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Abstract

Objective. Patients undergoing general anesthesia may awaken and become aware of the surgical
procedure. Due to neuromuscular blocking agents, patients could be conscious yet unable to
move. Using brain–computer interface (BCI) technology, it may be possible to detect movement
attempts from the EEG. However, it is unknown how an anesthetic inﬂuences the brain response
to motor tasks. Approach. We tested the ofﬂine classiﬁcation performance of a movement-based
BCI in 12 healthy subjects at two effect-site concentrations of propofol. For each subject a
second classiﬁer was trained on the subject’s data obtained before sedation, then tested on the
data obtained during sedation (‘transfer classiﬁcation’). Main results. At concentration
0.5 μg ml−1, despite an overall propofol EEG effect, the mean single trial classiﬁcation accuracy
was 85% (95% CI 81%–89%), and 83% (79%–88%) for the transfer classiﬁcation. At
1.0 μg ml−1, the accuracies were 81% (76%–86%), and 72% (66%–79%), respectively. At the
highest propofol concentration for four subjects, unlike the remaining subjects, the movementrelated brain response had been largely diminished, and the transfer classiﬁcation accuracy was
not signiﬁcantly above chance. These subjects showed a slower and more erratic task response,
indicating an altered state of consciousness distinct from that of the other subjects. Signiﬁcance.
The results show the potential of using a BCI to detect intra-operative awareness and justify
further development of this paradigm. At the same time, the relationship between motor
responses and consciousness and its clinical relevance for intraoperative awareness requires
further investigation.
Keywords: brain–computer interfaces, anesthesia, propofol, consciousness
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1. Introduction

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

Brain–computer interfaces (BCIs) are systems directly translating brain signals into useful output, such as control of a
device. By eliminating the need for muscular control, BCIs
can therefore provide a means of interaction with the
environment for partially or completely paralysed patients
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(e.g. in [1]). Patients under general anesthesia are often
temporarily paralysed with a neuromuscular blocking agent.
If they awake during surgery, they may ﬁnd themselves in a
situation where they have a certain degree of consciousness
but are nevertheless unable to move or speak. This experience, known as ‘unintended awareness with postoperative
explicit recall’, has an estimated incidence of 0.1%–0.2% [2].
Although several (commercial) monitors of anesthetic depth
have been developed, they are not often used [3], which may
be due to concerns about their reliability [4–7]. Finding
accurate methods for detecting awareness in patients is thus
still an ongoing challenge within anaesthesia research.
Therefore we propose to extend BCI research into the domain
of anesthesia awareness.
One of the best known and most successful BCI paradigms is detection of changes in sensorimotor rhythms from
the EEG during attempted and imagined movement [8]. For
instance, it has been shown that attempted movements can be
detected from patients with tetraplegia [9]. Likewise, motor
tasks may be used as a diagnostic tool in determining states of
altered consciousness in patients recovering from coma [10].
This evidence shows the potential of using patients’ movement attempts during general anesthesia as an indicator of
awareness. Intentions of movement could replace or complement the features currently used in anesthesia monitoring,
such as entropy or bispectral analysis [11].
Our proposed BCI paradigm proved successful in awake
volunteers intending gross movement [12] and also in awake
volunteers trying to move one isolated forearm temporarily
paralyzed by a neuromuscular blocking agent [13]. However,
hypnotics are known to change EEG characteristics [14, 15].
Sensorimotor rhythm modulations normally occurring when a
person is engaged in a motor task may be altered or disappear
altogether.
In this study we therefore investigated the inﬂuence of
low doses of propofol on sensorimotor rhythms. Healthy
participants performed a motor task in a baseline state as well
as in altered states of consciousness induced by propofol. For
each state, ofﬂine classiﬁcation accuracies of movement as
compared to rest were determined. If the speciﬁc brain
response normally seen during movement is retained after
administration of hypnotic drugs, it may be used for BCIbased communication.

2.2. Experimental design

All procedures were according to the Declaration of Helsinki
and were approved by the local Medical Ethics Committee.
The experiment consisted of three blocks. The ﬁrst
experimental block was a baseline block in which the subjects
performed the movement tasks without administration of
propofol (block 0). In the subsequent blocks, propofol was
administered via a target controlled infusion (TCI) pump in
steps of 0.5 μg ml−1 (target concentration). So, the target
concentration was 0.5 μg ml−1 for the second block (block
0.5) and 1.0 μg ml−1 for the third block (block 1.0). An Alaris
PK infusion pump (Carefusion, Basingstoke, UK) was used in
the TCI mode (Schnider model, effect-site targeting). When
the target concentration had been reached, participants waited
for another 10 min before proceeding with the experiment, to
ensure equilibration between the body compartments. Only
subjects S1, S2 and S3 received an additional propofol dose
increase with 1.5 μg ml−1 as target concentration. During the
entire procedure heart rate, blood pressure and oxygen
saturation (pulse oximetry) were monitored. After the end of
the experiment participants remained in the OR complex until
they were fully recovered.
In each block, sequences of nine movement trials were
presented to the subjects. Each trial consisted of an auditory 3 s
cue, with a 4 s silence interval between consecutive trials. At the
start of each sequence, an auditory instruction was given
explaining the task for the upcoming trials: either ‘move’
(continuous hand tapping) or ‘do not move’. The participants
had to perform the instructed task during the auditory cues, and
rest during the silence intervals (ﬁgure 1). Participants were
asked to keep their eyes closed throughout the entire sequence.
Between sequences participants could have a short rest, then
start the next sequence by pressing a button. Per block, between
54 and 63 trials were presented for each of the two task conditions. Within each block, presentation of the sequences was
randomized. A short practice block to get the participants
acquainted with the task preceded the actual measurements.
The experiment was programmed in and run on the
BrainStream platform4 Version 1.0, i.e. a Matlab (MathWorks
Inc., MA, USA) toolbox especially developed for online BCIexperiments, using Psychtoolbox5 for stimulus presentation.
2.3. EEG, EMG and BIS recording and analyses

EEG was recorded with a 32-channel actiCAP system (Brain
Products), based on the international 10/20 system. Impedances were kept below 25 kΩ before starting the measurement, and the sampling rate during recording was 2500 Hz.
After recording, signals were downsampled to 128 Hz.
Two electrodes were removed from the EEG cap and
instead used to record the left forearm electromyogram
(EMG). Muscle outputs as recorded by EMG were used to
determine if and when participants had executed the wrong
task. EMG signals were rereferenced using a bipolar reference
for the two channels and high-pass ﬁltered at 10 Hz to reduce

2. Methods
2.1. Participants

Twelve right-handed healthy volunteers (aged 18–28, 5
females) participated in this study. None had any known
neurological or motor impairments, nor contraindications for
the use of propofol. All participants gave written informed
consent prior to the experiment. Measurements took place in
an operating room at the Radboud University Medical Centre
in Nijmegen, the Netherlands.

4
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Figure 1. Visualization of two trials in an experimental sequence. The gray area on the time scale indicates the time period that is used for

analysis of each trial, and corresponds to the time scale used in ﬁgure 5 (results).

the effect of artifacts such as electrode drift. Then, the signals
were converted to power over time by taking the absolute
magnitude of the analytic signal as found using a Hilbert
transform, and the mean power per subject and movement
condition was determined for the period between 0.1 and 3.5 s
(task onset is at 0). Trials for which the EMG power deviated
more than 3 times the standard deviation from the mean for
that subject and condition were excluded from further analysis. For the remaining trials, the mean amplitude per subject
per condition was determined, as well as the mean movement
onset time and standard deviation for the movement tasks by
identifying the ﬁrst rising edge of the EMG amplitude
increase.
Additionally, Bispectral index (BIS) was measured using
the Philips M1034AX (BIS) Solution plug-in module (Philips
Medical Systems, Eindhoven, The Netherlands). BIS is a
commercial depth of anesthesia monitor, providing a number
between 0 (no brain activity) and 100 (completely awake)
[16]. While no true gold standard is currently available, BIS is
generally considered to be one of the most important monitors
of anesthetic depth in clinical use and it is relatively well
known among anesthesiologists. Its straightforward output
gave an indication, both during the experiment and when
interpreting the results, about the overall awareness reduction
in our participants. Values were recorded manually every
1–2 min during the experimental blocks.

rebound period in roughly the same frequencies after
movement has stopped. These changes are commonly
referred to as event-related desynchronization (ERD) and
event-related synchronization (ERS) [18]. Thus, these were
the main features the classiﬁer used in this study was expected
to use for its decisions.
Trials were constituted of 3 s of movement (or no
movement) followed by 3 s of rest. For the classiﬁcation
procedure, the data were ﬁrst linearly detrended to minimize
analysis artifacts due to large DC offsets. After calculating the
surface Laplacian reference per channel using Perrins
spherical spline interpolation method [19], the power spectral
density was computed for 8–24 Hz using Welch’s method
[20] with a resolution of 4 Hz and a Hanning taper applied to
50% overlapping windows (i.e. windows of 250 ms with
overlap of 12 ms were used), using separate features for ERD
(data obtained during movement, i.e. 0–3 s) and ERS (postmovement, i.e. 3.5–6 s). This subset of power spectral
features for each channel was then used to train a
quadratically regularized linear logistic regression classiﬁer
[21] to distinguish between each subjects speciﬁc pattern of
spatial and spectral activation for the movement condition as
compared to the ‘no movement’ condition. Validation set
performance was estimated using ten-fold cross-validation.
So, for each condition the trials were distributed over ten
subsets (folds), with each fold used for testing once while the
remaining nine folds were used for training the classiﬁer.
Additionally, we calculated the performance of the
classiﬁer when it was trained on block 0 (baseline: no
propofol), then tested on the data from block 0.5 (propofol
effect-site concentration 0.5 μg ml−1) and block 1.0 (propofol
effect-site concentration 1.0 μg ml−1), respectively. The
rationale behind this lies in the eventual clinical application,
where it would make sense to train a classiﬁer before general
anesthesia, then apply it after drug administration. Here, no
cross-validation was required for performance estimation.
Inspection of the power spectra revealed a β-increase in the
sedation conditions, a known effect of anesthetic drugs
[22, 23]. In order to cancel out these dose-dependent shifts,
which are unrelated to the movement task, trials were ﬁrst
baselined by estimating the average spectrum of the entire
trial (−1–6 s) and then dividing by this estimate. After that the
classiﬁer could be trained on the baseline (no propofol) data
and then transferred to the data obtained during sedation.

2.3.1. Classification. To test the feasibility of detecting

movement during propofol sedation, ofﬂine classiﬁcation
analyses were performed separately for each of the three
experimental blocks. Data obtained at a propofol effect-site
concentration of 1.5 μg ml−1 were not used for analysis, as
explained below. The parameter settings used have been
validated for this paradigm in a previous study [12].
Speciﬁcally, the classiﬁer used information from only nine
EEG channels, as this would be more practical in clinical
settings than using a full standard EEG cap. Moreover,
frequencies above 24 Hz were disregarded. Even though they
may contain useful information, in the current setup involving
actual movements these higher frequencies may be prone to
class-related artifacts [17].
The typical brain response to be seen during motor tasks
(actual, attempted or imagined movements) is a power
decrease in mu rhythm (8–12 Hz) and beta rhythm
(18–25 Hz) activity in the sensorimotor cortex, with a short
3
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Table 1. Overview of the experimental blocks with the propofol target concentrations, along with the results for BIS (Bispectral Index) and

EMG analyses. Numbers are given as mean (SD).
Block
Block 0
Block 0.5
Block 1.0

Target Concentration

BIS

Task execution errors (%)

EMG amplitude (%)

Movement onset time (ms)

0 μg ml−1
0.5 μg ml−1
1.0 μg ml−1

92.1 (4.56)
90.5 (4.05)
83.1 (3.81)

0.6 (0.8)
1.7 (3.3)
4.1 (3.7)

100
86 (16)
74 (20)

273 (24)
273 (33)
338 (59)

2.3.2. Statistical analyses. To test whether the classiﬁer can

make any meaningful decision at all, it is important to
compare its results to those of a ‘random’ classiﬁer. For a
binary problem with balanced classes, such as in this study,
the theoretical chance level performance is 50%. Using the
binomial distribution for proportional data, taking into
account the number of trials per condition, conﬁdence
intervals (CI) for a random classiﬁer can be calculated [24].
Individual classiﬁcation accuracies were compared to the
upper limit of the 95% CI of a random classiﬁer.
Additionally, for each condition the 95% CI for the mean
classiﬁcation accuracy was calculated, using GraphPad Prism
version 5.03, GraphPad Software, San Diego California,
USA. A 95% CI lower limit above 50% for a given condition
means that the classiﬁer performs better than chance, i.e. the
true mean in the population is higher than 50% (p=0.05).

3. Results
All participants performed the tasks well. During the
administration of propofol, however, participants started to
show signs of sleepiness, and gradually needed to increase
their efforts to stay alert and perform the required task. The
table shows that the mean BIS values decreased from 92.1
during baseline to 90.5 and 83.1 during propofol administration. As the experiment progressed, reaction times
increased and some participants started making a few errors.
Based on the EMG responses, 0.6%, 1.7% and 4.1% of trials
were judged to have been wrongly executed in blocks 0, 0.5
and 1.0 respectively. For the movement conditions, the mean
EMG amplitude as a percentage of each subject’s baseline
EMG amplitude was 86% and 74% at propofol effect-site
concentrations of 0.5 and 1.0 μg ml−1, respectively. The
mean movement onset time increased by 65 ms (from 273 to
338 ms) between block 0 and block 1, but there was no difference between block 0 and block 0.5 (see table 1).
Only the ﬁrst three participants received propofol aiming
at 1.5 μg ml−1 effect-site concentration. For all three, awareness levels were reduced so much that they were unable to
perform the task. Therefore the data obtained at this concentration were not analysed and the ﬁnal nine participants
did not receive this dose.
Figure 2 shows the paired data for single trial classiﬁcation accuracies for each subject. Mean accuracies were
87.5% (95% CI 82.4%–92.5%) for block 0, 84.9% (80.9%–
88.9%) for block 0.5 and 80.9% (76.1%–85.8%) for block
1.0. For each subject and condition the performance was

Figure 2. Single trial classiﬁcation accuracies in percentages per

subject per propofol effect-site concentration. The twelve subjects
entered the study in an order designated by the integers from 1 to 12.
The dashed line shows the binomial conﬁdence interval (α=0.05)
for the minimum number of trials used for performance estimation
(46 trials for S1 at 1.0 μg ml−1). For the remaining subjects and
conditions the line would be slightly lower. The error bar gives an
indication of the standard error of the performance estimates using
10-fold cross-validation (single example shown).

signiﬁcantly higher than chance level (p<0.05). After correcting for dose-dependent EEG shifts (ﬁgure 3), a classiﬁer
was trained on data from the baseline block and then applied
on data from blocks 0.5 and 1.0. The mean accuracy for this
transfer classiﬁcation was 83.4% (79.3%–87.5%) for block
0.5, and 72.4% (65.7%–79.1%) for block 1.0. The transfer
classiﬁcation performance was signiﬁcantly higher than
chance level (p<0.05) for all subjects at 0.5 μg ml−1, but
only for 8 out of 12 subjects at 1.0 μg ml−1. All transfer
classiﬁcation accuracies are shown in ﬁgure 4.
To ﬁnd possible indicators as to why the transfer classiﬁcation was not signiﬁcantly better than chance in subjects
S1, S2, S3 and S6, the propofol-associated changes in the BIS
and EMG measures were reanalysed post-hoc for the effect4
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In ﬁgure 5 details are shown for one participant for whom
the transfer worked (S7) and for one participant for whom it
did not (S2). The plots reveal that the desynchronization in
8–24 Hz (ERD) remains constant in S7 after propofol
administration, whereas for S2 the effect is greatly reduced at
1.0 μg ml−1 target concentration.

4. Discussion
4.1. Principal findings

This study showed that motor responses could be detected
from the EEG of volunteers during altered states of consciousness, with an average single trial classiﬁcation accuracy
of 85% at a propofol effect-site concentration of 0.5 μg ml−1
and 81% at a propofol effect-site concentration of
1.0 μg ml−1. Single trial ‘transfer’ classiﬁcation accuracies of
83% and 72% were obtained at propofol effect-site concentrations of 0.5 and 1.0 μg ml−1, respectively. Adding this
to previous ﬁndings showing the possibility of detecting
attempted movement during neuromuscular block [13], we
conclude that further development of the proposed BCI is
justiﬁed. During various conditions of drug administration,
including both hypnotics (propofol) and neuromuscular
blocking agents (rocuronium), movement can be distinguished from rest with high accuracy.
For eight of the 12 subjects it was possible to ‘transfer’
between the baseline state and the highest level of sedation. In
other words, a classiﬁer trained on the subjects’ data obtained
prior to administering propofol was able to detect the movements at the target concentration of 1.0 μg ml−1 with an
accuracy above chance level (p<0.05). This fact is useful
for subsequent steps in development of the paradigm, speciﬁcally for determining the most efﬁcient way of system
calibration. The transfer of the BCI from a baseline condition
to the sedation conditions is relevant because of the inter- and
intrasubject variabilities in the brain signal. Currently, most
BCIs require a calibration phase for each individual user and
session. Especially in the developmental phase of BCI paradigms, system calibration is an essential step. In the near
future however, end-user applications may no longer require
this phase, as novel methods are being developed in which a
generic classiﬁer can be applied to every user’s data. This
means there is not only a transfer between different states in
an individual user, but also between users. Promising results
have recently been reported on such so-called zero-training
BCIs for a spelling paradigm [25], and also movement-related
BCIs may be feasible without (or with very limited) userspeciﬁc calibration [26–29].
The successful transfer was partly based on adequate
compensation of propofol-induced effects. Most conventional
EEG-monitors in anesthesia, like BIS or entropy module, use
only frontal electrodes to detect drug-induced EEG changes.
However, hypnotic drugs like propofol have substantial
effects on the EEG measured at other electrode locations as
well [30]. Accordingly, we found a clear propofol effect with
a β-increase at the central electrodes, where the main EEG

Figure 3. Frequency powers at propofol effect-site concentrations

0.0 and 1.0 μg ml−1, averaged over all subjects, channel C3. At
1.0 μg ml−1 a β-increase is seen, as well as a reduction in γ.

Figure 4. Transfer classiﬁcation rates (single trial) per subject for two
propofol effect-site concentrations. Classiﬁcation accuracies were
obtained after classiﬁer training using data from the baseline
condition (no propofol administered). The dashed line shows the
binomial conﬁdence interval (α=0.05).

site concentration of 1.0 μg ml−1. The mean BIS-value for
these four subjects was 80.6, as compared to 84.4 for the
remaining subjects. Regarding the EMG, S1, S2, S3 and S6
not only had the highest movement onset times (range
370–448 ms versus range 264–348 ms in the other subjects),
but also the standard deviations of the movement onset times
were highest for these subjects (range 181–292 ms versus
range 64–158 ms), meaning their responses were both slower
and more erratic.
5
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Figure 5. Relative power spectra for the movement period and time–frequency plots for S7 (left-hand subﬁgures) and S2 (right-hand

subﬁgures), channel C3. Subﬁgures (c)–(f) show the relative power increase or decrease per time point as compared to the mean of the trial.
The dashed lines indicate the movement task period.

effect of (attempted) movement is located. By baselining each
individual trial this increase was cancelled out. As a result, the
classiﬁer only took into account relative motor response
effects. Because the exact change of the background EEG
does not have to be known, this crucial compensation seems
to be a large beneﬁt of using a BCI algorithm during general
anesthesia. However, the baselining procedure may introduce
other issues, as discussed further on.
Unexpectedly, for four subjects (33%), a classiﬁer trained
on the baseline data could not distinguish between movement
and rest at a propofol effect-site concentration of 1.0 μg ml−1.
If these subjects were excluded, the transfer classiﬁcation
performance would increase from 72% to 79% (95% CI 74%–
85%). Studying the properties of these trials may shed light

on how propofol-induced sedation interferes with sensorimotor integration. However, for a full understanding, future
studies will be required that directly target at addressing these
issues. Nevertheless, careful analysis of the available data
showed that a few patterns emerged. Speculating on the
reason for the low classiﬁcation performance for these four
subjects, we point out a few aspects.
First, visual inspection of the individual time–frequency
spectra of these subjects revealed a large reduction or even
absence of the ERD/ERS pattern at the effect-site concentration of 1.0 μg ml−1. Second, the individual differences
in the propofol-induced β-increase should be considered. For
S2, the largest relative increase in power between 14 and
22 Hz was found (power at 1.0 μg ml−1 target concentration
6
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was more than 200% of the power at 0.0 μg ml−1 target
concentration). A large increase was also seen in S1 and S3,
but the same was true for S7, S10 and S11 (all between 150%
and 190%). While overall the performance was largely
increased by adding the baselining procedure, in some cases
this may in fact have attenuated the ERD/ERS response
altogether. Third, remarkably, the ﬁrst three subjects entering
the study all belonged to the group of four subjects with
deviating results. They were the only participants in whom we
attained the highest propofol concentration, i.e. 1.5 μg ml−1.
At this effect-site concentration, all three subjects became
unable to follow commands. Afterwards, none of these subjects exhibited recall of events from after administration of
this third and ﬁnal dose. Fourth, the four subjects for whom
the transfer classiﬁcation performed below chance level were
the four who had the largest increase in both mean movement
onset times as well as the largest spread between said onset
times. For two of these subjects, S2 and S6, the mean EMG
amplitude at 1.0 μg ml−1 target concentration was less than
50% of the amplitude at 0.0 μg ml−1 target concentration,
which may point to a change in task intention (note that a
reduction or absence of motor output itself does not necessarily mean a reduced brain response; the intention itself
seems to be the most important factor [13]). Fifth, S1, S2 and
S3 had made relatively many errors in executing the movement task as compared to the remaining subjects at 1.0μg/ml
target concentration, while S6 had made the most mistakes at
0.5 μg ml−1 target concentration. This may indicate a misinterpretation of sensory information and therefore a lower
level of awareness and command following. Finally, the mean
BIS value at 1.0 μg ml−1 target concentration was lower for
these four subjects (80.6) than the mean of the other eight
subjects (84.4).

always mean consciousness. The method of IFT is simple but
its interpretation is controversial. One arm of the patient is
isolated from the circulation so that it remains unaffected
when a neuromuscular blocker is administered. The patient is
asked to respond to command by moving the unparalysed
hand. An awake patient would thus be able to communicate
his/her state of awareness. According to the Global Workspace Theory specialized neuronal networks can execute
movements on verbal command without the subject being
conscious. This could explain why in some IFT studies
patients responded to command, but did not show any
spontaneous response to surgery [31]. In addition, movements
during IFT are not correlated with any recall of events in most
of the studies on IFT [35].
It might be hypothesized that in our study the movements
were executed on a subconscious level at a certain propofol
target concentration. For the four volunteers showing—to a
certain extent—deviating results, the progressive loss of the
respective functions constituting consciousness could have
been more rapid than in the other participants. If Pandits
model is right and if the group of four shows signs of dysanesthesia, then they would no longer belong to the primary
target population of our research project.
As the BCI detects real cortical involvement during
movement, it may be an even better measure of intraoperative
awareness than the BIS or the IFT. Nevertheless, we must
recognize that the state of dysanesthesia might represent a
precursor for awareness [32].
4.3. Limitations and future research

To ﬁnd more conclusive answers on the matters discussed
here, future studies on our proposed paradigm could be
expanded with behavioral measures to track memory formation after drug administration. Moreover, it would be highly
interesting to measure the EEG above the motor cortex during
the IFT and to correlate this with memory formation. A difﬁculty presented by that type of research setting, however, is
that it is very sensitive to the Heisenberg uncertainty principle
with a marked observer effect: every behavioural measurement of consciousness itself is potentially altering the state of
consciousness by being an arousal stimulus.
Despite this study being conducted in an operating room,
the question still remains to which extent this controlled
research setting mirrors the real clinical situation. The focus
of a patient awakening during surgery who follows movement
commands for seconds to escape this situation is different
from that of a paid volunteer performing a non-demanding
repeating task in a non-stimulating environment for more than
an hour. This may explain the marked sedation of the
volunteers at relatively low propofol concentrations, as the
actual state of sedation is always the result of the balance
between sedating drug effect and environmental arousal. For
example, Röpcke and colleagues [36] studied the effect of
surgical stimulation on the EEG. They found a shifted doseresponse relationship for the effect of anesthetic drugs on the
EEG depending on the presence or absence of surgical
stimulation.

4.2. Models of consciousness

The current study was based on the assumption that a patient
under general anesthesia would either be unconscious and
hence not move while being stimulated, or the patient would
be conscious and move, unless paralysed. Our ﬁndings indicate that instead a more detailed model of consciousness
should be adopted.
While the above observations may not be sufﬁcient to
draw any hard conclusions, they do indicate that the group of
four volunteers may have been close to a state described by
Pandit [31] as ‘dysanesthesia’ at the target concentration of
1.0 μg/ml. In this state, one may respond to simple commands but not to surgical stimuli. There is a certain degree of
consciousness, but perception and sensory input are uncoupled such that memory formation is unlikely. This state is,
according to Pandit, the minimum requirement for satisfactory general anesthesia [32]. Our ﬁndings seem to be in line
with the functional model of consciousness proposed by
Pandit as well as his view on the isolated forearm technique
(IFT, [33, 34]).
While reviewing results from IFT, Pandit has suggested
that patients may have retained some limited capacity for
responsiveness to simple command, but that this does not
7
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This study was a ﬁrst exploration as to whether motor
response detection after hypnotics administration may be
feasible. Meanwhile, BCI research is continually bringing
forth further advancements, of which many may be applied to
the paradigm proposed here. For example, improvement of
motor detection performance could be gained by taking into
account multi-trial classiﬁcation (i.e. increasing the amount of
information the classiﬁer uses for making its decision) and by
adapting the system to achieve a certain true positive/false
positive trade-off rate. Moreover, with the development of
more advanced EEG systems a reduction in setup time and
signal noise can be expected in the near future. The introduction of wireless and dry electrodes will also mean an
improvement in comfort and user-friendliness, which is
important for clinical use [37–39].

[4]
[5]

[6]
[7]

[8]

4.4. Conclusions

To conclude, despite a clear effect of propofol on the EEG,
changes in sensorimotor rhythms could still be detected in
sedated volunteers. These ﬁndings are encouraging for the
further development of a BCI for detecting attempted movements during intraoperative awareness. Importantly, in contrast to existing monitors, it is based on active communication
by the patient, rather than a passive interpretation of the brain
signal. However, alongside further technical development of
the proposed system, a more precise model of the relationship
between motor responses and consciousness is required.
Because some volunteers moved without a clear correlated
EEG response, future studies are needed to investigate the
exact state of consciousness in these cases, as well as its
clinical relevance for intraoperative awareness. This provides
an opportunity for deeper insights in this challenging ﬁeld of
research. At the very least, anesthesiology research could
beneﬁt from BCI technology in general. Much insight could
be gained by connecting with this ﬁeld of research as anesthesiologists and BCI experts pursue a similar goal: communication by patients in a conscious locked-in state.

[9]

[10]

[11]
[12]

[13]

[14]
[15]
[16]

Acknowledgments

[17]

The authors declare to have no conﬂicts of interest. This work
was supported by VIDI grant number 91710346 from the
Netherlands Organisation for Scientiﬁc Research (NWO).

[18]

References

[19]

[1] Nijboer F et al 2008 A p300-based brain–computer interface
for people with amyotrophic lateral sclerosis Clin.
Neurophysiol. 119 1909–16
[2] Ghoneim M 2007 Incidence of and risk factors for awareness
during anaesthesia Best Prac. Res. Clin. Anaesthesiology 21
327–43
[3] Pandit J J, Cook T M, Jonker W R and O’Sullivan E 2013 A
national survey of anaesthetists (nap5 baseline) to estimate
an annual incidence of accidental awareness during general

[20]

[21]
[22]

8

anaesthesia in the UK Anaesthesia 68 343–53 joint
publication with British journal of anaesthesia
Bruhn J, Bouillon T W and Shafer S L 2000
Electromyographic activity falsely elevates the bispectral
index Anesthesiology 92 1485–7
Manyam S C, Gupta D K, Johnson K B, White J L, Pace N L,
Westenskow D R and Egan T D 2007 When is a bispectral
index of 60 too low?: rational processed
electroencephalographic targets are dependent on the
sedative-opioid ratio Anesthesiology 106 472–83
Avidan M S, Zhang L, Burnside B A, Finkel K,
Searleman A and Selvidge J 2008 Anesthesia awareness and
the bispectral index New England J. Med. 358 1097–108
Kaskinoro K, Maksimow A, Långsjö J, Aantaa R,
Jääskeläinen S, Kaisti K and Särkelä M 2011 Wide interindividual variability of bispectral index and spectral entropy
at loss of consciousness during increasing concentrations of
dexmedetomidine, propofol, and sevoﬂurane Br. J.
Anaesthesia 107 573–80
Yuan H and He B 2014 Brain–computer interfaces using
sensorimotor rhythms: current state and future perspectives
IEEE Trans. Biomed. Eng. 61 1425–35
Kauhanen L, Jylänki P, Lehtonen J, Rantanen P,
Alaranta H and Sams M 2007 Eeg-based brain–computer
interface for tetraplegics Comput. Intell. Neurosci. 2007
23864
Cruse D, Chennu S, Chatelle C, Beckinschtein T,
Fernández-Espejo D, Pickard J D, Laureys S and Owen A M
2011 Bedside detection of awareness in the vegetative state:
a cohort study The Lancet 378 2088–94
Musizza B and Ribaric S 2010 Monitoring the depth of
anaesthesia Sensors 10 10896–935
Blokland Y M, Farquhar J D R, Mourisse J, Scheffer G J,
Lerou J and Bruhn J 2012 Towards a novel monitor of
intraoperative awareness: selecting paradigm settings for a
movement-based brain–computer interface PLoS One 7
e44336
Blokland Y M, Spyrou L, Lerou J, Mourisse J, Scheffer G J,
van Geffen G-J, Farquhar J D R and Bruhn J 2015 Detection
of attempted movement from the eeg during neuromuscular
block: proof of principle study in awake volunteers Sci. Rep.
5 12815
Purdon P L et al 2013 Electroencephalogram signatures of loss
and recovery of consciousness from propofol PNAS 110
E1142–1151
Mukamel E A et al 2014 A transition in brain state during
propofol-induced unconsciousness J. Neurosci. 34 839–45
Escallier K E, Nadelson M R, Zhou D and Avidan M S 2014
Monitoring the brain: processed electroencephalogram and
peri-operative outcomes Anaesthesia 69 899–910
Pope K J, Fitzgibbon S P, Lewis T W, Whitham E M and
Willoughby J O 2009 Relation of gamma oscillations in
scalp recordings to muscular activity Brain Topography 22
13–7
Pfurtscheller G and Lopes da Silva F H 1999 Event-related
eeg/meg synchronization and desynchronization: basic
principles Clin. Neurophysiol. 110 1842–57
Perrin F, Pernier J, Bertrand O and Echallier J F 1989 Spherical
splines for scalp potential and current density mapping
Electroencephalogr. Clin. Neurophysiol. 72 184–7
Welch P 1967 The use of fast fourier transform for the
estimation of power spectra: a method based on time
averaging over short, modiﬁed periodograms IEEE Trans.
Audio Electroacoust. 15 70–3
Bishop C 2006 Pattern Recognition and Machine Learning
(New York: Springer)
Kishimoto T, Kadoya C, Sneyd R, Samra S K and Domino E F
1995 Topographic electroencephalogram of propofol-

J. Neural Eng. 13 (2016) 026014

[23]
[24]
[25]
[26]
[27]

[28]

[29]

[30]

Y Blokland et al

[31] Pandit J J 2013 Isolated forearm—or isolated brain?
interpreting responses during anaesthesia—or
‘dysanaesthesia’ Anaesthesia 68 995–1009
[32] Pandit J J 2014 Acceptably aware during general
anaesthesia: ‘dysanaesthesia’—the uncoupling of
perception from sensory inputs Consciousness Cogn. 27
194–212
[33] Tunstall M E 1977 Detecting wakefulness during general
anaesthesia for caesarean section Br. Med. J. 1 1321
[34] Russell I F and Wang M 2014 Isolated forearm technique and
consciousness Anaesthesia 69 78–80
[35] Sanders R D, Tononi G, Laureys S and Sleigh J W 2012
Unresponsiveness ¹ unconsciousness Anesthesiology 116
946–59
[36] Röpcke H, Rehberg B, Koenen-Bergmann M, Bouillon T,
Bruhn J and Hoeft A 2001 Surgical stimulation shifts eeg
concentration—response relationship of desoﬂurane
Anesthesiology 94 390–9
[37] Hairston W D, Whitaker K W, Ries A J, Vettel J M,
Bradford J C, Kerick S E and McDowell K 2014 Usability
of four commercially oriented eeg systems J. Neural Eng. 11
046018
[38] Jakab A, Kulkas A, Salpavaara T, Kaupinnen P, Verho J,
Heikkilä H and Jäntti V 2014 Novel wireless
electroencephalography system with a minimal preparation
time for use in emergencies and prehospital care Biomed.
Eng. Online 13 60
[39] Chi Y M, Wang Y T, Wang Y, Maier C, Jung T P and
Cauwenberghs G 2012 Dry and noncontact eeg sensors for
mobile brain–computer interfaces IEEE Trans. Neural Sys.
Rehabil. Eng. 20 228–35

induced conscious sedation Clin. Pharmacology
Therapeutics 58 666–74
Bruhn J, Myles P S, Sneyd R and Struys M M R F 2006 Depth
of anaesthesia monitoring: what’s available, what’s validated
and what’s next? Br. J. Anaesthesia 97 85–94
Müller-Putz G R, Scherer R, Brunner C, Leeb R and
Pfurtscheller G 2008 Better than random? A closer look on
bci results Int. J. Bioelectromagnetism 10 52–5
Kindermans P-J, Schreuder M, Schrauwen B, Müller K-R and
Tangermann M 2014 True zero-training brain–computer
interfacing—an online study PLoS One 9 e102504
Fazli S, Popescu F, Danóczy M, Blankertz B, Müller K and
Grozea C 2009 Subject-independent mental state
classiﬁcation in single trials Neural Netw. 22 1305–12
Lotte F and Guan C 2010 Learning from other subjects helps
reducing brain–computer interface calibration time Int. Conf.
on Audio Speech and Signal Processing (ICASSP) (Dallas,
United States) pp 614–7
Reuderink B, Farquhar J, Poel M and Nijholt A 2011 A subject
independent brain–computer interface using smooth,
second-order baselining Proc. 33rd Conf. of EMBS-IEEE
2011 (Boston, USA)
Niazi I K, Jiang N, Jochumsen M, Nielsen J F,
Dremstrup K and Farina D 2013 Detection of movementrelated cortical potentials based on subject-independent
training Med. Biol. Eng. Comput. 51 507–12
Gugino L D, Chabot R J, Prichep L S, John E R,
Formanek V and Aglio L S 2001 Quantitative eeg changes
associated with loss and return of consciousness in healthy
adult volunteers anaesthetized with propofol or sevoﬂurane
Br. J. Anaesthesia 87 421–8

9

