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Abstract: Important information about the state dynamics of the brain during anesthesia is unraveled
by Electroencephalogram (EEG) approaches. Patterns that are observed through EEG related to neural
circuit mechanism under different molecular targets dependent anesthetics have recently attracted
much attention. Propofol, a Gamma-amino butyric acid, is known with evidently increasing alpha
oscillation. Desflurane shares the same receptor action and should be similar to propofol. To explore
their dynamics, EEG under routine surgery level anesthetic depth is analyzed using multitaper
spectral method from two groups: propofol (n = 28) and desflurane (n = 23). The time-varying
spectrum comparison was undertaken to characterize their properties. Results show that both of the
agents are dominated by slow and alpha waves. Especially, for increased alpha band feature, propofol
unconsciousness shows maximum power at about 10 Hz (mean £ SD; frequency: 10.2 4= 1.4 Hz;
peak power, —14.0 £ 1.6 dB), while it is approximate about 8 Hz (mean =+ SD; frequency: 8.3 &= 1.3 Hz;
peak power, —13.8 £ 1.6 dB) for desflurane with significantly lower frequency-resolved spectra for
this band. In addition, the mean power of propofol is much higher from alpha to gamma band,
including slow oscillation than that of desflurane. The patterns might give us an EEG biomarker for
specific anesthetic. This study suggests that both of the anesthetics exhibit similar spectral dynamics,
which could provide insight into some common neural circuit mechanism. However, differences
between them also indicate their uniqueness where relevant.

Keywords: general anesthesia; electroencephalogram; spectral dynamics; unconsciousness; alpha
rhythm; neural circuit mechanism

1. Introduction

General anesthesia has been widely recognized as standard procedure in modern medical
surgeries for thousands of patients every day [1,2]. This kind of anesthetic-induced and reversible
unconsciousness state is known to be manipulated by anesthesiologists, bringing many benefits to
humans, undoubtedly. Surprisingly, even with increasingly rich knowledge about anesthetic molecular
pharmacology and clinical behavior, the underlying neural interaction circuit mechanisms for patient’s
consciousness is still far from being fully understood [3]. In practice, experienced anesthesiologists
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observe the vital signals of the patient (e.g., heart rate, breathing, blood pressure, sweating, etc.) to
control the doses delivery of anesthetics [4]. The reliance on skill and attention of the anesthesiologist
poses a risk to guarantee the anesthesia safety and evokes some adverse challenges like emergence
delirium [5], cognitive dysfunction [6] and postoperative mortality [7,8]. Therefore, a comprehensive
understanding of the complex interactions of neurons that occur on temporal scales under different
categories of drugs could provide a bridge for integrative processes that are more directly linked to
the state of consciousness. Consequently, this would contribute much to anesthetic administration
to reach better clinical control and patient experience. Normally, there is a disruption between the
neural communications during loss of consciousness (LOC). Anesthetics alter the oscillations that are
produced by the brain during normal information processing [9,10].

Electroencephalogram (EEG), as measured from electrical potential in cortex, is now growing
to be employed to relate drug-specific oscillations to clinically desired states [1]. Part of the reason
might be that the general anesthesia is induced by anesthetics acting on the spinal cord, stem, and
cortex in brain [11,12]. EEG patterns might provide useful relevant inspiration [13]. It is known
that central nervous relies on the spike or action potential transmission and reception by neurons to
process the brain information [14]. Subcortical regions, such as the thalamus, produce much smaller
potentials that are more difficult to detect. However, scalp EEG patterns reflect the states of both cortical
and subcortical structures because cortical and subcortical structures are richly interconnected [15].
EEG is the most pervasively noninvasive signal that reflects the brain communication and states.
These neurophysiological studies in adults have led to the idea of using the EEG and its spectrogram
as an alternative to using EEG-derived indices to monitor the brain states of adults receiving general
anesthesia or sedation circumstance [4,16]. As for the spectral analysis method of nonlinear and
nonstationary signals, except the traditional periodogram, there are some newly developed ones,
like empirical mode decompositions (EMD) [17], which is computed through the iterative extraction
of intrinsic mode function and followed by Hilbert transform to compute the spectrum. In addition,
multicomponent amplitude modulation-frequency modulation (AM-FM) representation is based on
extraction of the iterated application of the Hilbert transform derived Gabor signal [18], and then
experiences the exact computation of the amplitude and associated phase. It has been frequently
applied to simulated synthetic signal and practical speech data in comparison with the state of the art
methods [18], and electromyography (EMG) [19], which is used to evaluate muscle fatigue, and even
mystery curves [20] or EEG, and so forth. Problems with these EEG-based indices exist although with
the simplicity and early successes in reducing the amount of anesthetic agents administered. In practice,
these indices can vary substantially from clinical assessments of consciousness [21]. For example,
two main indices derived from EEG are the Bispectral index (BIS) (Aspect Medical Systems, Newton,
MA, USA) [22] and Entropy family (GE Healthcare, Helsinki, Finland) [23] have been used as index of
depth of anesthesia somehow although with some deficiencies in certain and show limited efficacy.
Besides, it is not sufficient to assess the anesthesia status form autonomic and motor responses alone
(i.e., verbal or stimuli response), since these responses may reflect spinal and brainstem actions,
rather than specific cortical processing of nociceptive stimuli, which is a prerequisite for the experience
of pain. Therefore, EEG recordings obtained during routine clinical care, and relate neurophysiological
findings to the behavioral state encountered and putative neural circuit mechanisms. It has been found
that this approach is effective for providing substantial insights into the mechanisms of anesthetic
action [21,24].

Anesthetic agents mainly rely on enhancing the activity of inhibitory cells or suppress the activity
of excitatory cells. Gamma-amino butyric acid (GABA) and N-methyl-D-aspartate (NMDA) are
the two common receptors that anesthetic acts on [1,25]. Among them, GABA dependent anesthetics
are mostly applied practically. Propofol, one of the mostly widely administrated intravenous drugs,
primarily acts on GABA receptors to enhance inhibition [25,26]. Due to GABAergic inhibitory
interneurons widely distribution throughout the cortex, thalamus, brainstem, and spinal cord, propofol
induces changes rapidly and precisely in arousal at multiple sites [26]. Therefore, it is adopted as both
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an induction agent for the sedation and maintenance one of general anesthesia. By contrast, desflurane
serves as one of commonly used inhaled anesthetics clinically. It can solely maintain all of the required
behavioral and physiological characteristics of general anesthesia without adjunct. It owns advantage
of faster onset and offset of anesthesia as compared with older inhaled anesthetics like halothane and
isoflurane [27]. It also appears to exert a more rapid recovery because of its pharmacological properties.
Desflurane is thought to be GABA agonist as well. Unconsciousness under propofol is characterized in
the electroencephalogram by alpha (8 to 12 Hz) oscillations that are coherent across the frontal cortex,
delta (1 to 4 Hz) oscillations [1,15,28]. Intuitively, it arouses interests in EEG dynamics comparisons
between them. Their features should behave similarly in some aspects, and it is also worthwhile to
find something that varies between them.

To explore the unknown underlying properties, an observational study is performed to record
intraoperative prefrontal electroencephalogram in patients undergoing general anesthesia with
desflurane and propofol separately. The features for these two anesthetics during anesthesia are
characterized using time-varying spectral method.

2. Materials and Methods

2.1. Ethical Statement

All of the studies were approved by the Research Ethics Committee, National Taiwan University
Hospital, Taiwan and written informed consent was also obtained from patients (No. 201302078RINC).
All the other efforts were made to keep the hospital surgeries running regularly.

2.2. Patients and Surgeries

Patients that were involved in this study were recruited from NTUH. Ineligible participants were
excluded if they were under 22 years old, diagnosed with a neurological or cardiovascular disorder,
under the local anesthesia, instead of a general one or a history of obstructive sleep apnea and problems
with anesthesia. According to the criteria, there were 28 patients for propofol group and 23 patients
for desflurane. Their demographics, such as height, weight, age, and gender are acquired, which are
detailed in Table 1, respectively. The surgery lasts from 30 min to 4 h regularly. It is widely classified
into three conditions: awake, maintenance (i.e., LoC), and recovery. Patients need to keep limosis for at
least 8 h ahead of operations. Then, each patient received the appropriate volume of anesthetic agents
to start. Unconsciousness is commonly induced by intravenous propofol, together with other adjunct
analgesia drug like fentanyl or muscle relaxant medicine like nimbex. For maintenance, desflurane
together with air and oxygen are employed by covering a mask for one group, while propofol is
used for the other one. General anesthesia was performed safely by monitoring the physiological
signals, like electrocardiography (ECG), photoplethysmography (PPG), EEG and also the intermittent
vital signs of blood pressure (BP), heart rate (HR), pulse rate (PR), pulse oximeter oxygen saturation
(SpOy), etc. If any observation signal changes irregularly, doctors will intervene and manipulate the
procedure appropriately.

Table 1. Demography of involved patients.

Propofol (n = 28) Desflurane (n = 23)
Age (yr), mean (£SD) 50.1 (15.0) 50.7 (12.7)
Sex (male), 1 (%) 10 (35.7%) 7 (30.4%)
Weight (kg), mean (£SD) 57.7 (9.7) 58.5 (11.0)
Height (cm), mean (+SD) 160.1 (7.4) 162.0 (9.4)

BMI (kg/mz), mean (+SD) 225 (3.1) 22.2 (3.6)
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2.3. Data Recording

All of the patients achieve level 0 to conduct the surgery the MOAA /S in Table 2. Patients” physiological
status is monitored by MP60 anesthetic machine (Philips, Andover, MA, USA). Sensors such pulse oximetry,
ECG sensor, and blood pressure cuff are set up when patients are awake. The vital signs (Heart Rate, SpO,,
Pulse Rate, and Blood Pressure) play an important role in anesthesiologists” assessment of DoA along
with medical decisions in clinical practice. Auditory stimuli and verbal response were conducted to
verify fully anesthetized during the study as well. For EEG recording, conductive paste is used to
optimize contact between the frontal scalp skin and EEG sensor BIS™ Quatro Sensor (Aspect Medical
Systems, Newton, MA, USA) with low impedance under 5k ohm. EEG sensor is connected to MP60,
as well through BIS module. Raw EEG continuous waveform data, including the routine signals
mentioned above, were recorded onto a laptop via serial port RS-232 using the collection software
developed by Borland C++ Builder 6 developing environment kit (Borland Company, Austin, TX,
USA). The sampling rate of EEG and PPG continuous waveform is 128 Hz. The intermittent vital signs,
such as BIS, HR, PR, BP, and SPO; are recorded every 5 s.

Table 2. Modified Observer’s Assessment of Alertness/Sedation Scale.

Responsiveness Level

Responds readily to name spoken in normal tone 5
Lethargic response to name spoken in normal tone

Responds only after name is called loudly and/or repeatedly
Responds only after mild prodding or shaking

Responds only after painful trapezius squeeze

Does not respond to painful trapezius squeeze

O =L N W

2.4. EEG Data Preprocessing

All of the clinical administration information and physiological data were well sorted, including
converting data format, labeling the event timing, etc. EEG data segments were selected using
information from the electronic anesthesia record to guarantee the correct representative epochs for
unconscious states. The anesthetized state was assessed by MOAA /S standard (i.e., level 0 seen Table 2).
First, 2-min EEG segments were selected from all the subjects during the awake, eyes-closed baseline
(Eye closure could facilitate the purity of EEG). Then, for desflurane and propofol unconsciousness
period during the surgery, data segments were selected in the middle of the surgery procedure, thus
assuring the fully anesthetized state. Normally, the timing is more than 10 min after the onset of
unconsciousness. Once the patients begin response at level 1 or 2, epoch would be chosen afterwards
as the recovery stage. All the cases data were then visually inspected to abandon the specific segments
of contamination triggered by EOG, EMG, and line noise and body or head movement during surgery.
Then, z-score normalization was applied to all of the data epochs.

2.5. Spectral Analysis

Power spectrum quantifies the energy distribution over frequency within a signal. The time-varying
spectrum is termed as spectrogram. For pattern recognition, segmentation of different stages of anesthesia
was undertaken previously. The spectrograms using Thomson’s multitaper method was computed and
implemented using Chronux toolbox (http:/ /chronux.org) [29]. The spectral analysis parameters were:
window length T =2 s with 0.1 s window step, time-bandwidth product TW = 2, number of tapers
K = 3, and spectral resolution 2W of 2 Hz. Group-median outcome across subjects of the selected
patient’s in each group (propofol and desflurane) was taken for time frequency fluctuation plotting.
Group-averaged spectra were computed by taking the mean power of individual spectrograms at each
frequency across the entire epoch and then the median (IQR) power across frequency was computed
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for each group. In addition, the absolute band power is calculated, as shown in Table 3, which is used

to make comparisons.

Table 3. Definition of frequency bands [26].

Frequency Band Frequency Range (Hz)
Slow <1
Delta 1-4
Theta 5-8
Alpha 9-12
Beta 13-25
Gamma 26401

1 in this study, the highest frequency is set 40, otherwise gamma band could be 26 to 80 Hz or higher.

2.6. Statistical Analysis

Statistical analysis performed using MATLAB (MathWorks R2014b). To assess the statistical
significance for the difference in power at each frequency, the 95% confidence intervals for the
estimated power spectra were calculated using the Bootstrap method (2000 times) testing for differences.
To account for the underlying spectral resolution of the spectral estimates, differences would be treated
as significant only if they are present over a frequency band larger than the spectral resolution (2W) for
contiguous frequencies. The absolute power of different frequency bands across groups during loss of
consciousness is compared; therefore, independent student f-test was used to check the significance.
Figure 1 shows analysis protocol for the two groups.
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Figure 1. Study design procedure. LoC: loss of consciousness; CI: confidence interval.

Ll

EEG
Preprocessing

’

Spatial and
Temporal Analysis

‘

Statistical Analysis

A

Comparisons
(across states and drug)




Symmetry 2018, 10, 15 6 of 14

3. Result

3.1. Propofol Power Spectral Comparisons across Brain States

To characterize the signature of EEG induced by propofol, the differences in the spectrogram are
observed. When compared with baseline state, the spectrogram during unconsciousness exhibited
evident slow and alpha bands dominance (Figure 2A,B), which is consistent with [9,30]. Then, power
across most frequencies between 0 and 40 Hz. Slow, delta, and theta power remained relatively
unchanged across every frequency point between two states in statistics (Figure 2C). There were no
clear associations with them. However, EEG power behaves an alpha oscillation peak (mean £ SD;
peak frequency, 10.2 & 1.4 Hz; peak power, —14.0 & 1.6 dB). EEG power is significantly larger for
alpha and low beta during unconsciousness (Figure 2D: 8 Hz to 21 Hz), whereas being significantly
lower across the gamma band (Figure 2D: 35.4 Hz to 40 Hz). This finding was slightly different when
comparing the unconscious state to recovery (see Figure 3). The recovery shows a similar pattern like
unconscious state with relatively lower power strength across the frequency band. This may result
from the anesthetic level, which means that agent concentration is still high, which keeps the anesthetic
effect. Furthermore, the mean absolute band power is also calculated as shown in Table 4. It shows the
power fluctuation as a band ranges. It can be seen that alpha band power has a significant increase.
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Figure 2. Time-frequency dynamics between wakefulness and unconsciousness for propofol.
(A,B) wakefulness and unconsciousness spectrograms; (C) Group-averaged power spectra (solid
line, median; shaded area, 25th—75th percentile IQR); (D) The upper (red) and lower (blue) represent
the bootstrapped 95% confidence interval bounds for the difference between spectra shown in panel C.
Solid horizonal black line indicates significant frequency range. LoC: loss of consciousness.
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Figure 3. Time-frequency dynamics between unconsciousness and recovery for propofol group.
(A,B) LoC and recovery spectrograms; (C) Group-averaged power spectra (solid line, median; shaded
area, 25th—75th percentile IQR). They show similar EEG power distribution during the LoC state and
recovery; and, (D) The upper (red) and lower (blue) represent the bootstrapped 95% confidence interval
bounds for the difference between spectra shown in panel C. There is no significant during whole

frequency range. It might indicate the residual propofol effect. LoC: loss of consciousness.

Table 4. Mean band power for propofol. Power shown in dB after z-score.

Band Wakefulness Mean (SD) Unconsciousness Mean (SD)
Slow —11.0 (2.3) —11.9 (3.2)
Delta —12.2(1.3) —15.7 (1.4)
Theta —18.4 (1.6) —17.2(1.3)
Alpha —23.1(2.1) —15.6 (1.5)
Beta —27.7 (2.7) —22.8(1.9)
Gamma —29.4 (4.0) —32.3(1.8)

3.2. Desflurane Power Spectral Comparisons across Brain States

The power spectra differences between wakefulness and unconsciousness state for propofol
cohort are calculated. By contrast, the spectrogram during unconsciousness shows slightly higher
power from delta, theta to alpha from the median spectrogram (Figure 4A,B), while the slow, beta,
and gamma band exhibit lower power. This can be also verified in power spectra IQR plot visually
(Figure 4C). Bootstrap mean value statistics over frequency presents significant higher alpha and lower
gamma power during unconsciousness 8 Hz to 21 Hz (Figure 4D). For gamma band, this is similar
for comparison between unconsciousness and recovery states, which makes sense. For low frequency
band ranges, there is no clear distinction (see in Figure 5). This may be part of the residual anesthetic
effect. The mean absolute band power was also provided in Table 5. The power distribution shows
significant difference between the two states.
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Figure 4. Time-frequency dynamics between wakefulness and unconsciousness for desflurane.
(A,B) wakefulness and unconsciousness spectrograms; (C) Group-averaged power spectra (solid
line, median; shaded area, 25th-75th percentile IQR); and, (D) The upper (red) and lower (blue)
represent the bootstrapped 95% confidence interval bounds for the difference between spectra shown
in panel C. Solid horizonal black line indicates significant frequency range. LoC: loss of consciousness.
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Figure 5. Time-frequency dynamics between unconsciousness and recovery for desflurane group.
(A,B) LoC and recovery spectrograms; (C) Group-averaged power spectra (solid line, median; shaded
area, 25th-75th percentile IQR). They show similar EEG power distribution during the LoC state and
recovery; and, (D) The upper (red) and lower (blue) represent the bootstrapped 95% confidence interval
bounds for the difference between spectra shown in panel C. The high beta and gamma ranges show
LoC state power is significantly higher than recovery state. The recovery state looks very similar to

awake state in Figure 4. Solid horizonal black line indicates significant frequency range. LoC: loss
of consciousness.
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Table 5. Mean band power for desflurane. Power shown in dB after z-score.

Band Wakefulness Mean (SD) Unconsciousness Mean (SD)
Slow —9.7(2.2) ~13.7 2.2)
Delta —12.7 (1.4) ~13.3(1.8)
Theta —~18.3 (1.6) —~15.2(1.9)
Alpha —21.8 (1.5) —~17.6 (2.7)
Beta —26.4(1.9) —25.5 (2.8)
Gamma —292(3.1) —35.2 (3.4)

3.3. Propofol versus Desflurane Spectral Dynamics Analysis under Anesthesia

Through observation, there are rough similarities and differences in the spectrograms between
the desflurane and propofol groups (Figure 6A,B). Both were similarly characterized by large alpha
band power. However, propofol elicited significantly higher power across alpha band (10 to 12 Hz)
high power from alpha up to gamma band (Figure 6C). There is no significant different between power
across frequency, except a small range in the alpha band. Furthermore, the band power difference
is also compared. Independent student ¢-test show that all of the bands power presents significant
different (Figure 7). For slow alpha beta and gamma bands, propofol group has stronger mean absolute
power, while delta and theta bands do oppositely. Furthermore, it has been demonstrated that there is
one representative for perioperative operative spectral dynamic in shown in Figures 8 and 9. Briefly,
they present similar time and spectral distribution, which is consistent with what has been analyzed
even with some perturbation though.
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Figure 6. Time-frequency dynamics between propofol and desflurane induced anesthesia.
(A,B) wakefulness and unconsciousness spectrograms; (C) Group-averaged power spectra (solid
line, median; shaded area, 25th—75th percentile IQR). They show similar EEG power distribution
during the awake state and LoC; (D) The upper (red) and lower (blue) represent the bootstrapped 95%
confidence interval bounds for the difference between spectra shown in panel C. Significant difference
frequency with alpha band is observed. Solid horizonal black line indicates significant frequency range.
LoC: loss of consciousness.
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Figure 7. Absolute mean power comparison between six frequency bands. It is evident that each pair is

significant. Except delta and theta, all power in propofol group is higher than desflurane. Power shown
in dB after z-score * p < 0.05; ** p < 0.01; *** p < 0.005.
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Figure 8. Spectral dynamics from One representative of propofol patient. It is very evident that

the unconsciousness is featured by alpha and slow dominance. Vertical sharp line denotes some

noise perturbation.
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Figure 9. Spectral dynamics from Oone representative of desflurane patient. The anesthetized state is
characterized by slow to alpha wave dominance, especially for alpha significant increase. Vertical sharp
line denotes some noise perturbation.

4. Discussion

EEG dynamics has aroused much attention for anesthesia study. This analysis study of frontal
EEG data provides some insights to correlates between EEG dynamics and anesthesia status under
two common anesthetics. The signature of EEG induced by propofol and desflurane generally appears
similar. This has not been reported together for comparison purposes previously.

These EEG dynamics similarities between them are in line with the findings that GABAergic
neural circuit mechanisms behave [3,26,31]. This implies that highly structured thalamocortical
oscillations that communicate with cortical information processing, as well as slow oscillations in
cortical activity [9,32], which are responsible for this phenomenon. This suggests that the EEG time
frequency varying characteristic might function as signatures of general anesthesia—induced loss
of consciousness.

As to the difference between propofol and desflurane during the loss of consciousness, it is noted
that the power induced by propofol is slightly higher than desflurane except approximate delta-theta
band. Slow wave has been treated as a mechanism principle for unconsciousness during sleep and
anesthesia in common [9,33]. Frontal alpha EEG activity is proposed to alter something that is related to
consciousness through blocking communication within frontal thalamo-cortical circuits from a wide to
a narrow frequency band [10,15]. Results of this work explain that propofol induce a deeper anesthetic
state than desflurane to some extent. This could also be verified by the comparison difference between
unconsciousness with recovery state within each anesthetic agent. It means, for propofol, that the EEG
signature during recovery still resembles that during unconsciousness, whereas the desflurane group
is much more similar to the wakefulness.

However, these drugs are GABAergic dependent category. Those NMDA type might vary
according to their different neural function mechanism, such as nitrous oxide, ketamine [34].
Some related works have been proposed [26,34,35]. It is worthwhile digging into the difference and
comparison to pursue some new explanation and EEG signatures related with them. In recent years,
EEG related anesthetic study has focused on connectivity analysis: coherent oscillations, connectivity,
and network analysis [30,36,37]. Among them, alpha band anteriorization transition process, which is
associated with propofol-induced unconsciousness and surgical levels of sevoflurane anesthesia [30],
is one of the most profound outcomes and perhaps is used as a marker for anesthesia depth. This is
grossly consistent with our findings. Also, functional characteristics (i.e., phase-phase coupling,
phase—frequency coupling) of the EEG signatures between different frequency pairs can be further
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related to the level of consciousness [9]. These characteristics can provide a new window into the
differences between both awake state and unarousable states of unresponsiveness.

There are some limitations for this study. Our observations only focus on the regular surgery
anesthetic level variability of patients” EEG in clinical settings. This naturally poses a doubt
about the more detailed information with the time resolved spectral fluctuations [26,38]. Therefore,
data specifications might need to be set precisely according to future study requirements, such as
agent concentration level, anesthetic depth, aging effect, etc. Besides, co-administration of other drugs
during the operation may result in some bias for the EEG characteristics exploration. This makes it
hard for us to pursue detailed outcome and conclusion as well. Furthermore, multichannel analysis
becomes popular more recently [26,37,38], which would enable spatial and source analysis of EEG
features. For example, propofol was found with the anteriorization of alpha power [38,39]. It should be
further studied in prospective high-density EEG investigations, such as connectivity and brain network
study. Thus, it promotes better understanding of the neural circuit mechanisms of these oscillations.

5. Conclusions

In this article, it has been demonstrated that variation in the properties of slow oscillations
and alpha oscillations across different states induced by desflurane and propofol. It details EEG
signatures that could be monitored and displayed in real-time mode, thus being interpreted by
anesthesiologists perhaps to provide clinical operation guidance for future. In addition, given the
rich knowledge of the molecular pharmacology and neural circuits properties that are associated with
these drugs, the current outcome might provide a potential shared mechanism for GABAergic drugs
at clinically relevant doses. In the future, it is hoped that neurophysiological principles and brain
network connectivity will be integrated together to build an anesthetic-dosing dependent models and
guidelines for anesthesia-induced states of altered consciousness and neural circuit activity.
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