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Abstract

Background: Cardiac surgery has one of the highest incidences of intraoperative awareness. The periods of initiation and
discontinuation of cardiopulmonary bypass could be high-risk periods. Certain frontal EEG patterns might plausibly
occur with unintended intraoperative awareness. This study sought to quantify the incidence of these pre-specified
patterns during cardiac surgery.

Methods: Two-channel bihemispheric frontal EEG was recorded in 1072 patients undergoing cardiac surgery as part of a
prospective observational study. Spectrograms were created, and mean theta (4—7 Hz) power and peak alpha (7—17 Hz)
frequency were measured in patients under general anaesthesia with isoflurane. Emergence-like EEG activity in the
spectrogram during surgery was classified as an alpha peak frequency increase by 2 Hz or more, and a theta power
decrease by 5 dB or more in comparison with the median pre-bypass values.

Results: Data from 1002 patients were available for analysis. Fifty-five of those patients (5.5%) showed emergence-like
EEG activity at least once during surgery with a median duration of 13.2 min. These patients were younger (median age,
59 us 67 yr; P<0.001) and the median end-tidal isoflurane concentration before cardiopulmonary bypass was higher (0.82
us 0.75 minimum alveolar concentration [MAC]; P=0.013). There was no significant difference between those with or
without emergence-like EEG activity in sex, lowest core temperature, or duration of surgery. Forty-six of these EEG
changes (84%) occurred within a 1 h time window centred on separation from cardiopulmonary bypass.

Conclusion: The findings of this study suggest that approximately one in 20 patients undergoing cardiac surgery with a
volatile anaesthetic agent have a sustained EEG pattern while surgery is ongoing that is often seen with emergence from
general anaesthesia. Monitoring the frontal EEG during cardiopulmonary bypass may identify these events and poten-
tially reduce the incidence of unintended awareness.

Clinical trial registration: NCT 02976584.
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Editor’s key points

e Unintended intraoperative awareness is more common
during cardiac surgery than many other surgeries, and
this remains a concern for clinicians and patients.
Particular changes are commonly seen in the frontal
EEG during emergence from general anaesthesia,
including an increase in alpha frequency and a con-
current decrease in power in low frequency bands.

e Changes suggestive of emergence from general anaes-
thesia were frequently seen during cardiac surgery,
especially in the period of separation from cardiopul-
monary bypass; these EEG changes appear as distinct
gaps in the typical pattern of the derived visual
spectrogram.

This study highlights the concern that during initiation
of and separation from cardiopulmonary bypass pa-
tients might be at increased risk for unintended
awareness episodes.

Cardiac surgery has one of the highest incidences of unin-
tended intraoperative awareness out of all types of surgery,
ranging from less than 1% to more than 20%, depending on the
definition of awareness, the size of the study, and the method
of detection."™ The major contributors may be frailty and
comorbidity, which lead to the goal to administer the lowest
amount of anaesthetics possible in order to minimise hae-
modynamic consequences.’ There are numerous challenges
with delivering and dosing the right amount of anaesthetics,
particularly involving cardiopulmonary bypass (CPB), with its
haemodilutional effect at initiation, and changing patient
temperature and CPB flows.®’ Depending on the centre per-
forming the cardiac surgery, ‘depth of anaesthesia’ (DoA) may
be monitored with the raw EEG, processed EEG, end-tidal
volatile concentration, or nothing at all.® The attempt to
minimise anaesthetic administration might contribute to a
relative underdosing of anaesthetics leading to a higher inci-
dence of awareness during cardiac surgery.’

Major trials investigating awareness have not involved
collection of raw EEG data,’ *? making it impossible to
determine EEG patterns during hypothesised awareness
events. Only DoA index numbers were recorded in these trials.
It has been reported that DoA monitors are not well suited to
guiding anaesthetic administration,’> making it plausible that
explicit recall might have occurred despite the fact that DoA
index suggested adequate hypnosis.

Recently, the different trajectories displayed in the EEG by
patients during intentional emergence at the end of surgery
have been reported.’* '° In the majority of patients the pri-
mary EEG spectral features during emergence are an increase
in alpha oscillation frequency, sometimes followed by a loss of
alpha power, and a decrease in theta (4—7 Hz) and low fre-
quency (0.5—4 Hz) power before consciousness returns.’-'®
These EEG patterns during wakeup can be well seen with a
spectrogram.'’ However, it is currently unknown if or how
often these EEG patterns arise during general anaesthesia for
cardiac surgery, which might be a sign of unintended light-
ening of anaesthesia. Our goal was to detect changes in EEG
spectral patterns that may be associated with transitions in
anaesthesia during high-risk periods of cardiac surgery (e.g.

initiation and termination of CPB), in order to identify poten-
tial periods of unintended return of consciousness and
awareness.

Methods

The ethics committee of the canton of Bern, Switzerland,
approved the prospective observational study (KEK#210/15).
The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) checklist for observational studies was
used to guide the methods of the study and to structure the
manuscript.'’

Patient selection

A total of 1072 adult patients undergoing general anaesthesia
for cardiac surgery on CPB were enrolled between July 2016
and January 2018 as part of a single-centre study in a tertiary
hospital (ClinicalTrials.gov identifier: NCT02976584). Inclusion
criteria for this post hoc analysis were the use of isoflurane as
general anaesthetic, and the availability of complete datasets
of intraoperative EEG and end-tidal volatile concentrations.

Data acquisition and EEG processing

EEGs were recorded from a bipolar derivation (FP1—-TP9,
with FpZ as a common reference in the 10—20 system) us-
ing a Narcotrend® DoA-monitor (MonitorTechnik, Bad
Bramstedt, Germany) on patients undergoing cardiac sur-
gery. The raw EEG was extracted via an IntelliBridge module
connected to a Philips IntelliVue anaesthesia monitor (Phi-
lips Medical Systems, Eindhoven, The Netherlands) using
the Rugloop II software (Demed Medical, Temse, Belgium).
From the respirator (Primus by Draeger, Luebeck, Germany),
we also extracted end-tidal volatile concentrations at a
sampling rate of 1 s~. Volatile anaesthetic concentrations
of the oxygenator during CPB were extracted from the
electronic perfusionist records, and values were interpolated
from every 5 min to every second for illustrative purposes.
This was reasonable, as the recorded values mostly did not
change more than 0.2% isoflurane.

The sampling frequency of the EEG was 125 Hz. In order to
minimise the effect of the electrocardiogram in the EEG, we
used a method based on that of Strobach and colleagues.?
Briefly, in Matlab (R2017b; The MathWorks Inc., Natick, MA,
USA), the R peak of the QRS complex was first detected using
‘findpeaks.m’, set to a minimum peak prominence of 0.4 units.
After this, within non-overlapping periods of 40 s, 0.8 s sec-
tions of the EEG centring on the R peak of the ECG were aver-
aged to give a mean interference signal in the EEG over 40 s.
This average was then tapered using a Blackman window
before being reconstituted at the time points of the R peak in
the ECG, creating an artificial reference signal, which was
subsequently subtracted from the EEG. Further pre-processing
of the EEG included the integrated high (0.5 Hz) and low (45 Hz)
pass filters of the Narcotrend monitor. Any EEG activity with
absolute slopes greater than 50 pV per 8 ms was considered as
noise.”! We considered the EEG to be suppressed when am-
plitudes were below 5 pV for at least 1 s.

For spectral analysis, we used Matlab to create spectra us-
ing the ‘spectrogram.m’ function from 10 s moving windows
of EEG, overlapping by 9 s, yielding one spectrum every second.
We chose to use 1250 nFFT points, giving a frequency resolu-
tion of 0.1 Hz (fs/nFFT). Peak alpha frequency was defined as


http://ClinicalTrials.gov

EEG changes during transition periods in cardiac surgery | 293

Frequency (Hz)

(Ventilator)

-

S
Power (dB)

Isoflurane (%)
(CPB Machine)

End- tidal isoflurane (%)

Theta Power (dB)

2
Time (h)

Fig. 1. Graphic depiction of our method for detecting ‘gaps’, that is periods of high alpha frequency and low theta power in the EEG,
reminiscent of signatures seen during emergence from general anaesthesia. (a) ‘Gaps’ can be seen visually in a spectrogram of the
operation. (b) End-tidal isoflurane concentrations (in %, left axis, in grey) from the ventilator and from the cardiopulmonary bypass (CPB)
machine (right axis, in green). (c) Peak alpha frequency (left axis, in blue) and mean theta power (right axis, in red). Horizontal dotted lines
show the gap detection thresholds, where peak alpha frequency has to be greater than 2 Hz of the median pre-bypass alpha frequency, and
theta power less than 5 dB than the median pre-bypass theta power. (d) When thresholds were exceeded, we considered this to be a gap.

the frequency at the highest power in the spectrum between 7
and 17 Hz when the underlying broadband power had been
removed, as detailed elsewhere.?” Theta power was defined as
the mean power between 4 and 7 Hz and delta power as the
median between 0.5 and 4 Hz.

A rudimentary method of quantifying the presence of these
EEG signatures that are similar to those seen during genuine
emergence is to set frequency and power thresholds. To do
this, we first smoothed both peak alpha frequency and theta
power over the course of the operation using a median filter
(order of 1000 s). We classified a ‘gap’ as being an increase in
peak alpha frequency greater than 2 Hz from a patient’s me-
dian pre-bypass peak alpha frequency value, and concurrently
a theta power decrease of 5 dB or more in comparison with
their median pre-bypass theta power. All potential gaps were
checked by visually inspecting the spectrogram in order to
reduce the influence of noise, and any gaps shorter than 30 s
were excluded. Figure 1 shows an example of a suggested ‘gap’
detected by this approach. In addition, changes in delta power
were investigated by comparing the values during the ‘gap’
against the 30 min average power before.

Sensitivity of ‘gap’ power and frequency thresholds

To run a basic sensitivity test of our threshold values, we
repeated the analysis twice with thresholds made both more
stringent (requiring a decrease of 6 dB in theta power, and an

increase in 2.5 Hz alpha frequency), and more permissive
(requiring only a decrease of 4 dB in theta power, and an in-
crease in 1.5 Hz alpha frequency).

Statistical analysis

The Mann—Whitney U-test was used to test for differences in
median values of continuous variables such as age, and a %>
statistic was used to test for differences in proportions, with
the threshold for significance set at 0.05. We also used a t-test
to compare mean delta (0.5—4 Hz) power levels in the 30 min
before a ‘gap’ with mean delta power during the gap.

Results

Of the original 1072 completed recordings, 70 had to be
excluded from this post hoc analysis either because of missing
data (17 patients lacked EEG and end-tidal volatile concen-
tration data) or because isoflurane was not being used as the
primary maintenance anaesthetic (53 patients). The median
age of the remaining 1002 patients was 67 yr (range, 2186 yr;
inter-quartile range, 15 yr). This patient group consisted of 250
females and 752 males. The median duration of surgery was
264 min. Using our threshold method, we found 128 gaps, but
we had to exclude 73 of them on visual inspection as the al-
gorithm identified either EEG noise or periods of deep
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Fig. 2. Spectrograms of six example ‘gap’ EEG signatures occurring during cardiac surgery (a—f). Black horizontal rectangles indicate where
we found a ‘gap’, as reflected in the method shown in Figure 1. Most gaps (a—e) were easy to see in the spectrogram, but example f was less
clear. Some gaps showed a loss of the alpha oscillation (e.g., patient c), whereas others did not (e.g. patient e).

anaesthesia without burst suppression where an alpha oscil-
lation was not present.

Thus 55 out of 1002 patients (5.5%) displayed EEG signatures
during surgery that resemble patterns also seen during
genuine emergence from general anaesthesia according to our

criteria (‘gaps’). The median gap duration was 13.2 min, but it
ranged from 1 to 74.3 min. Patients with gaps were younger
(median age, 59 yr) than patients without (median age, 67 yr;
P<0.001). The proportion of males and females with gaps did
not differ (males, 5.5%; females, 5.6%; P=0.9). Overall, 65.5
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(n=36) had received a neuromuscular blocking agent right
before or during the gap. The median age-adjusted end-tidal
isoflurane concentration before bypass (expressed as mini-
mum alveolar concentration [MAC]) was higher in patients
who had gap EEG signatures (0.82 MAC) than in those without
(0.75 MAC, P=0.013). The minimal temperature during bypass
was not lower in patients with a gap (32.6°C) compared with
those without (32.5°C, P=0.99). There was no significant dif-
ference in duration of surgery between those with gaps (286
min) and those without (261 min, P=0.15).

Forty-six of the 55 gaps (84%) occurred within a 1 h time
window centring on the time of separation from CPB. Figure 2
shows six spectrograms with examples of gaps. Using a basic
visual check, we observed that around half of the 55 patients
who had gaps also had a period within the gap EEG signature
where a distinct alpha oscillation was absent. The mean delta
power of the group of gaps patients in the 30 min before a gap
was 9.4 dB and decreased to 6.7 dB during the gaps. The mean
delta power difference was —2.7 dB. Fifty-two out of 55 pa-
tients (95%) had a statistically significant decrease in mean
delta power during the gap.

Of the 1002 patients included in the original analysis, with
the permissive thresholds 247 patients were noted as having
‘gap’ EEG patterns, but visual checking reduced the number of
genuine ‘gap’ patterns to 141. Under the stringent condition,
72 patients with gap EEG patterns were identified, but visual
checking reduced the number of actual gap patterns to 23.
Hence, a shift of 1 dB in theta power threshold combined with
a 0.5 Hz shift in alpha frequency threshold led to an approxi-
mate halving or more than doubling of pattern detecting in the
stringent or permissive threshold condition, respectively.
When permissive thresholds were used, gap patients were still
significantly younger than non-gap patients (62 vs 68 yr,
respectively; P<0.01); the same trend was also observed when
the stringent thresholds were used (58 vs 67 yr, respectively;
P<0.01).

Discussion

In this observational study of patients undergoing general
anaesthesia for cardiac surgery, we detected EEG activity
consistent with substantial lightening of anaesthesia in 55 of
1002 patients (5.5%); 84% of these EEG patterns occurred within
a 1 h window centred on the time of separation from CPB, and
around two-thirds of these patients had received neuromus-
cular blocking agents close to or at the time of the arousal
pattern. This lightening is reflected as alpha frequency in-
crease and power attenuation, which can be seen as ‘gaps’ in
the spectrogram, and might prove clinically useful to decrease
the incidence of awareness with or without explicit recall
during cardiac or general surgery.”*>%*

To date, all large RCTs on awareness have been based on
processed EEG indices vs standard of care (no EEG monitoring)
or a lower limit of MAC.'*"? Thus, typical EEG changes during
hypothesised awareness episodes could not be assessed;
however, indices might have been in the target range during
some episodes. It can only be hypothesised that episodes of
awareness might be reflected in the raw EEG or spectrogram,
such as the emergence reactions from general anaesthesia
recently reported by Hesse and colleagues'® with decreasing
theta power and loss of alpha oscillations. Previous studies
revealed that DoA monitors using processed EEG indices might
not be well suited to prevent awareness,”” but might be useful
to decrease the incidence of postoperative delirium or even

death.?®?” This may be attributable to the avoidance of burst
suppression. However, randomising patients to a low vs high
target processed EEG index did not show a statistically sig-
nificant difference in the number of deaths at 1 yr.?®

Using the minimal alveolar concentration of a volatile
anaesthetic as a clinical surrogate for measuring depth of
hypnosis did not prove useful to decrease the incidence of
awareness either,'"'? which might be explained by the deri-
vation of the MAC through a painful stimulus.? The sensitivity
of the brain to an anaesthetic agent can be detected by EEG and
displayed as a spectrogram,’®*' because EEG patterns of
different hypnotic depths of general anaesthesia have been
described.®? Despite the consistent decrease in delta power
during the ‘gaps’, we are cautious about using this decrease as
a criterion for defining ‘gaps’. One of our recent studies has
shown that during emergence after surgery about 30% of pa-
tients do not show a decrease in delta power.**

The sensitivity analysis yielded an approximate halving or
more than doubling of gap pattern detection incidence with
stringent or permissive threshold rules, respectively. When
visually checking, it is clear that the stringent threshold con-
dition was missing EEG patterns that should be considered
clinically relevant to maintaining adequate hypnotic depth
(i.e. creating false negatives). In contrast, in the permissive
threshold condition it was much more difficult to judge if the
gap patterns detected were suggestive of near-awakening or
only of a lighter period of anaesthesia (false positives). As
there are no gold-standard theta power and alpha frequency
thresholds to determine near-awakening, we reiterate our
main conclusion that these patterns can be discerned from the
spectrogram, and might sometimes represent inadequate
hypnotic depth of anaesthesia.

Patients with EEG gaps were younger than those without.
Gaps might have been more likely in younger patients because
their higher volatile anaesthetic needs were not being met.
Alternatively, gaps might have been more readily detected in
younger patients because the theta power decrease required
for detection was too high for older patients, who have lower
amplitude EEG oscillations.

There are important limitations in this study. Although the
anteriorisation or frontal presence of alpha oscillations has
been postulated as a characteristic pattern of unconscious-
ness, a recent study using the isolated forearm technique calls
this into question. Despite a frontal alpha/delta EEG pattern,
six out of 90 patients in the study followed a simple command,
albeit without recall after surgery.>* Thus whether an EEG
pattern of alpha anteriorisation is sufficient to determine un-
consciousness during surgery is controversial.*®

A second concern is that this was a post hoc analysis of
prospectively collected observational data. Although we
detected gaps in the spectrogram in 55 patients, presumably
corresponding to lightening of anaesthesia,'® we cannot infer
that these occurred during periods of intraoperative aware-
ness, as we did not assess patients for responsiveness at these
times during their surgeries. As other studies correlating the
EEG spectrogram with periods of awareness do not yet exist,
the thresholds for the increase of alpha frequency and decline
in theta power were determined arbitrarily. Thus, if the
thresholds were not defined stringently enough, every
instance of decreasing DoA would be picked up as a gap, which
would not be clinically useful. Recently, it was demonstrated
that alpha power depends on age and probably on comorbid-
ities.®! It is unclear whether thresholds for the increase of
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alpha frequency and the decline in theta power have to be
individualised.

Our analysis is of a single centre in Switzerland, and limited
to cardiac surgery; it is not known to what degree variations in
clinical practice between locations might contribute to the
occurrence of emergence-like EEG patterns during cardiac
surgery, or how often such patterns are observed in noncar-
diac surgery. In this report we have not analysed the role of
cross frequency coupling (e.g. between the alpha and delta
waveforms).

A final limitation concerns the variability of EEG changes
during emergence. As has been noted before, not all patients
show the classic increase in alpha frequency and loss of theta
power during emergence.’*'> A minority of patients can retain
an alpha oscillation right until the point immediately before
waking. The biological reasons for this hysteresis are not
known,* and to date have only been examined in the slow-
wave range of the EEG.>> Our proposed detection method is
thus limited to the majority of patients who would show the
typical alpha and theta changes during emergence, and who
do not have the added safety buffer of neural inertia.>’

In conclusion, we have observed that about 5% of patients
showed EEG patterns during cardiac surgery similar to the
patterns commonly seen with emergence from anaesthesia.
These patterns (an increase in alpha frequency concurrent
with a decrease in theta power) occurred predominantly
around the time of separation from CPB, a period when volatile
concentrations at the effect sites can fluctuate. Given these
observations, we highlight the potential utility of routine
frontal EEG monitoring (spectrogram), especially during tran-
sition periods in high-risk cardiac surgery. A careful visual
inspection of the spectrogram, and adjusting volatile anaes-
thetic dosing accordingly, may act as a useful method to avoid
potential unintended emergence events and to decrease the
incidence of awareness. Mind the gap!
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