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Abstract

We investigated the performance of the qCON index regarding its time delay for sudden changes in the anesthetic level as
well as to separate responsiveness from unresponsiveness during loss and return of responsiveness (LOR and ROR). For
evaluation of the time delay, we replayed relevant EEG episodes to the qCON to simulate sudden changes between the states
(i) awake/sedation, (ii) adequate anesthesia, or (iii) suppression. We also replayed EEG from 40 patients during LOR and
ROR to evaluate the qCON’s ability to separate responsiveness from unresponsiveness. The time delays depended on the
type of transition. The delays for the important transition between awake/sedation and adequate anesthesia were 21(5) s
from awake/sedation to adequate anesthesia and 26(5) s in the other direction. The performance of the qCON to separate
responsiveness from unresponsiveness depended on signal quality, the investigation window, i.e. +30 s or + 60 s around
LOR/ROR, and the specific transition being tested. AUC was 0.63-0.90 for LOR and 0.61-0.79 for ROR. Time delay and
performance during state transitions of the qCON were similar to other monitoring systems such as bispectral index. The
better performance of qCON during LOR than ROR probably reflects the sudden change in EEG activity during LOR and
the more heterogeneous EEG during ROR.
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1 Introduction 1.1 Monitoring the hypnotic component
of anesthesia
Monitoring the hypnotic component of anesthesia based on
frontal electroencephalographic (EEG) recordings during =~ Monitoring devices calculate an index based on processed
surgical interventions has gained increasing popularity over =~ EEG parameters, mainly derived from the frequency
the last twenty years. domain. The most common monitor is the bispectral index
(BIS, Medtronic, Dublin, Ireland) that uses information from
the power spectrum as well as from higher order spectra [1].
Other available devices are the Entropy Module (GE Health-
care, Little Chalfont, UK) [2], the Narcotrend (NCT, Moni-
torTechnik, Bad Bramstedt, Germany) [3], the Index of Con-
sciousness (IoC; Morpheus Medical, Barcelona, Spain) [4],
This article contains work performed by Adrian Meyer in or the patient state index (PSI, SEDLine, Masimo, Irvine,
fulfillment of his doctoral thesis at Witten/Herdecke University. CA) [5]. These devices also evaluate changes in the EEG
frequency composition that are induced by many of the com-
mon anesthetics, namely a shift from a low amplitude, high
frequency signal in a responsive patient to a slow rhythm
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block [9, 10]. Another issue is the time delay of index cal-
culation that may prevent the anesthesiologist from timely
detecting sudden changes in the anesthetic level [11-13].
These issues may hinder the indices to reliably separate con-
scious or responsive states from unconscious or unrespon-
sive states on-line at the state transitions [14—16]. Specific
information regarding the performance of a relatively new
index, the qCON (Quantium Medical, Mataro, Spain) [17],
that is now integrated in the CONOX monitor (Fresenius
Kabi AG, Bad Homburg, Germany) [18], is not available
to a great extent. Here we present the results regarding the
time delay of the qCON as well as its ability to distinguish
(goal-directed) responsiveness from unresponsiveness [19,
20] state transitions.

1.2 The qCON

The qCON processes frontal EEG information and reflects
the estimated anesthetic level as a dimensionless number
between 99 (fully awake) and O (isoelectric EEG) and the
detailed algorithm is described in the article by Jensen et al.
[17] In short, the index is based on four spectral parameters
that are calculated from the signal energy of different EEG
frequency bands. Prior to the calculation of these parameters
the recorded EEG is checked for artefacts using an artefact
rejection routine. An Adaptive Neuro Fuzzy Inference Sys-
tem (ANFIS) forms the core of the algorithm that is used to
evaluate the anesthetic level. In short, the single parameters
represent the logarithmic energy ratio between the classi-
cal EEG theta, alpha, beta and gamma bands and the total
energy in the signal frequency range from 1 to 44 Hz. The
ANFIS combines these parameters and a burst suppression
parameter using set rules and generates an index that cor-
responds with the anesthetic level. qCON indices > 80 corre-
spond to the awake state or light sedation and the index range
from 60 to 40 corresponds to the anesthetic level suitable
for adequate anesthesia. Lower indices are associated with
deep anesthesia and burst suppression. In order to detect
burst suppression, the qCON calculates a burst suppression
ratio (BSR) that is defined as the fraction of suppressed EEG
activity within 30 s and ranges between 0 and 100%.

In order to evaluate the performance of the qCON, we
used pre-recorded EEG signals derived during loss and
return of responsiveness (LOR/ROR) state transitions as
well as steady state recordings that displayed stable qCON
indices over a defined time span.

2 Methods

We performed all of our analyses using previously recorded
EEG data which were derived from patients participating in
two different studies who had consented in written form to
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the protocol, which was approved by the ethics committee
of the Technische Universitit Miinchen, Munich, Germany.

In order to use the most suitable data set for transition and
time delay analysis, we used two different data sets.

2.1 Data for time delay estimation

For the task of evaluating the time delay, we used EEG epi-
sodes from the study by Horn et al. [21] that led to a stable
index behavior over 5 min. This study was designed to keep
the anesthetic at constant concentrations for 15 min, allow-
ing for the extraction of EEG episodes with a stable index.

2.2 Data for evaluation of qCON at state transitions

For the evaluation of the qCON performance at the state
transitions, we replayed data from a previously published
study by Schneider et al. that was designed to evaluate the
bispectral index at the state transitions during anesthesia
induction and awareness as well as during a short episode
of simulated awareness [15]. In short, the EEG was recorded
with a sampling rate of 1 kHz and a band pass from 0.5 to
400 Hz from frontal positions using a BIS A-1000 monitor.

EEG data from both studies has been stored in an institu-
tional, custom made database [22]. Selected EEG episodes
were played back to the qCON using a custom made device
[23].

2.2.1 Evaluation of time delay

For evaluation of the time delay of index calculation of the
gCON following sudden, simulated, changes between differ-
ent anesthetic levels, we first searched for EEG episodes of
5 min that led to stable indices reflecting the states awake/
sedation and adequate anesthesia. In accordance with the
qCON guidelines (https://quantiummedical.com/products/
gcon2000/), qCON values between 40 and 60 reflect ade-
quate anesthesia and qCON values above 80 indicate awake/
sedation. For our analyses, we used five of these segments
from five different patients for each level, i.e., awake/seda-
tion and adequate anesthesia.

For simulation of the very deep anesthesia level suppres-
sion, reflected by an isoelectric EEG suppression signal, we
used a zero line. The five 5 min episodes leading to stable
awake/sedation indices and the five 5 min episodes leading
to stable adequate anesthesia indices were concatenated in
all possible 25 combinations in order to evaluate sudden
state transitions from (i) suppression to awake/sedation
and back, (ii) suppression to adequate anesthesia and back,
as well as (iii) adequate anesthesia to awake/sedation and
back. We measured the qCON time delay for each transition
as the time span of the qCON from the sudden change of
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state to the display of an index value representing the new
state.

In contrast to our experiments with other monitors of the
hypnotic component of anesthesia [13, 19] the recorded EEG
sequences extracted from our database did not all produce
nearly stable qCON index values. This different behavior
may be due to the different approaches the devices calculate
the index. We were therefore not able to establish a reference
target index value as described previously [11, 13]. Hence,
we used the qCON ranges for awake/sedation and adequate
anesthesia as given by the manufacturer.

The target index ranges were qCON of 80 or above for
awake/sedation, qCON between 40 and 60 for adequate
anesthesia, and a qCON below 3 for suppression. The con-
catenated EEG sequences suppression to awake/sedation to
suppression (n=135) and suppression to adequate anesthesia
to awake/sedation to adequate anesthesia to suppression
(n=25, five times five possible combinations between ade-
quate anesthesia and awake/sedation EEG sequences) were
replayed three times and the complete results were used to
determine the time delay.

2.2.2 Evaluation of the qCON at LOR and ROR

To evaluate the performance of the qCON to distinguish
between responsiveness and unresponsiveness at the state
transitions LOR and ROR we used pre-recorded EEG from
a different data set recorded with the intention to evaluate
processed EEG during LOR and ROR. State transitions
were assessed by the anesthesiologist as loss (LOR) or
return (ROR) of a repeated response to verbal command as
previously described. The repeated response to a command
correlates to a state of goal-directed responsiveness [20].
The generation of these EEG data and the clinical protocol
are described in detail elsewhere [15]. Briefly, 40 unpre-
medicated patients scheduled for elective surgery were
randomly assigned to receive either sevoflurane/remifen-
tanil or propofol/remifentanil anesthesia. During smooth
induction with either sevoflurane or propofol, patients
were asked every 30 s to squeeze the hand of the investi-
gator. Failure to respond to command was defined LOR1.
Then, Tunstall’s isolated forearm technique [24] was
employed to further assess responses after neuromuscular
blockade with succinylcholine. After tracheal intubation,
administration of sevoflurane or propofol was discontin-
ued until response to command returned (ROR1). Subse-
quently, delivery of anesthetic drugs was resumed. Ces-
sation of response indicated LOR2. At the end of surgery,
anesthetic drugs were discontinued and the first response
of the patient to verbal command marked ROR2. Because
this intermediate state the patient regained responsive-
ness (ROR1/LOR?2) was a very dynamic process of short
duration, we refrained from including these transitions in

our analysis and only used LOR1 and ROR2. In order to
consider the signal quality of the EEG we used the infor-
mation provided by the qCON monitor as signal quality
index (SQI). The SQI ranges from 0 to 100% and provides
information regarding the reliability of the qCON index.
In previous studies SQI < 50 were excluded from analyses
because of low signal quality [17, 25]. In accordance, we
evaluated the performance of the qCON for the (i) entire
data set, (ii) only cases with SQI > 50, and (iii) SQI > 75.

In order to evaluate possible differences in the qCON per-
formance to track the transition during this highly dynamic
phase we chose to extract the qCON indices at two different
time points (30 and 60 s) before and after the transition. We
then compared the indices extracted 30 s before the transi-
tion (— 30 s) with the indices 30 s after (+ 30 s) the transition
and we reran the analyses for the + 60 s setting.

2.3 Statistical analysis

We chose to present the results from the time delay analysis
in a descriptive form. For the evaluation of the ability of
gCON to distinguish responsiveness from unresponsive-
ness during LOR and ROR we calculated the area under
the receiver operating characteristics curve (AUC) with
10 k-fold bootstrapped 95% confidence intervals using the
MES toolbox [26]. For dichotomous data as in our case the
AUC is identical to the prediction probability (PK) [27].
AUC ranges between 0.5 and 1 or 0 and 1 if the direc-
tion is considered. For our analyses, AUC =1 means that
every qCON index can be assigned to either responsiveness
or unresponsiveness with 100% certainty. An AUC=0.5
means that the assignment of a qCON to one of the states is
by chance. As a role of thumb, AUC >0.7 seems to present
an effect (performance) of relevance [28]. The performance
in the range of AUC>0.7 to AUC =1 may be categorized
as AUC=[0.90-1]: excellent, AUC =[0.80-0.90]: good,
AUC=[0.70-0.80]: fair [29]. We used MATLAB R2017b
to create the plots and Inkscape 0.48 to edit the figures.

3 Results
3.1 Time delay of the qCON

The mean time delay of the qCON for the single transitions
ranged from 21 to 52 s. The fastest transitions were from
awake/sedation to adequate anesthesia and back. The slow-
est transitions were from both awake/sedation and adequate
anesthesia back to suppression. Table 1 presents the detailed
delays for the single transitions. Figure 1 displays the course
of qCON index values during the experiments.
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3.2 Performance of qCON between LOR and ROR

Out of the 40 patients, we were able to include 38 patients
for evaluating the performance at LOR and 34 patients
for evaluating the performance at ROR. This number
decreased with increasing SQI threshold. For LOR we had
28 patients with SQI> 50 and 23 patients with SQI> 75.
We could include 33 patients for both SQI thresholds for
ROR.

In general, we found better performance of the qCON
during LOR than at ROR. The performance depended on
the quality of the EEG signal as evaluated by SQI as well
as for the time the qCON was used for analysis before and
after LOR or ROR (+30 s, + 60 s). We found highest AUC
for the data with SQI>75 and the + 60 s setting. For LOR,
this AUC was 0.90 [95% CI 0.77-0.99] and it was 0.79
[0.67-0.90] for ROR. Table 2 presents the AUC values for
all settings used.

Table 1 Time delays of index
calculation at the different
transitions

Transition Target qCON range Time delay (s) Time delay (s)
(mean (SD)) [median (range)]
Suppression — adequate anesthesia qCON>40 46 (4) 44 (41-67)
Suppression — awake/sedation qCON >80 45 (2) 45 (41-47)
Adequate anesthesia— awake/sedation qCON >80 26 (5) 25 (16-38)
Awake/sedation — adequate anesthesia qCON <60 21 (5) 20 (11-36)
Adequate anesthesia — suppression qCON<3 52 (4) 51 (48-63)
Awake/sedation — suppression qCON<3 52 (4) 50 (49-62)

The fastest adaption to the changed state occurs at transitions between awake/sedation and adequate anes-
thesia in the 20 s to 30 s range. The slowest transitions are towards suppression with delays above 50 s
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Fig.1 Time delay of state transitions. The qCON showed different
time delays for the different state transitions. a For the transition from
suppression to awake/sedation and back, the delay was 45(2) s and
52(4) s. b For the transition from suppression to adequate anesthe-
sia and back, the delay was 46(4) s and 52(4) s. For the transition

200 400 600 800 1000
time [s]

1200

from adequate anesthesia to awake/sedation and back, the delay was
26(5) s and 21(5) s. The blue lines indicate the median and the green
lines indicate the single replays. The grey squares indicate the target
region. Delays in the legend are presented as mean and standard devi-
ation

Table 2 AUC of the LOR/ROR

" . LOR (£305)
transitions for different temporal

LOR (+60s) ROR (+30's) ROR (+60 s)

and SQI settings All data 0.63 [0.50-0.75]
SQI>50 0.69 [0.52-0.84]
SQI>75 0.76 [0.58-0.92]

0.74 [0.62-0.85]
0.85 [0.72-0.95]
0.90 [0.77-0.99]

0.61 [0.47-0.74]
0.61 [0.47-0.74]
0.62 [0.47-0.77]

0.76 [0.63-0.87]
0.76 [0.63-0.87]
0.79 [0.67-0.90]

The performance of qCON to separate responsiveness from unresponsiveness as indicated by AUC and
95% confidence intervals was dependent on the signal quality (SQI) and the time qCON was extracted
(305,60 s). In general, AUC was higher for LOR than for ROR
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In order to depict the differences, Fig. 2 displays the per-
formance of qCON at LOR and ROR for the +30 s and +60 s
setting when we only used the EEG recordings with a
SQI>75 during LOR or ROR.

Figure 3 displays the AUC curves for the different SQI
and temporal settings (+30 s, + 60 s) for LOR and ROR and
highlights the different. SQI-dependent performances. LOR
Loss of responsiveness, ROR Return of responsiveness, SO/
signal quality index.

4 Discussion

The qCON monitor is a relatively new device with only a
limited number of published investigational reports. A previ-
ous study investigated the performance of qCON and BIS
in detecting the loss of consciousness defined as loss of
eyelash reflex. The authors compared mean qCON values
derived over 1 min immediately before starting the infusion
pumps with mean qCON values derived over 1 min imme-
diately after the loss of eyelash reflex. They determined a

100 ogessero o 100
o®
80 80
=z 60 [ = 60
[} o
Q Q
S a0 S a0
20 20
responsive
unresponsive
-30s +30s -30s +30s
LOR ROR
1001 ogeseeno o 100
0o op
80 80
a
=z 60 =z 60
] ]
Q Q
S a0 S a0
20 ) 20
-60s +60s -60s +60s
LOR ROR

Fig.2 Performance of qCON at the state transitions. Performance
(AUC) for the qCON at the LOR (left, a, ¢) and ROR (right, b, d)
transition for different time settings, i.e., the comparison from qCON
obtained 30 s before and after LOR/ROR (top, a, b) and 60 s before
and after LOR/ROR (bottom). The single dots represent individual
cases. Only cases with a signal quality > 75 were included. LOR Loss
of responsiveness, ROR Return of responsiveness;
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Fig.3 AUC curves. The performance at LOR was strongly dependent
on signal quality that was not the case at ROR, mainly due to better
SQI at ROR. Further the performance was better for LOR as it was
for ROR and the longer the time between even (LOR/ROR) and the
extracted qCON values, the better was the performance. The dots
indicate the optimal operating point. LOR Loss of responsiveness,
ROR Return of responsiveness, SQI signal quality index

PK of 0.92 for qCON and 0.94 for BIS [17]. In a conference
abstract, Valencia et al. described that qCON performance
during loss of eyelash reflex is similar to BIS [30]. In addi-
tion, a similar performance of the qCON compared to BIS
has been reported for sedation during bronchoscopic inter-
ventions [31].

4.1 Time delay of the qCON

The qCON shows a time delay between around 20 and 50 s
depending on the transition between the different levels. It
has the longest delay for the transitions from either adequate
anesthesia or awake/sedation to suppression and the shortest
delay for the transitions from adequate anesthesia to awake/
sedation as well as from awake/sedation to adequate anes-
thesia. These transitions between adequate anesthesia and
awake/sedation are probably of the highest clinical inter-
est, because they reflect the transition between conscious-
ness/responsiveness and unconsciousness/responsiveness
and vice versa. If the monitored patient for instance shows
an unwanted waking (EEG) response, the anesthesiologist
should react to it as soon as possible because longer epi-
sodes of wakefulness are associated with a higher risk for
intraoperative recall [32]. The longer time delays into and
out of suppression may be due to the detection algorithm
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for suppression that requires 30 s of EEG information for
calculation of total suppression [17].

In comparison to the previously published data for IoC
[11] the qCON adapts significantly faster to a change of the
anesthetic level. It also has a significantly shorter delay than
reported delays for the State Entropy (SE) of the Entropy
Module in the transitions from suppression to adequate
anesthesia or awake/sedation, from awake/sedation to ade-
quate anesthesia, and from awake/sedation to suppression
[11]. Since we were only able to evaluate the time delay of
the qCON to reach the relevant index interval, a direct com-
parison to the previously presented time delays of BIS and
NCT is not possible. For these monitors the time delay to
reach a stable index value has been evaluated previously [12,
13]. But the delays still seem to be in a comparable range.
The BIS requires 25 s (NCT: 49 s) to adequately react on
the transition from adequate anesthesia to awake/sedation
and 25 s (NCT: 24 s) for the backward transition. Taken
together, the time delay of the qCON to sudden changes of
the anesthetic levels is rather fast compared to other moni-
tors but still considerable. In addition, the minimum/maxi-
mum delays we found for each transition could be different
by around 20 s. One possibility for these differences could
be based in the way the ANFIS is generating the indices.
Hence, this time delay of the qCON may impair timely
detection of intraoperative awareness and raise trouble if it
is used for pharmacodynamic modelling, especially since the
time delays are different for different transitions.

4.2 Performance of qCON during state transitions

We observed better performance of qCON to separate
responsiveness from unresponsiveness dependent on the
EEG signal quality as well as on the temporal distance of
the extracted qCON values to the LOR/ROR transition.
When only considering EEG with very high signal quality
(SQI>75) the performance for distinguishing responsive-
ness from unresponsiveness during LOR was fair, accord-
ing to the AUC classification as described in the Statistical
Analysis section, for the qCON when extracted 30 s before
and after LOC and it was excellent for the + 60 s setting.
For ROR, the performance was fail, for the +30 s and fair
for the + 60 s setting. In order to compare the performance
of the qCON with other monitors, we have to consider the
whole data set, because in other studies evaluating different
monitoring systems, the performance was not evaluated for
different SQI thresholds. Under these conditions, the per-
formance of qCON at LOR and ROR failed at the +30 s
setting and was fair in the + 60 s setting. For similar sce-
narios, the BIS, the patient state index, as well as the NCT
showed rather poor performance as well [16, 33, 34]. The
State Entropy seemed to perform a little better [35] in cer-
tain but not all studies investigating anesthetic-induced state
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transitions [34]. In general, higher AUC values indicating
a better performance to separate between consciousness
and unconsciousness were reported [34, 36, 37]. But these
analyses were performed during less challenging conditions.
These studies compared index values when the patient was
fully awake versus the index at loss of consciousness [34],
or during stable levels of ICU sedation [37]. Another study
tracked modeled propofol effect site concentrations [36]. In
contrast to the AUC derived from these studies, our analy-
ses focused on the dynamic transition in and out of general
anesthesia. Hence, our lower AUC values most probably are
a consequence of the different settings.

In general, this highly dynamic episode during state tran-
sitions in combination with the reported delay of index cal-
culation may cause these rather poor performances. The fact
that the EEG during loss of consciousness shows a sudden
change from fast to slow oscillatory activity [38], whereas
during return of consciousness the EEG patterns of anesthe-
sia emergence can be quite different [39, 40] seem to explain
the better performance of the qCON during LOR.

5 Limitations

We used pre-recorded EEG for our analysis of time delay
and performance instead of recording the qCON directly
from the patient. But since our method has been established
[14, 16, 35] and other groups have presented similar tech-
nologies as well [41] we are confident that our analyses can
add valuable information to the field of EEG-based depth of
anesthesia monitoring. Our patients either received propo-
fol or sevoflurane as primary anesthetic agent and the age
span of the patients was rather wide. Since both age [42,
43] and anesthetic agent [44] can influence the (frontal)
EEG our results present a broad overview of the perfor-
mance of the qCON. In order to evaluate the performance
in a more detailed way, future studies of adequate sample
size are necessary. Further, the electrode positions during
EEG recording may have been slightly different from the
qCON electrode locations. Published results describe that
BIS values recorded from frontal and postauricular mon-
tages are similar [45]. Further, with our approach we could
only investigate the qCON performance during the transi-
tions without any neuromuscular blockade. Since relaxation
can influence EEG-based monitoring as shown for the BIS
[9, 10] we cannot draw the conclusion of how the qCON
would react in a situation of possible intraoperative aware-
ness during neuromuscular blockade.

In summary, we could show that the qCON seems to per-
form in a similar fashion when compared to other devices.
We could highlight, as we have previously shown for other
monitors, that the index (QCON) presents a considerable
time delay during sudden state transitions, simulated by
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concatenation of EEG segments reflecting a stable qCON
at the different levels awake/sedation, adequate anesthesia,
and suppression. Further, the performance for capturing the
state transitions is rather poor, most probably caused by the
combination of time delay and the highly dynamic nature
of the EEG during transitions in and out of responsiveness.

Acknowledgements Open Access funding provided by Projekt DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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

1. Rampil IJ. A primer for EEG signal processing in anesthesia.
Anesthesiology. 1998;89:980-1002.

2. Viertio-Oja H, Maja V, Sarkela M, Talja P, Tenkanen N, Tolva-
nen-Laakso H, Paloheimo M, Vakkuri A, Yli-Hankala A, Mer-
ilainen P. Description of the entropy algorithm as applied in the
datex-ohmeda S/5 entropy module. Acta Anaesthesiol Scand.
2004;48(2):154-61.

3. Kreuer S, Wilhelm W. The Narcotrend monitor. Best Pract Res
Clin Anaesthesiol. 2006;20(1):111-9.

4. Revuelta M, Paniagua P, Campos JM, Fernandez JA, Martinez A,
Jospin M, Litvan H. Validation of the index of consciousness dur-
ing sevoflurane and remifentanil anaesthesia: a comparison with
the bispectral index and the cerebral state index. Br J Anaesth.
2008;101(5):653-8.

5. Drover D, Ortega HR. Patient state index. Best Pract Res Clin
Anaesthesiol. 2006;20(1):121-8.

6. Brown EN, Lydic R, Schiff ND. General anesthesia, sleep,
and coma. N Engl J Med. 2010;363(27):2638-50. https://doi.
org/10.1056/NEJMra0808281.

7. Avidan MS, Zhang L, Burnside BA, Finkel KJ, Searleman AC,
Selvidge JA, Saager L, Turner MS, Rao S, Bottros M, Hantler C,
Jacobsohn E, Evers AS. Anesthesia awareness and the bispec-
tral index. N Engl J Med. 2008;358(11):1097-108. https://doi.
org/10.1056/NEJMo0a0707361.

8. Myles PS, Leslie K, McNeil J, Forbes A, Chan MTV. Bispec-
tral index monitoring to prevent awareness during anaes-
thesia: the B-aware randomised controlled trial. Lancet.
2004;363(9423):1757-63.

9. Messner M, Beese U, Romstock J, Dinkel M, Tschaikowsky K.
The bispectral index declines during neuromuscular block in fully
awake persons. Anesth Analg. 2003;97(2):488-91.

10. Schuller P, Newell S, Strickland P, Barry J. Response of bispectral
index to neuromuscular block in awake volunteers. Br J Anaesth.
2015;115(suppl 1):i95-i103.

11. Kreuzer M, Zanner R, Pilge S, Paprotny S, Kochs EF, Schneider
G. Time delay of monitors of the hypnotic component of anesthe-
sia: analysis of state entropy and index of consciousness. Anesth
Analg. 2012;115(2):315-9.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Pilge S, Zanner R, Schneider G, Blum J, Kreuzer M, Kochs E.
Time delay of index calculation: analysis of cerebral state, bispec-
tral, and narcotrend indices. Anesthesiology. 2006;104(3):488-94.
Zanner R, Pilge S, Kochs EF, Kreuzer M, Schneider G. Time
delay of electroencephalogram index calculation: analysis of cer-
ebral state, bispectral, and Narcotrend indices using periopera-
tively recorded electroencephalographic signals. Br J Anaesth.
2009;103(3):394-9.

Pilge S, Blum J, Kochs EF, Schoniger SA, Kreuzer M, Schnei-
der G. Does the cerebral state index separate consciousness from
unconsciousness? Anesth Analg. 2011;113(6):1403-10. https://
doi.org/10.1213/ANE.0b013e31823007cd.

Schneider G, Hollweck R, Ningler M, Stockmanns G, Kochs EF.
Detection of consciousness by electroencephalogram and auditory
evoked potentials. Anesthesiology. 2005;103(5):934—43.
Schneider G, Kochs E, Horn B, Kreuzer M, Ningler M.
Narcotrend(R) does not adequately detect the transition between
awareness and unconsciousness in surgical patients. Anesthesiol-
ogy. 2004;101(5):1105-11.

Jensen EW, Valencia JF, Lopez A, Anglada T, Agusti M, Ramos
Y, Serra R, Jospin M, Pineda P, Gambus P. Monitoring hypnotic
effect and nociception with two EEG-derived indices, qCON and
gNOX, during general anaesthesia. Acta Anaesthesiol Scand.
2014;58(8):933—41. https://doi.org/10.1111/aas.12359.

Jensen EW. New findings and trends for depth of anesthesia
monitoring. Korean J Anesthesiol. 2018;71(5):343—4. https://doi.
org/10.4097/kja.d.18.00277.

Boly M, Sanders RD, Mashour GA, Laureys S. Consciousness and
responsiveness: lessons from anaesthesia and the vegetative state.
Curr Opin Anesthesiol. 2013;26(4):444-9.

Sanders RD, Tononi G, Laureys S, Sleigh JW. Unresponsiveness
not equal unconsciousness. Anesthesiology. 2012;116(4):946-59.
https://doi.org/10.1097/ALN.0b013e318249d0a7.

Horn B, Pilge S, Kochs EF, Stockmanns G, Hock A, Schneider
G. A combination of electroencephalogram and auditory evoked
potentials separates different levels of anesthesia in volunteers.
Anesth Analg. 2009;108(5):1512-21.

Ningler M, Schneider G, Stockmanns G, Schapers G, Kochs
E. Databank for support of comprehensive study evaluations
of signals for anesthesia monitoring. Biomed Tech (Berl).
2002;47(Suppl 1 Pt 2):550-3.

Kreuzer M, Kochs EF, Pilge S, Stockmanns G, Schneider G. Con-
struction of the electroencephalogram player: a device to present
electroencephalogram data to electroencephalogram-based anes-
thesia monitors. Anesth Analg. 2007;104(1):135-9.

Tunstall ME. Detecting wakefulness during general anaesthesia
for caesarean section. Br Med J. 1977;1(6072):1321.

Melia U, Gabarron E, Agusti M, Souto N, Pineda P, Fontanet J,
Vallverdu M, Jensen EW, Gambus P. Comparison of the qCON
and qNOX indices for the assessment of unconsciousness level
and noxious stimulation response during surgery. J Clin Monit
Comput. 2017;31(6):1273-81. https://doi.org/10.1007/s1087
7-016-9948-z.

Hentschke H, Stiittgen MC. Computation of measures of effect
size for neuroscience data sets. Eur J Neurosci. 2011;34(12):1887-
944. https://doi.org/10.1111/j.1460-9568.2011.07902.x.

Jordan D, Steiner M, Kochs EF, Schneider G. A program for com-
puting the prediction probability and the related receiver operating
characteristic graph. Anesth Analg. 2010;111(6):1416-21. https
://doi.org/10.1213/ANE.0b013e3181fb919%%e.

Vivo J-M, Franco M. How does one assess the accuracy of aca-
demic success predictors? ROC analysis applied to university
entrance factors. Internat J Math Ed Sci Tech. 2008;39(3):325-40.
Scheeres K, Knoop H, Bleijenberg G. Clinical assessment of the
physical activity pattern of chronic fatigue syndrome patients:

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMra0808281
https://doi.org/10.1056/NEJMra0808281
https://doi.org/10.1056/NEJMoa0707361
https://doi.org/10.1056/NEJMoa0707361
https://doi.org/10.1213/ANE.0b013e31823007cd
https://doi.org/10.1213/ANE.0b013e31823007cd
https://doi.org/10.1111/aas.12359
https://doi.org/10.4097/kja.d.18.00277
https://doi.org/10.4097/kja.d.18.00277
https://doi.org/10.1097/ALN.0b013e318249d0a7
https://doi.org/10.1007/s10877-016-9948-z
https://doi.org/10.1007/s10877-016-9948-z
https://doi.org/10.1111/j.1460-9568.2011.07902.x
https://doi.org/10.1213/ANE.0b013e3181fb919e
https://doi.org/10.1213/ANE.0b013e3181fb919e

386

Journal of Clinical Monitoring and Computing (2021) 35:379-386

30.

31.

32.

33.

34.

35.

36.

37.

a validation of three methods. Health Qual Life Outcomes.
2009;7(1):29.

Valencia JF, Borrat X, Struys M, Vereecke H. Assessment of the
level of consciousness during propofol anesthesia: validation of
the qCON index: 3AP2-6. Eur J Anaesthesiol. 2013;30:42-42.
Miiller JN, Kreuzer M, Garcia PS, Schneider G, Hautmann
H. Monitoring depth of sedation: evaluating the agreement
between the Bispectral Index, qCON and the entropy module’s
state entropy during flexible bronchoscopy. Minerva Anes-
tesiol. 2017;83(6):563-73. https://doi.org/10.23736/s0375
-9393.17.11262-9.

Dutton RC, Smith WD, Smith NT. Wakeful response to command
indicates memory potential during emergence from general anes-
thesia. J Clin Monit Comput. 1995;11(1):35-40.

Schneider G, Gelb AW, Schmeller B, Tschakert R, Kochs E.
Detection of awareness in surgical patients with EEG-based
indices-bispectral index and patient state index. Br J Anaesth.
2003;91(3):329-35.

Kaskinoro K, Maksimow A, Langsjo J, Aantaa R, Jaéskeldinen S,
Kaisti K, Sarkeld M, Scheinin H. Wide inter-individual variability
of bispectral index and spectral entropy at loss of consciousness
during increasing concentrations of dexmedetomidine, propofol,
and sevoflurane. Br J Anaesth. 2011;107(4):573-80.

Pilge S, Kreuzer M, Karatchiviev V, Kochs EF, Malcharek M,
Schneider G. Differences between state entropy and bispectral
index during analysis of identical electroencephalogram signals:
a randomised comparison of two anaesthetic techniques. Eur J
Anaesthesiol. 2015;32:354-65.

Soehle M, Kuech M, Grube M, Wirz S, Kreuer S, Hoeft A, Bruhn
J, Ellerkmann R. Patient state index vs. bispectral index as meas-
ures of the electroencephalographic effects of propofol. Br J
Anaesth. 2010;105(2):172-8.

Haenggi M, Ypparila-Wolters H, Buerki S, Schlauri R, Korhonen
1, Takala J, Jakob SM. Auditory event-related potentials, bispec-
tral index, and entropy for the discrimination of different lev-
els of sedation in intensive care unit patients. Anesth Analg.
2009;109(3):807-16.

@ Springer

38.

39.

40.

41.

42.

43.

44,

45.

Lewis LD, Weiner VS, Mukamel EA, Donoghue JA, Eskandar
EN, Madsen JR, Anderson WS, Hochberg LR, Cash SS, Brown
EN. Rapid fragmentation of neuronal networks at the onset of
propofol-induced unconsciousness. Proc Natl Acad Sci USA.
2012;109(49):E3377-E3386386.

Chander D, Garcia PS, MacColl JN, Illing S, Sleigh JW. Electro-
encephalographic variation during end maintenance and emer-
gence from surgical anesthesia. PLoS ONE. 2014;9(9):e106291.
https://doi.org/10.1371/journal.pone.0106291.

Hight DF, Dadok VM, Szeri AJ, Garcia PS, Voss L, Sleigh JW.
Emergence from general anesthesia and the sleep-manifold. Front
Syst Neurosci. 2014;8:146.

Petersen CL, Gorges M, Massey R, Dumont GA, Ansermino JM.
A procedural electroencephalogram simulator for evaluation of
anesthesia monitors. Anesth Analg. 2016;123(5):1136-40.
Schultz A, Grouven U, Zander I, Beger FA, Siedenberg M, Schultz
B. Age-related effects in the EEG during propofol anaesthesia.
Acta Anaesthesiol Scand. 2004;48(1):27-34.

Purdon P, Pavone K, Akeju O, Smith A, Sampson A, Lee J, Zhou
D, Solt K, Brown E. The ageing brain: age-dependent changes in
the electroencephalogram during propofol and sevoflurane general
anaesthesia. Br J Anaesth. 2015;115(suppl 1):i146-i57.

Akeju O, Westover MB, Pavone KJ, Sampson AL, Hartnack KE,
Brown EN, Purdon PL. Effects of sevoflurane and propofol on
frontal electroencephalogram power and coherence. Anesthesiol-
ogy. 2014;121(5):990-8.

Akavipat P, Hungsawanich N, Jansin R. Alternative placement of
bispectral index electrode for monitoring depth of anesthesia dur-
ing neurosurgery. Acta Med Okayama. 2014;68(3):151-5. https://
doi.org/10.18926/amo/52655.

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


https://doi.org/10.23736/s0375-9393.17.11262-9
https://doi.org/10.23736/s0375-9393.17.11262-9
https://doi.org/10.1371/journal.pone.0106291
https://doi.org/10.18926/amo/52655
https://doi.org/10.18926/amo/52655

	Time delay of the qCON monitor and its performance during state transitions
	Abstract
	1 Introduction
	1.1 Monitoring the hypnotic component of anesthesia
	1.2 The qCON

	2 Methods
	2.1 Data for time delay estimation
	2.2 Data for evaluation of qCON at state transitions
	2.2.1 Evaluation of time delay
	2.2.2 Evaluation of the qCON at LOR and ROR

	2.3 Statistical analysis

	3 Results
	3.1 Time delay of the qCON
	3.2 Performance of qCON between LOR and ROR

	4 Discussion
	4.1 Time delay of the qCON
	4.2 Performance of qCON during state transitions

	5 Limitations
	Acknowledgements 
	References




