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� The anesthesia maintenance phase is characterized by a significant decrease in the complexity and
power of cerebral hemodynamic signals.

� Adults exhibit a higher coupling between low frequency oscillations (0.01–0.1 Hz) in fNIRS and EEG as
compared to children.

� fNIRS offers a complementary neurovascular assessment to EEG that improves the accuracy of anes-
thesia monitoring.

a b s t r a c t

Objective: This study aims to understand the neural and hemodynamic responses during general anes-
thesia in order to develop a comprehensive multimodal anesthesia depth monitor using simultaneous
functional Near Infrared Spectroscopy (fNIRS) and Electroencephalogram (EEG).
Methods: 37 adults and 17 children were monitored with simultaneous fNIRS and EEG, during the com-
plete general anesthesia process. The coupling of fNIRS signals with neuronal signals (EEG) was calcu-
lated. Measures of complexity (sample entropy) and phase difference were also quantified from fNIRS
signals to identify unique fNIRS based biomarkers of general anesthesia.
Results: A significant decrease in the complexity and power of fNIRS signals characterize the anesthesia
maintenance phase. Furthermore, responses to anesthesia vary between adults and children in terms of
neurovascular coupling and frontal EEG alpha power.
Conclusions: This study shows that fNIRS signals could reliably quantify the underlying neuronal activity
under general anesthesia and clearly distinguish the different phases throughout the procedure in adults
and children (with less accuracy).
Significance: A multimodal approach incorporating the specific differences between age groups, provides
a reliable measure of anesthesia depth.

� 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

General anesthesia can be described as a drug-induced, reversi-
ble state of unconsciousness, during which the patient is immobile,
retains no memory, and experiences no pain. Under general anes-
thesia there is a strict, stable maintenance of the autonomic, car-
diovascular, respiratory, and thermoregulatory systems (Brown
et al., 2018, 2010). Balanced general anesthesia, as it is commonly
practiced today, involves the administration of multiple drugs to
create and maintain the anesthetic state (Brown et al., 2018), so
as to safely perform surgical and non-surgical procedures
(Purdon et al., 2013). 8 percent of the world’s population every
year receives general anesthesia at least once (Hernandez-Meza
et al., 2018). In the United States alone, 60,000 patients are put
under general anesthesia every day (Brown et al., 2010), however,
there lacks a reliable benchmark system for monitoring the deliv-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinph.2021.03.025&domain=pdf
https://doi.org/10.1016/j.clinph.2021.03.025
mailto:tong61@purdue.edu
https://doi.org/10.1016/j.clinph.2021.03.025
http://www.sciencedirect.com/science/journal/13882457
http://www.elsevier.com/locate/clinph


V. Vijayakrishnan Nair, B.R. Kish, Ho-Ching (Shawn) Yang et al. Clinical Neurophysiology 132 (2021) 1636–1646
ery and maintenance of anesthesia. Currently, anesthesiologists
primarily rely on peripheral measurements, such as heart rate, res-
piration rate, oxygen saturation, and end-tidal anesthetic concen-
tration, along with the clinical status of the patient, to determine
the drugs and ideal dosage for each case and quantify the patient’s
anesthesia depth throughout the procedure (Hernandez-Meza
et al., 2017).

A well-founded anesthesia depth monitoring technique that
directly reflects the brain state is therefore essential, as both insuf-
ficient and excessive dosage could lead to serious complications.
An inadequate anesthesia depth can lead to intraoperative aware-
ness, including auditory and tactile perception, followed by feel-
ings of helplessness, immobility, pain, and panic, as well as an
acute fear of death. Previous research has reported that it might
also lead to the development of post-traumatic stress disorder with
symptoms such as anxiety, insomnia, nightmares, irritability,
depression and potential suicidality (Bischoff and Rundshagen,
2011; Kent et al., 2013). On the other hand, an anesthetic overdose
could lead to delayed post-operative recovery (Sinclair and Faleiro,
2006), neurological complications/injury, cardiovascular complica-
tions (Giraldo et al., 2018) and even death (Li et al., 2009).

In recent decades, advances in anesthesia monitoring used in
clinical practice include the electroencephalogram (EEG) based
Bispectral index (BIS) monitor (Medtronic, Dublin, Ireland) and
M�entropy (GE Healthcare, Helsinki, Finland) (Bruhn et al., 2006;
Viertio-Oja et al., 2004). However, the widespread use of these
monitors is limited, with routine use in an estimated 1.8 percent
of all surgical/non-surgical procedures (Avidan and Mashour,
2013). This can be attributed to known variability of their perfor-
mance under opioid drugs (Manyam et al., 2007), inadequate pre-
diction of emergence from anesthesia (Ishioka et al., 2017),
decreased capability in preventing intraoperative awareness
(Avidan et al., 2011), and no significant improvements in the qual-
ity of post-operative recovery (Leslie et al., 2005) and early and
intermediate-term survival (Leslie et al., 2010). Furthermore, EEG
based BIS measures are also susceptible to high frequency noise
from electro-surgical devices, making them invalid during their
use (Wang et al., 2020).

In addition, anesthetic drug specific changes in the power and
coherence of different frequencies in raw EEG signals have been
reported (Akeju et al., 2014; Hagihira, 2015; Hight et al., 2017;
Purdon et al., 2015, 2013). A recent study has also found that anes-
thesia induced EEG oscillations illustrate age-dependence (Lee
et al., 2017). However, the problem with these established EEG sig-
natures is that they only reverse significantly after the patient
recovers consciousness, hence limiting their potential as a stand-
alone measure of anesthesia depth.

Furthermore, reliable monitoring of all phases of general anes-
thesia cannot be accomplished with only EEG indices, since anes-
thesia induces a spectrum of both neural and hemodynamic
changes specific to the type of drug (Shalbaf et al., 2014).

This situation has prompted research into the capabilities of
alternative modalities, particularly functional Near Infrared Spec-
troscopy (fNIRS), to identify biomarkers specific to the anesthetic
drug action. fNIRS is a non-invasive optical imaging device that
can be easily adapted to the operating room. Unlike EEG, fNIRS is
sensitive to the concentration changes of oxyhemoglobin (D
[HbO]) and deoxyhemoglobin (D[Hb]). As a result, fNIRS can mea-
sure neuronal signals through neurovascular coupling (Ferrari and
Quaresima, 2012), which can offer complementary information
about anesthesia depth. fNIRS has been used previously to charac-
terize the depths of anesthesia. The changes in D[HbO], D[Hb] and
total hemoglobin (D[HbT]) during the transitions have been used
to distinguish the maintenance phase of anesthesia (Hernandez-
Meza et al., 2018, 2017; Izzetoglu et al., 2011; Leon-Dominguez
et al., 2014; Liang et al., 2016). However, robust fNIRS based
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biomarkers that directly relate to the underlying the neuronal
activity specific to all stages of the general anesthesia process have
not yet been reliably quantified.

The goal of this concurrent fNIRS and EEG study is to 1) compare
the signals from these two modalities during the whole procedure
of general anesthesia to examine the coupling between neuronal
and neurovascular responses; 2) develop reliable imaging
biomarkers based on fNIRS or fNIRS/EEG, to distinguish the differ-
ent phases of general anesthesia.
2. Methods

2.1. Patients

A total of 54 surgery patients admitted to PLA Army General
Hospital, Beijing, China, who had undergone general anesthesia
during various surgeries were analyzed in this retrospective study.
The protocol was approved by the Institutional Review Board of the
Seventh Medical Center to Chinese PLA General Hospital. Written
informed consent was obtained from all adult patients or parent
(s) of pediatric patients. The surgeries included circumcision,
multi-finger amputation, ureteroscopy, knee arthroscopy, ureteral
lithotripsy, laparoscopic cholecystectomy, and cystoscopy. All
patients maintained a supine position throughout the procedure.
The patients included two age groups: (i) 18 – 60 years (n = 37,
14 females and 23 males, mean age = 32.49 ± 10.58 years) and
(ii) 6 – 10 years (n = 17, 3 females and 14 males, mean age = 7.2
6 ± 1.28 years). All patients enrolled in the study were classified
as American Society of Anesthesiologists physical status I or II.
2.2. Anesthetic drugs and timeline of measurement

Intravenous infusion of propofol was used to induce general
anesthesia in all the patients enrolled in the study. Propofol exer-
cises its primary hypnotic and sedative effects by potentiating
specific c-aminobutyric acid type A receptor subtype (GABAA

receptor) mediated inhibition of impulses in the neural network
in the brain (Khan et al., 2014; Rudolph and Antkowiak, 2004).
The general anesthesia was maintained with sevoflurane, a halo-
genated inhalational agent, with agonist effects at GABAA and gly-
cine receptors. Sevoflurane also inhibits excitatory synaptic
channel activity in the central nervous system, with its antagonis-
tic effects on N-methyl-D-aspartate (NMDA), nicotinic acetyl-
choline, serotonin, and glutamate receptors (Franks, 2008).
Patients were also administered either fentanyl or sufentanil for
intraoperative analgesia and cisatracurium or rocuronium for
relaxation of skeletal muscles. Fentanyl and sufentanil are lipid sol-
uble m-opioid receptor agonists, with similar onset times, but
sufentanil has a shorter duration of action (Sear, 1998). Cisatracur-
ium and rocuronium are both non-depolarizing neuromuscular
blocking agents, primarily used to facilitate tracheal intubation.
They bind to the nicotinic cholinergic receptors at the muscle
motor end-plate to exert their effects (Naguib et al., 1998;
Strawbridge et al., 2020). In addition, most of the patients were
also given midazolam for its sedative, anxiolytic and amnestic
effects before the induction of general anesthesia (Oxorn et al.,
1997; Reves et al., 1985).

The timeline of fNIRS and EEG measurement during the surgery
is depicted in Fig. 1. For this study, the timeline of measurement
has been divided into four phases of interest: Wakefulness, Main-
tenance, Recovery and after recovery of consciousness (ROC).
Before the infusion of anesthetic drugs, the patients were pre-
oxygenated with 40–50 percent oxygen (flow = 2 L/min) and
received midazolam as a pre-medication. The induction of anesthe-
sia begins with an intravenous infusion of propofol. During this



Fig. 1. Phases of interest with reference to the surgery/measurement timeline.
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time, they were asked to repeat their names every ten seconds by
the anesthesiologist. The time point at which they failed to respond
to the verbal command was marked as the LOC (loss of conscious-
ness) time point. After the loss of consciousness, the neuromuscu-
lar blocking agent (cisatracurium or rocuronium) was
administered. The airway was maintained with tracheal intubation
or by the placement of a laryngeal mask airway. Anesthesia depth
was maintained with sevoflurane, and a bolus of intravenous
propofol was administered when the sedation of the patient was
determined insufficient by the anesthesiologist. The dose of
sevoflurane ranged between 0.5 % and 4%, in order to ensure a rea-
sonable depth of anesthesia during maintenance. During this
phase, patients were also administered analgesic agents (fentanyl
or sufentanil) and supplementary doses of cisatracurium or rocuro-
nium to maintain the required levels of muscle relaxation. The
recovery phase is defined as the time period from the cessation
of drug infusion to the recovery of consciousness. The administra-
tion of anesthetic agents, analgesic agents and neuromuscular
blocking agents was terminated during the beginning of this phase.
The anesthetic drugs are washed out from the patient’s body dur-
ing this phase, which leads to the recovery of consciousness, con-
firmed by purposeful movement at the end of recovery phase.
More specifically, during this time, they were asked to move their
right hand every 10 seconds. When the patients correctly
responded to the verbal command, the corresponding time point
was recorded as the ROC (Recovery of consciousness) time point.
2.3. Data collection

2.3.1. fNIRS description
fNIRS is a non-invasive, non-ionizing optical neuroimaging

technology widely used to investigate the hemodynamics of the
healthy brain and a multitude of brain pathologies (Boas et al.,
2014; Ferrari and Quaresima, 2012). In this study, the fNIRS data
was collected using two different fNIRS devices:

(i) The CW NIRS system (NIRx; Berlin, Germany) with 10 m long
optical fibers and LED sources, each combining two wavelengths
(760 and 850 nm). The source-detector distance was set to 3 cm.
The CW NIRS system with a sampling rate of 7.8125 Hz was used
to measure the relative D[HbO] and D[Hb] changes of 15 patients
in the age group of 18–60 years.

(ii) The EGOS-600A (EnginMed, Co., Ltd. Suzhou, China) with
four channels, each connected to a tissue oxygen probe of length
3 m. Each probe has 1 source and 2 detectors, with the source-
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detector distances of 3 cm and 4 cm. The probe’s light source has
three wavelengths (760 nm, 810 nm, and 850 nm). For this study,
only two channels were used to record the cortical blood oxygen
changes from the remaining patients enrolled, at a sampling rate
of 1 Hz. The spatially resolved spectroscopy (SRS) algorithm was
used to calculate the changes in D[HbO], D[Hb] and total hemoglo-
bin values.

The source-detector configuration and placement of sensors
from both EGOS-600A and NIRX CW NIRS systems are illustrated
in Fig. 2a and 2b, respectively. The sensors were placed on the fore-
head of the patients in such a way that the two channels captured
the neurovascular changes in the right and left prefrontal cortex of
the brain (Fp1 and Fp2).
2.3.2. EEG description
Two-channel frontal EEG was recorded during surgery using a

BIS monitor (Medtronic, USA). The sampling rate was 128 Hz per
channel. The BIS electrode array was recorded from approximately
FPz-F9 (International 10–20 system) and FPz-AF7. The electrode
impedance was less than 5 kX for each channel. These two EEG
recordings covered the same hemisphere of the brain. In this study,
we only analyzed the EEG from FPz-F9.
2.4. Data screening and processing

2.4.1. fNIRS
The fNIRS data screening and processing were carried out using

MATLAB (MATLAB 2015b, The MathWorks Inc., Natick, MA, 2000).
The D[HbO] and D[Hb] data from each channel of every subject
were visually inspected and those identified with motion artifacts
were corrected using a correlation-based signal improvement
technique (Cui et al., 2010). D[HbO] and D[Hb] signals from the
two channels of fNIRS exhibited a very high correlation of
0.72 ± 0.25 and 0.78 ± 0.24. This implies that there is no significant
difference in hemodynamic responses between the left and right
prefrontal cortex due to the global effect of general anesthesia.
All further analyses were carried out after averaging the responses
from the fNIRS channels for each subject to increase the signal–
noise-ratio.

Spectrogram: A time–frequency analysis was then performed on
the motion-corrected signals, using the spectrogram function
(spectrogram from MATLAB, window type = hamming, window
length = 100 seconds, overlap = 90 percent, sampling points
(nfft) = sampling frequency/frequency resolution), with a window



Fig. 2. Source – detector configuration of functional Near Infrared Spectroscopy (fNIRS) channels and placement of fNIRS probes on patient head for a) EGOS-600 A and b)
NIRx CW NIRS systems.
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length of 100 seconds and an overlap of 90 percent, to visualize the
variations in the frequency spectrum over the entire duration of
anesthesia. A window length of 100 sec gives a frequency bin
width of 0.01, thereby potentially eliminating oscillations less than
0.01 Hz, from the spectrum. Also, an overlap of 90 percent gives a
time resolution of 10 seconds, thereby enabling a good visualiza-
tion of change in frequency content over time (Park, 2009). Addi-
tionally, in order to quantify the variations in average power
content of the frequencies present in the hemodynamic signals
through different phases of anesthesia, their power spectral den-
sity (periodogram from MATLAB, window type = hamming, win-
dow length = length of the signal, sampling points (nfft) = next
power of 2 which is greater than the length of the signal duration)
was also calculated independently for each anesthetic phase of
interest. The integrated average power estimates for every anes-
thetic phase within specific frequency bands (0.1 Hz – 0.5 Hz band
and 0.01 Hz – 0.10 Hz band) were also calculated (MATLAB
bandpower).

For further analysis, the cerebral hemodynamic signals were
band-pass filtered (order = 20, design method = Kaiser window
FIR filter) between 0.01 and 0.10 Hz to focus on the low-
frequency oscillations (LFO). To explore the variations in cerebral
hemodynamic signals, through the different phases of anesthesia,
two other parameters were calculated for every anesthetic phase
of interest – (i) Sample Entropy (a measure of complexity) and
(ii) the phase difference between D[HbO] and D[Hb]...

Sample entropy: The sample entropy is defined as the negative
natural logarithm of the conditional probability that two
sequences similar for ‘m’ points, remain similar at the next point,
with the exclusion of self matches. It is used as a measure of sim-
ilarity within time-series data. The algorithm is a modification of
the approximate entropy algorithm, independent of data length,
and exhibits better consistency than approximate entropy
(Richman et al., 2011). In this study, the sample entropy of cerebral
hemodynamic signals was calculated for every anesthetic phase
using the MATLAB function SampEn.m (Monge-Álvarez, 2020).
An embedding dimension of 2 and a tolerance of 0.2 times the
standard deviation of the data was used based on previous sugges-
tions (Perpetuini et al., 2019; Richman et al., 2011; Yentes et al.,
2013).

Phase difference: Pierro et al. has demonstrated that the phase
difference betweenD[HbO] andD[Hb] has the potential to unmask
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the hemodynamic mechanisms of cerebral physiology, activation,
and pathological conditions (Pierro et al., 2012). The phase differ-
ence between D[HbO] and D[Hb] was calculated as the difference
between the instantaneous phases of the respective signals, calcu-
lated by Hilbert’s transform (Liang et al., 2018), and then projected
in the range of [0 p] for every anesthetic phase for each patient.
2.4.2. EEG
The EEG signals were processed using MATLAB (MATLAB 2015b,

The MathWorks Inc., Natick, MA, 2000) and Chronux toolbox (ver-
sion 2.12; http://chronux.org/). The EEG signals from every channel
of each patient were filtered in the range of 0.1 – 45 Hz (order = 20,
design method = Kaiser window FIR filter) to remove the baseline
drift and high frequency noise. Data from each channel was also
denoised using a stationary wavelet transform based technique
to remove the ocular artifacts from eye movements, as suggested
previously (Krishnaveni et al., 2006). The signals from the two
channels of EEG exhibited a very high correlation of 0.69 ± 0.19.
All further analyses were hence carried out after averaging the
responses from the two EEG channels for each subject to increase
the signal–noise-ratio.

The Chronux toolbox was used to perform time–frequency anal-
ysis of the EEG signals in the range of 0.1 – 45 Hz, at a window
length of 2 seconds and a 95 percent overlap.

EEG Entropy measures: For every anesthetic phase, the sample
entropy and permutation entropy of EEG signals across the wide
frequency range of 0.1 – 45 Hz were calculated using in-house
entropy algorithms. An embedding dimension of 2 and a tolerance
of 0.15 were used in sample entropy calculation, while an embed-
ding dimension of 6 and a lag of 1 were used in permutation
entropy calculation, as per previous suggestions (Li et al., 2008;
Liang et al., 2015). In addition, sample entropy – across the six dif-
ferent sub frequency bands – were also calculated. More specifi-
cally, the bands were slow waves (0.1 – 1 Hz), delta (0.5 – 3 Hz),
theta (3 – 8 Hz), alpha (8 – 12 Hz), beta (12 – 38 Hz) and gamma
(38 – 42 Hz).

EEG Phase Difference: In case of fNIRS, the phase difference was
calculated between two temporal series, oxy- and deoxyhe-
moglobin concentration changes, measured at the same region.
However, in case of EEG, there is only one signal. Thus, phase cal-
culation cannot be applied here.

http://chronux.org/
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2.4.3. Time - amplitude analysis of simultaneous fNIRS and EEG
To test the hypothesis that the hemodynamic signals could

reflect the changes in neuronal activity, the fNIRS signals were fil-
tered for low frequency oscillations (0.01 – 0.1 Hz) in small sliding
windows, with no overlap. The length of the processing windows
was empirically decided to be ~ 5 times the sampling frequency
of the signal. The EEG signals were filtered in the range of 0.1 –
45 Hz in windows of length similar to its corresponding fNIRS win-
dow length. Similarity between the patterns of variation of these
signals were examined through the cross correlation between
standard deviations of both the signals in the corresponding pro-
cessing windows.
2.4.4. Statistical analysis
Kruskal Wallis tests were used to determine statistically signif-

icant differences in average power estimates of fNIRS signals and
average entropy values of fNIRS and EEG signals, between the dif-
ferent anesthetic phases. In addition, cluster-based permutation
tests were used to determine statistically significant differences
in average power of alpha range oscillations in the EEG signals,
between the different anesthetic phases and age groups (Maris
and Oostenveld, 2007).
3. Results

3.1. Time-Amplitude analysis

Fig. 3a and 3b respectively illustrate the time – course of fNIRS
and EEG signal amplitudes of patient 23 (18 – 60 years group) and
patient 1 (6–10 years group). It can be observed that the envelope
of amplitude variation of cerebral hemodynamic signals very clo-
sely follows the pattern of variation in neuronal activity measured
by EEG. Notably, this pattern is more visible in the older age group
throughout the entire course of anesthesia as compared to the
minor age group.

The correlation between amplitude changes in hemodynamic
signals and neuronal signals exhibited by the older age group (D
[HbO]: 0.44 ± 0.07, D[Hb]: 0.40 ± 0.10) is notably higher than that
Fig. 3. Time course of fNIRS and EEG signal amplitudes of a) patient 23 (18 – 60 ye
Spectroscopy; D[HbO] – change in concentration of oxyhemoglobin; D[Hb] – change in
LOC – Loss of Consciousness; SD – Stop Drug; ROC – Recovery of Consciousness.
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exhibited by the minor group (D[HbO]: 0.15 ± 0.02, D[Hb]: 0.10 ±
0.06). The results of correlation indices of similarity between the
patterns of variation in hemodynamic and neuronal signals for all
patients are summarized in Figure S1 (See Supplementary
Material).

3.2. Time-frequency analysis

The spectrograms of fNIRS and EEG signals of patient 23 (18 –
60 years group) and patient 1 (6–10 years group) are depicted in
Fig. 4a and 4b respectively. The spectrogram of D[HbO] and D
[Hb] exhibits the presence of a ~0.2 Hz band (with less power in
the age group of 6–10 years), during the anesthesia maintenance
phase. This is attributed to the mechanically aided breathing dur-
ing the surgical procedure. More importantly, there is a general
decrease in the power of the spectrum during the maintenance
phase among both groups. Fig. 5 summarizes this significant
decrease in the average power of the cerebral hemodynamic sig-
nals during anesthesia maintenance compared to the baseline
and post recovery, specifically in the frequency bands of 0.01 Hz
– 0.1 Hz and 0.1 Hz – 0.5 Hz.

The spectral analysis of EEG shows the presence of slow waves
(<1 Hz) throughout anesthesia and alpha range oscillations
(~10 Hz) during the anesthesia maintenance phase in both age
groups (see Figure S3). However, the 10 Hz frequency band appears
to demarcate the loss and return of consciousness with a higher
power in the age group of 6–10 years than in the older adults
(See Figures S2 and S4 in the Supplementary Material). Also, the
majority of the subjects in the minor group manifest this frequency
band at the beginning of the recovery phase after the cessation of
drug infusion, whereas among the adults, this band is present at a
relatively lower power. See Figure S2 in the Supplementary Mate-
rial for EEG results averaged over all the subjects.

3.3. Complexity of fNIRS and EEG

The sample entropies of D[HbO] and D[Hb] during the different
anesthetic phases among the two different age groups are shown
in Fig. 6a and 6b respectively. These results show that the anesthe-
ars group) and b) patient 1 (6–10 years group). fNIRS – functional Near Infrared
concentration of deoxyhemoglobin; EEG – Electroencephalogram; ID – Infuse Drug;



Fig. 4. Time – frequency analysis of fNIRS and EEG signals of a) patient 23 (18 – 60 years group) and b) patient 1 (6–10 years group). fNIRS – functional Near Infrared
Spectroscopy; D[HbO] – change in concentration of oxyhemoglobin; D[Hb] – change in concentration of deoxyhemoglobin; EEG – Electroencephalogram; ID – Infuse Drug;
LOC – Loss of Consciousness; SD – Stop Drug; ROC – Recovery of Consciousness.

Fig. 5. Average Power of fNIRS signals through the different phases of anesthesia in a)18–60 years group in the frequency range of 0.01 Hz – 0.1 Hz, b) 6–10 years group, in the
frequency range of 0.01 Hz � 0.1 Hz, c) 18 – 60 years group in the frequency range of 0.1 Hz – 0.5 Hz, and d) 6–10 years group in the frequency range of 0.1 Hz � 0.5 Hz. *
(p < 0.05); **(p < 0.01); ***(p < 0.001); ****(p < 0.0001). D[HbO] – change in concentration of oxyhemoglobin; D[Hb] – change in concentration of deoxyhemoglobin; ROC –
Recovery of Consciousness.
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sia maintenance phase is marked by a significantly lower sample
entropy compared to wakefulness before anesthesia and the recov-
ery phases. This also means that there is a significantly higher
degree of similarity in the signals in the deep anesthesia phase
and they are more dissimilar or more varied during wakefulness
and recovery phases. Both the age groups exhibit the same pattern.

Fig. 6c illustrates the sample entropy of EEG (0.1 – 45 Hz) dur-
ing the different anesthetic phases among the two different age
1641
groups. The results of sample entropy changes across the different
sub frequency bands of EEG can be found in Figure S5 in the Sup-
plementary Material. From these figures, it can be seen that the
EEG sample entropy increases during the maintenance phase of
anesthesia (unlike fNIRS). On the other hand, the complexity of
EEG signals, characterized by permutation entropy (Fig. 6d),
decreases significantly during the maintenance phase of anesthesia
in both age groups. However, both EEG entropy measures were not



Fig. 6. Variation in sample entropy of fNIRS signals through the different phases of anesthesia in a) 18 – 60 years group and b) 6–10 years group and of (c) EEG signals (0.1 –
45 Hz) in both age groups. d) Variation in permutation entropy of EEG signals (0.1 – 45 Hz) through the different phases of anesthesia in both age groups. * (p < 0.05); **
(p < 0.01); ***(p < 0.001); ****(p < 0.0001). SE – Sample Entropy; PE – Permutation Entropy; fNIRS – functional Near Infrared Spectroscopy; EEG – Electroencephalogram; D
[HbO] – change in concentration of oxyhemoglobin; D[Hb] – change in concentration of deoxyhemoglobin; ROC – Recovery of Consciousness.
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as effective as fNIRS (i.e., D[HbO]) in isolating various anesthesia
phases, in these two age groups.
3.4. Phase difference between D[HbO] and D[Hb]

The changes in the phase difference betweenD[HbO] andD[Hb]
during the different anesthetic phases between the two different
age groups are depicted in Fig. 7. It can be seen that in the age
group of 18–60 years, during the phases before loss of conscious-
ness, the majority of the subjects have a phase difference of around
p, with a few outliers. However, during the deep anesthesia/main-
tenance phase, the phase differences are more spread out with
most of them in the range of [2 p]. The scatter of phase differences
increases even further during the recovery and post recovery
phases. In the age group of 6–10 years, the same pattern as in
the older age group could be observed until the maintenance phase
of anesthesia, but the scatter tends to remain almost the same dur-
ing the recovery phase and seems to return to baseline patterns
after recovery. However, no significant changes between anes-
thetic phases were identified in either of the age groups.
4. Discussion

This study explores the distinct signatures of general anesthesia
in neural and hemodynamic responses and their underlying phys-
iological mechanisms based on simultaneously acquired fNIRS and
EEG. The findings illustrate reliable differences in parameters mea-
sured from hemodynamic and neuronal activities between differ-
ent anesthetic phases as well as between the studied age groups.
Identification of unique biomarkers in different anesthetic phases
from the cerebral hemodynamic signals could not only help unveil
the precise mechanisms of anesthesia, but also help develop an
efficient anesthesia depth monitor when paired with established
EEG signatures.
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4.1. Power changes of fNIRS

Fig. 3 shows the correlations between the magnitude changes of
EEG and fNIRS signals. The decrease in neural activity induced by
the anesthetic agents was observed in the EEG signal as a decrease
in the magnitude of the signal during the maintenance phase. Since
the fNIRS signal is influenced by very low frequency components
(<0.01 Hz), we used a sliding window to remove these influences.
The results of this analysis demonstrated that fNIRS can reflect this
underlying neuronal activity by showing a similar trend in the
magnitude changes in hemodynamic signals. Lower signal magni-
tude in fNIRS might reflect reduced metabolic demand and low
regional cerebral blood flow induced by propofol (Conti et al.,
2006) and by sevoflurane (Palanca et al., 2017).

To further quantify the power distribution in different anes-
thetic phases, we plotted the time–frequency analysis of the sig-
nals (Fig. 4) using spectrograms and average power estimates
(Fig. 5). First of all, the time–frequency analysis of EEG signals illus-
trates both the coherent frontal alpha oscillations (~10 Hz),
referred to as anteriorization of the alpha rhythm, and slow waves
(<1 Hz), a well – established EEG signature of sevoflurane and
propofol (Akeju et al., 2014) (Fig. 4 and Figure S2). A plethora of
research has explained that these highly organized coherent alpha
oscillations presumably block the communication or coupling
between the thalamus and cortex, whereas the incoherent slow
oscillations restrict the normal intracortical communications
(Akeju et al., 2014; Hagihira, 2015; Hight et al., 2017; Lewis
et al., 2012; Mhuircheartaigh et al., 2013; Purdon et al., 2013). It
has also been suggested that these alpha oscillations predominate
when the anesthesia is adequate for surgery (Hagihira, 2015).
Compared to alpha oscillations, we can see a 0.2 Hz oscillation in
fNIRS throughout the period from loss of consciousness to recovery
of consciousness. However, this frequency and its harmonics were
caused by forced breathing (~0.2 Hz) during the surgery. Thus,
there is no corresponding ‘‘signature signal”, as with alpha range
oscillations in EEG, in fNIRS. Secondly, the power of the fNIRS sig-
nal over a wide frequency range during the maintenance phase is
significantly lower compared to the baseline and post recovery.



Fig. 7. Variation in phase difference between D[HbO] and D[Hb] through the different phases of anesthesia in a) 18 – 60 years group and b) 6–10 years group. D[HbO] –
change in concentration of oxyhemoglobin; D[Hb] – change in concentration of deoxyhemoglobin; ROC – Recovery of Consciousness.
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This can also be seen in the spectrogram as color, representing
power, shifted towards blue in the same period. Since fNIRS mea-
sures neuronal activities through neurovascular coupling (i.e.,
equivalent to low-pass filter), the frequency band that is associated
with neuronal activation is below 0.1 Hz. The signals with higher
frequencies (>0.1 Hz) are thought to be associated with physiolog-
ical processes, such as breathing, heartbeat, etc. In this study, we
can see that the power drop happened in both frequency bands
during the maintenance phase. The power reduction in the low fre-
quency band is consistent with previous findings from BOLD fMRI
signals during propofol and sevoflurane anesthesia (Zhang et al.,
2018). Thirdly, the power drop period is generally shorter than
the duration from loss of consciousness to recovery of conscious-
ness (Fig. 4). This might indicate the power change is a slow pro-
cess, which does not happen instantaneously with the injection/
withdrawal of the drug. This can also be seen in Fig. 5, where the
recovery phase only shows a relative increase in power in both
the higher frequency and low frequency oscillation bands, and a
significant change is only observed after recovery of consciousness.

4.2. Sample entropy

Another important finding from the present study is about the
sample entropy of fNIRS signals. Different from the power, sample
entropy reflects the degree of signal’s regularity. It was found that
the sample entropy of cerebral hemodynamic signals (0.01 Hz �
0.1 Hz), observed during the anesthesia maintenance phase, is sig-
nificantly lower as compared to the phases before the loss of con-
sciousness and the recovery phase. Besides Fig. 6, Fig. 4 also
showed the variations in the low frequency range (<0.1 Hz, neu-
ronal signal) decreased in the maintenance phase (i.e., the color
became more uniform in the spectrogram). This is likely caused
by the potent cerebral metabolic suppression induced by propofol
(Oshima et al., 2002) and maintained with sevoflurane (Kaisti et al.,
2003). A robustly reduced global cerebral blood flow state by
sevoflurane (up to concentrations of 4 percent) was found in other
studies (Kaisti et al., 2002), which might also explain this effect. It
is worth noting that the forced breathing (~0.2 Hz) in the mainte-
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nance phase has also contributed to the regularity of the signal
(Fig. 4), further decreasing the entropy.

In contrast, once the drug started to wash out from the system,
more variations in the cerebral hemodynamic signals appeared, as
indicated by a significantly higher sample entropy during the
recovery phase. In a similar line, Izzetoglu et al. reported that the
rate of D[Hb] and total hemoglobin is significantly lower during
the anesthesia maintenance phase as compared to significantly lar-
ger rates of changes during the recovery phase and that this differ-
ence could be used as a reliable marker to distinguish maintenance
and recovery phases (Izzetoglu, 2008). Interestingly, the value of
sample entropy in the recovery phase was still significantly lower
than that of the baseline, indicating the residual effect of the drug.
The observation is very different from that of the power (Fig. 5),
where the power in the recovery phase is relatively higher than
that of baseline, among the adult population, in both frequency
bands. This might indicate the different underlying mechanisms
represented by power and entropy, in which one overcompensates
in the recovery phase, while the other undercompensates.

Along similar lines, significant decreases in different EEG
entropy measures (Liang et al., 2015) during sevoflurane anesthe-
sia and EEG complexity during propofol and Ketamine anesthesia
(Schartner et al., 2015; Wang et al., 2017), and subsequent
increases during recovery have been reported. We have found a
similar result using permutation entropy (Li et al., 2008; Liang
et al., 2015) (Fig. 6d). However, results using sample entropy
showed increases in the complexity of EEG during the maintenance
phase of anesthesia (Fig. 6c). Sample entropy quantifies the com-
plexity of a time series on a limited scale (Liu et al., 2015), which
is why it is well-suited to fNIRS data with a narrow frequency band
(0.01–0.1 Hz). However, EEG is an integrated signal of cortical
activity that is controlled by complex self-regulating and interact-
ing systems running across multiple time scales (Shalbaf et al.,
2014). It might be more effective to apply sample entropy on speci-
fic frequency bands, instead of the signal with full spectrum. In
addition, EEG sample entropy was reported to be less reliable com-
pared to other entropy measures, possibly due to its high sensitiv-
ity to noise (Liang et al., 2015). Lastly, there could also be
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differences in the complexity of EEG signals arising from different
brain regions during anesthesia (Liu et al., 2018) and factors such
as pre-operative anxiety during wakefulness might reduce the
EEG sample entropy during this period (Tran et al., 2007). How-
ever, these interesting questions about various EEG entropy mea-
sures are beyond the scope of this manuscript. We will try to
address them in the future studies with more data.

Finally, Wang et al. has reported a significantly higher sample
entropy of fNIRS signals during the propofol anesthesia mainte-
nance phase, when compared to waking phases (Wang et al.,
2020). These results could have been due to the short lengths of
the post-operative waking phases, leading to inadequate analysis
window lengths in those phases (Richman et al., 2011; Yentes
et al., 2013).

4.3. Phase difference between D[HbO] and D[Hb]

Analysis of phase differences between D[HbO] and D[Hb] dur-
ing the different anesthetic phases among both age groups did
not reveal significant changes, indicating that phase difference
might not have enough sensitivity to distinguish the status of the
anesthesia. A previous study found that phase difference was clo-
sely related to the early development of brain (Watanabe et al.,
2017). It becomes stable (i.e. phase�p) for babies older than
3 months (Taga et al., 2017) and it does not change until old age
(>65) (Liang et al., 2018). This observation suggested that phase
difference represented some robust underlying physiology/vascu-
lature, which does not change easily after development. In this
study, we found that even anesthetic drugs cannot make signifi-
cant changes to the phase difference. This observation confirmed
that the underlying physiological condition represented by the
phase difference is so crucial and basic to life, it forms very early
on in the child development and hardly changes under the influ-
ence of other potent factors.

4.4. Children versus adults

The differences in both EEG and fNIRS signals depending on the
age were observed in this study. For example, the adults exhibited
a higher degree of correlation between the neuronal and vascular
responses (signal magnitude), whereas the children’s correlation
values were much lower (Figure S1). Since general anesthesia has
been reported to affect the neurovascular coupling process
(Masamoto and Kanno, 2012), one possible explanation for this
observation could be that neurovascular coupling is still immature
in the developing brain (Kozberg and Hillman, 2016). Mounting
evidence also suggests varied responses in cerebral blood flow to
sensory stimulation in children when compared to adults (Born
et al., 2002; Moses et al., 2014).

Furthermore, previous studies have shown that the EEG oscilla-
tions during anesthesia differ significantly in children as compared
to adults (Davidson et al., 2008; Lo et al., 2009). In our study, it
could also be discerned from Figure S2, that the changes in EEG
power throughout the different anesthetic phases vary between
the age groups. For example, frontal EEG alpha power is higher
in children compared to adults (Figures S2 and S4). The fact that
the alpha – range oscillations continued to be present in the recov-
ery phase with a relatively higher power in minors, would translate
into a more varied process in the developing brain to reestablish
the higher-order connections blocked by the drug. In view of the
thalamocortical development that occurs throughout childhood,
Lee et al. has reported age-related changes in EEG alpha power
and coherence during propofol anesthesia and suggests that a
more specific and principled approach to monitoring brain states
is needed for pediatric patients (Lee et al., 2017). Increased frontal
EEG alpha power during sevoflurane anesthesia has also been
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reported in infants of 4 – 6 months of age, with suggestions about
differences in developmental factors such as synaptogenesis, glu-
cose metabolism and myelination across cortex likely contributing
to the observed effect (Cornelissen et al., 2015). Moreover, the fad-
ing of alpha – range oscillations towards the end of the recovery
phase in children, indicates that this process is faster in children
than adults. This could be attributed to relatively faster washout
of sevoflurane due to its low solubility in blood and tissues
(Sarner et al., 1995) combined with shorter elimination half-lives
and higher plasma clearance for propofol (Maheshwari et al.,
2019; Murat et al., 1996). All contribute to a faster emergence from
anesthesia in children when compared to adults.

These observations, together with the fact that neural circuits
undergo significant developmental changes from birth to adult-
hood (Tau and Peterson, 2010), suggest that when monitoring
brain states under general anesthesia, one must consider the
patient’s age.

4.5. Importance of a multimodal approach

The power differences in the frontal EEG alpha range oscilla-
tions between the studied age groups which are present through-
out the time from loss of consciousness to recovery of
consciousness (Figure S2), makes this signal an important marker
of the effect of age in measuring anesthesia depth. However, the
fact that it disappears only after a patient recovers consciousness
(in both age groups) does not give a sufficient lead time to take
any actions in the event of a reduced anesthesia depth during
the surgery, and hence, might not be able to prevent intra-
operative awareness. However, a significant increase in sample
entropy and a relative increase in power of fNIRS signals could
be observed during the recovery phase as compared to the mainte-
nance phase, even before the patients completely recover con-
sciousness. These measures therefore are important with respect
to predicting emergence from general anesthesia with a sufficient
lead time to prevent intra-operative awareness. Thus, a multi-
modal approach based on both fNIRS and EEG comprehensively
addresses all the requirements of brain state monitoring during
the complete general anesthesia process.

4.6. Limitations

The results from this study are limited to the neurovascular
responses from the pre-frontal cortex. Moreover, this study only
characterized the general anesthesia induced by propofol and
maintained with sevoflurane. It would be interesting to compare
the effects of different anesthetic agents using simultaneous fNIRS
and EEG. Future research should focus on the development of an
anesthesia depth index based on both fNIRS and EEG, incorporating
an analysis of spatial variations in neurovascular responses and
their differences across age groups.
5. Conclusion

The results of this study illustrate that the phases of general
anesthesia can be characterized from fNIRS signals. We have
shown that fNIRS can reliably reflect underlying neuronal activity
during the complete general anesthesia process in the adult popu-
lation. Significant changes in the complexity and power of fNIRS
signals also differentiate the different anesthetic phases among
adults and children. This, therefore, leads us to conclude that fNIRS
can offer complementary neurovascular assessment on general
anesthesia, which can greatly improve the accuracy when com-
bined with EEGmeasurement. Furthermore, the differences in neu-
rovascular coupling and neural activity under anesthesia between
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adults and children, as illustrated in this study, might also be taken
under serious consideration.
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