenness centrality during SPES-
clinical and SPES-propofol. We normalized these network mea-
sures by considering the number of possible connections (given
the number of grid electrodes that was implanted) to enable com-
parison between subjects (van Blooijs et al., 2018). We used the
Spearman rank correlation to correlate the indegree, outdegree
and betweenness centrality between SPES-clinical and SPES-
propofol.
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For the analysis of the differences in N1-peak-latencies and N1-
peak-amplitudes, we only included the N1-peak-latencies and
amplitudes of CCEPs that were present during both SPES-clinical
and SPES-propofol. We used the Wilcoxon Signed Rank-test to
compare the N1-peak-latency and amplitude of the CCEPs evoked
during SPES-clinical and SPES-propofol. All statistical analyses
were corrected for multiple testing with FDR correction (p < 0.05).
2.6. Code and data availability

We performed all analyses and generated all figures using Mat-
lab R2022b. The code is available on https://github.com/UMCU-
EpiLAB/umcuEpi_PRIOS. The data is available on https://open-
neuro.org/datasets/ds004370.
3. Results

3.1. Patient characteristics

We included nine subjects (four females) with a median age of
27 years (range 13–53 years) (Table 1). All subjects were fully
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informed of the nature of this study and gave informed consent.
The electrode grids and strips consisted of platinum circular elec-
trodes embedded in silicone with a 4.2 mm2 contact surface and
an inter-electrode distance of 1 cm (Ad-Tech, Racine, WI). PRIOS01
and PRIOS09 had an additional depth-lead with 6 electrodes
implanted in the presumed epileptogenic region (DIXI Medical,
Chaudefontaine, Marne, France).

Two subjects (PRIOS07 and PRIOS08) were excluded, because
we were not able to perform SPES-propofol due to technical prob-
lems. One subject (PRIOS06) was excluded from further analysis
because the interobserver agreement was lower than 0.6 (Table 1).

3.2. Numbers of evoked CCEPs

In all subjects, we found a large overlap in the electrodes in
which a CCEP was evoked after stimulating a stimulus pair in both
SPES-protocols (Fig. 2). Only a small number of electrodes showed
a CCEP after stimulating a stimulus pair during SPES-propofol that
did not show a CCEP after stimulating the same stimulus pair dur-
ing SPES-clinical. There are a number of electrodes in which a CCEP
was evoked during SPES-clinical without a correlate in SPES-
propofol. In all subjects, we found that fewer CCEPs were evoked
during SPES-propofol compared to SPES-clinical (Fig. 3). Fig. 3 also
shows that in most stimulus pairs, the relative number of evoked
CCEPs, and therefore the ranking, remained the same under
anesthesia.

3.3. Network measures: indegree, outdegree and betweenness
centrality

The indegree, outdegree and betweenness centrality showed
high correlation strengths (Spearman’s correlation, rs > 0.5)
between SPES-clinical and SPES-propofol (Fig. 4). All network mea-
sures showed around twice as high values for all electrodes during
SPES-clinical compared to the values during SPES-propofol.

3.4. N1-peak-latencies and amplitudes

When we analyzed N1-peak-latencies in each individual sub-
ject, we found an increase in N1-peak-latency in SPES-propofol in
three subjects (PRIOS02, PRIOS03 and PRIOS04: respectively 29.3
ms ? 32.2 ms, 22.0 ms ? 26.9 ms, 12.7 ms ? 13.2 ms) (Fig. 5
A-B). We found a decrease in N1-peak-latency in one subject
(PRIOS09: 35.6 ms ? 31.2 ms). When combining all N1-peaks of
all subjects, the N1-peak-latency increased from 22.0 ms during
SPES-clinical to 26.4 ms during SPES-propofol.

When analyzing the N1-peak-amplitudes in each individual
subject, we found a more negative N1-peak-amplitude in SPES-
propofol in two subjects (PRIOS02, PRIOS03: respectively
Table 1
Characteristics of subjects included in the PRIOS study. Subjects PRIOS06, PRIOS07 and P
SPES-clinical = Single Pulse Electrical Stimulation protocol after subdural electrode grid imp
Electrical Stimulation protocol performed under propofol-anesthesia at the start of the gr

Subject Age (years) Sex Location of grid

PRIOS01 22 M Left, temporal
PRIOS02 53 F Left, fronto-temporal
PRIOS03 37 M Left, frontal
PRIOS04 24 M Left, frontal, interhemispheric, parietal
PRIOS05 51 F Right, pre-and post-central gyrus, interhemisp
PRIOS06 13 F Right, pre- and post-central gyrus, parietal
PRIOS07 44 M Left, fronto-temporal, interhemispheric
PRIOS08 15 F Left, temporo-occipital
PRIOS09 27 M Left, temporal
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�392 lV ? -399 lV, �592 lV ? -701 lV) and a less negative
N1-peak-amplitude in three subjects (PRIOS01, PRIOS04, PRIOS05:
respectively �424 lV ? -312 lV, �822 lV ? -535 lV,
�421 lV ? -349 lV) (Fig. 5C). When combining all N1-peaks of
all subjects, the N1-peak-amplitude was less negative during
SPES-propofol (-499 lV ? -466 lV).
4. Discussion

We studied whether the effective network derived from SPES-
clinical was altered due to propofol. We found a large overlap
between the electrodes in which a CCEP was evoked during
SPES-clinical and SPES-propofol. The number of evoked CCEPs dur-
ing SPES-propofol was lower than the number of evoked CCEPs
during SPES-clinical. This decrease might be caused by the inhibi-
tory effect of propofol on neurotransmission (MacIver, 2014;
Rudolph and Antkowiak, 2004; Sahinovic et al., 2018; Yip et al.,
2013). Although the lower number of evoked CCEPs during SPES-
propofol could result in an altered network topology because of
missing connections, the ranking of electrodes for values of net-
work measures (indegree, outdegree, betweenness centrality) did
not change: e.g. an electrode with a high indegree during SPES-
clinical also had a high indegree during SPES-propofol. This means
that the topology of the effective network was not altered during
SPES-propofol. This was supported by the observation that the
stimulus pair with the highest number of evoked CCEPs was the
same for both SPES-clinical and SPES-propofol in two subjects
(PRIOS02 and PRIOS03) (Supplementary Fig. 3 and Supplementary
Table 1). In three subjects (PRIOS01, PRIOS04, PRIOS05), the loca-
tion of the stimulus pair with the highest number of evoked CCEPs
during SPES-propofol was localized near the stimulus pair with the
highest number of evoked CCEPs during SPES-clinical. Further-
more, we observed that the electrode with maximal N1-peak-
amplitude was the same for both SPES-clinical and SPES-propofol
in nine situations, or these electrodes were located next to each
other in three situations (Supplementary appendix and Supple-
mentary Fig. 4). This was in agreement with a study (Yamao
et al., 2021) in which they compared the location of the maximal
N1-peak-amplitude in the awake state and under general anesthe-
sia in the dorsal language white matter pathway. Interestingly,
other studies show that activity of brain areas within a network
becomes more independent from one another and the exchange
and distribution of information are reduced during deep sedation
(Schrouff et al., 2011; Wang et al., 2020). The number of local con-
nections was significantly decreased during anesthesia (Wang
et al., 2020). This is in agreement with our findings. With ECoG,
we only sample a part of the brain, which might give an explana-
tion why we only found a decrease in the number of connections
during SPES-propofol and no changes in network topology.
RIOS08 were excluded from further analysis. M = male, F = female, NA = not applicable,
lantation in the awake subject as part of clinical routine, SPES-propofol = Single Pulse
id explantation surgery.

Number of implanted
electrodes / stimulus pairs

Cohen’s Kappa
SPES-clinical

Cohen’s Kappa
SPES-propofol

48 / 35 0.74 0.80
80 / 54 0.72 0.76
64 / 52 0.86 0.88
56 / 48 0.76 0.61

heric 64 / 53 0.74 0.72
0.30 0.47
NA NA
NA NA

56 / 44 0.89 0.81



Fig. 2. Schematic overview of the number of cortico-cortical evoked potentials (CCEPs) during the two SPES (Single Pulse Electrical Stimulation)-protocols. For each
subject, the numbers of evoked CCEPs are displayed in both SPES-clinical and SPES-propofol (purple), only during SPES-clinical (blue) and only during SPES-propofol (green).
In all subjects, there is a high association between SPES-clinical and SPES-propofol which means that when a CCEP was evoked after stimulating a certain stimulus pair in one
of the SPES-protocols, it would be evoked after stimulating a certain stimulus pair in the other SPES-protocol as well. ***p < 0.001, FDR corrected.

*** ** *** *** *** ***

Fig. 3. The number of cortico-cortical evoked potentials (CCEPs) per stimulus pair. Each dot represents the number of CCEPs in one stimulus pair. The left dots represent
the numbers of CCEPs evoked during SPES-clinical (Single Pulse Electrical Stimulation protocol after subdural electrode grid implantation in the awake subject as part of
clinical routine). The right dots represent the numbers of CCEPs evoked during SPES-propofol (Single Pulse Electrical Stimulation protocol performed under propofol-
anesthesia at the start of the grid explantation surgery). Dots of the same stimulus pair are connected by a line to visualize the differences in numbers of evoked CCEPs
between the two SPES protocols. The median number of CCEPs evoked per stimulus pair are visualized with the numbers in the boxes and connected with a black line.
**p < 0.01, ***p < 0.001, FDR corrected.
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Median N1-peak-latency during SPES-propofol (26.4 ms)
increased by 4.4 ms compared to SPES-clinical (22.0 ms). PRIOS09
showed the opposite effect: N1-peak-latency decreased during
SPES-propofol. This difference in change in latency might be due
to heterogeneity in underlying pathologies or might also be influ-
enced by the fact that the subjects included in this study used var-
ious anti-seizure medication to suppress seizure activity. The
timing of N1-peak-latencies is in agreement with several other
studies. In awake patients, an N1-peak-latency of 27.9 ms (range
22–36 ms) was found in the arcuate fasciculus (Matsumoto et al.,
2004). Under general anesthesia, an N1-peak-latency of
23 ± 3 ms (Giampiccolo et al., 2021) and during awake craniotomy,
an N1-peak-latency of 28 ± 4 ms (Yamao et al., 2017) was found.
Although these N1-peak-latencies were all measured in the arcuate
fasciculus, it is difficult to compare these N1-peak-latencies from
different subjects across these studies, since age, and probably
other factors, might affect N1-peak-latencies (van Blooijs et al.,
2023). A study that compared the N1-peak-latency in the arcuate
fasciculus within subjects both under general anesthesia and dur-
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ing awake craniotomy found N1-peak-latencies of 26.6 ± 9.1 ms
under general anesthesia and 23.2 ± 8.3 ms in the awake state
(Suzuki et al., 2019). These N1-peak-latencies are comparable to
the N1-peak-latencies we found in this study with four subjects
who had coverage of the frontal and temporal endpoints of the
arcuate fasciculus (Yeh et al., 2018) by subdural electrodes (Sup-
plementary Fig. 2).

N1-peak-amplitudes were more negative in two subjects, and
less negative in three subjects during SPES-propofol. This indicates
that there was no clear effect of propofol on N1-peak-amplitude.
Yamao et al. (Yamao et al., 2021) concluded that the N1-peak-
amplitude had a tendency to increase in the awake state when
investigating the dorsal language white matter pathway. Differ-
ences with our findings might be caused by the significant effect
of number of trials on N1-peak-amplitude (Supplementary Fig. 5).

Unique in our study is that we applied SPES in all electrodes and
not only in electrodes located on the endpoints of the arcuate fas-
ciculus to analyze the effect of propofol on effective networks in
general. We took as gold standard the awake state at least one



Fig. 4. Correlation of the indegree, outdegree and betweenness centrality between the two SPES (Single Pulse Electrical Stimulation)-protocols. On the left: horizontal
bars of all subjects combined for the indegree (upper), outdegree (middle) and betweenness centrality (lower). Each horizontal bar represents the normalized value of a
network measure per electrode. The values of the network measures of SPES-clinical are sorted in descending order (SPES-protocol after subdural electrode grid implantation
in the awake subject as part of clinical routine, on the left side of the bar plot). The values of network measures during SPES-propofol (SPES-protocol performed under
propofol-anesthesia at the start of the grid explantation surgery, on the right side of the bar plot) are sorted accordingly. On the right: scatter plots are displayed for the
network measures indegree (upper), outdegree (middle) and betweenness centrality (lower). All three network characteristics showed significant correlations between SPES-
clinical and SPES-propofol (Spearman’s correlation, p < 0.001, FDR corrected). The strength of the correlation was expressed with the correlation coefficient (rs). Both the
horizontal bars and dots in the scatter plots have different colors for all individual subjects.

D. van Blooijs, S. Blok, G.J.M. Huiskamp et al. Clinical Neurophysiology 161 (2024) 222–230
day after surgery (SPES-clinical), ensuring that the effect of propo-
fol and other anesthesia used during implantation surgery have
been eliminated.

One of the limitations of this study is the small number of par-
ticipants (n = 6). With more included subjects, differences in effec-
227
tive connectivity across cortical regions could be investigated.
Other studies found prominent changes in functional networks in
the prefrontal cortex, which normally plays an important role in
integrating and broadcasting distributed information (Lee et al.,
2017; Schrouff et al., 2011). Another study found a decrease in



Fig. 5. Overview of the averaged cortico-cortical evoked potentials (CCEPs) for both SPES (Single Pulse Electrical Stimulation)-protocols. A) Six sets of CCEP-plots: the
averaged CCEP ± Standard Error of the Mean (SEM) during SPES-clinical (SPES-protocol after subdural electrode grid implantation in the awake subject as part of clinical
routine, upper) and during SPES-propofol (SPES-protocol performed under propofol-anesthesia at the start of the grid explantation surgery, lower) for each individual subject.
Below each set of CCEP-plots, two horizontal bars are shown, indicating the mean ± SEM of the N1-peak-latencies in SPES-clinical (upper) and SPES-propofol (lower). B) The
median latency of each N1-peak during SPES-clinical and SPES-propofol are represented by dots and connected by a line to indicate how the latency changes between the two
protocols. The median latency is displayed by a thicker black line and the median values are displayed in boxes. C) The median amplitude of each N1-peak during SPES-clinical
and SPES-propofol are represented by dots and connected by a line to indicate how the amplitude changes between the two protocols. The median amplitude is displayed by a
thicker black line and the median values are displayed in boxes. **p < 0.01, ***p < 0.001, FDR corrected.
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functional integration within and between most brain networks,
especially in the network between the frontal and parietal cortices
(Schrouff et al., 2011) and other high-order cognitive networks
(Wang et al., 2020).

Another limitation was the restricted time in which we had to
execute SPES under anesthetics. We were able to apply at least
two alternating pulses per stimulus pair instead of the ten pulses
we applied in SPES-clinical. The effect of the number of trials on
N1-peak-latency can be neglected (Supplementary Fig. 5). How-
ever, the effect of the number of trials on N1-peak-amplitude can-
not be ignored and any conclusions on differences between N1-
peak-amplitude in the awake state compared to the state under
anesthetics should be taken carefully.

Subjects had epilepsy, which may have altered networks (van
Blooijs et al., 2018). There is no consistent effect of epilepsy on
the N1-peak-latency (van Blooijs et al., 2023), but the epileptogenic
region is a densely connected region with high in- and outdegree
values (Mouthaan et al., 2015; van Blooijs et al., 2018). Since we
compare the N1-peak-latency, N1-peak-amplitude and network
measures within a subject, we assume that a potential effect of epi-
228
lepsy would be leveled out. Furthermore, on average, only 6% of the
electrodes covered epileptogenic regions in our subjects, limiting
the effect of epilepsy on our results.

In a study that investigated the depth of anesthesia, a negative
correlation was found between the bispectral index and N1-peak-
latency and a positive correlation between the bispectral index and
N1-peak-amplitude in four patients indicating an increase in N1-
peak-latency and a decrease in N1-peak-amplitude when the
depth of anesthesia was stronger (Suzuki et al., 2019). In this study,
we did not systematically monitor the depth of anesthesia during
SPES-propofol. PRIOS03, PRIOS06 and PRIOS07 showed periods of
burst suppression, which gradually disappeared, indicating that
the level of propofol-anesthesia was not constant.

The amplitude of evoked potentials is decreased during anes-
thesia (Ohtaki et al., 2016; Yamao et al., 2017). This could have
complicated the detection of the CCEPs during SPES-propofol. By
excluding the burst suppression periods, we compensated for the
varying levels of propofol-anesthesia and minimized the risk that
CCEPs were missed due to smaller amplitudes of CCEPs. Future
studies could give more insight in the working mechanisms of
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anesthesia on brain networks if we continuously monitor dose-
dependent effects of anesthesia on CCEPs and network characteris-
tics. In a future prospective study, brain target-controlled infusion
or Bispectral Index Monitoring could be used to estimate different
states of consciousness and the depth of propofol anesthesia
(Ozgoren et al., 2010).

In summary, our results show that the number of evoked CCEPs
decreased, but this minimally affected the topology of the effective
networks derived under propofol-anesthesia. The N1-peak-latency
is increased when SPES is applied under propofol-anesthesia, but
no clear effect was found on N1-peak-amplitude. More research
investigating dose-dependent effects could expand our under-
standing of how propofol affects effective brain networks.
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