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Abstract. Monitoring the changes of cerebral hemodynamics and the state of consciousness during general
anesthesia (GA) is clinically important. There is a great need for developing advanced detectors to investigate
the physiological processes of the brain during GA. We developed a multichanneled, functional near-infrared
spectroscopy (fNIRS) system device and applied it to GA operation monitoring. The cerebral hemodynamic data
from the forehead of 11 patients undergoing propofol and sevoflurane anesthesia were analyzed. The concen-
tration changes of oxygenated hemoglobin, deoxygenated hemoglobin, total hemoglobin, and cerebral tissue
heart rate were determined from the raw optical information based on the discrete stationary wavelet transform.
This custom-made device provides an easy-to-build solution for continuous wave-fNIRS system, with custom-
ized specifications. The developed device has a potential value in cerebral monitoring in clinical settings. © 2016
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1 Introduction
Understanding the neurophysiological mechanisms of anes-
thetic drug effects on the brain is a hot topic in recent years.1

It is known that an underdose of anesthetics may cause intrao-
perative awareness or postoperative recall whereas an overdose
may lead to recovery delay or cardiopulmonary complication
risks.2 Although there is a variety of intraoperative monitoring
equipment, such as multiparameter physiological monitors
based on electroencephalogram (EEG), electrocardiogram,
blood pressure, pulse oximetry, and so on; patients are still at
risk of an anesthetic overdose or underdose within clinical
practice.3 Providing a safe and reliable intraoperative monitoring
system remains a challenging issue.4

Several commercially available, EEG-based depth of anes-
thesia (DoA) monitors, such as the bispectral index (BIS) monitor
(Medtronic, Dublin, Ireland),5 and M-entropy (GE Healthcare,
Helsinki, Finland),6 have been developed in recent decades.5,7,8

The advantages of EEG-based monitors include noninvasiveness,
high portability, high time resolution, and direct assessment of
the brain states under general anesthesia (GA).9 However, the
routine use of EEG monitors was estimated not to exceed
1.8%.10 The reasons for the low usage of these devices included:
(1) the poor performance in the presence of opioids;11 (2) the
lack of direct information provided to guide the delivery of
anesthetics;12 and (3) the lack of assessment of cerebral oxygen
saturation, which is also important in intraoperative and postop-
erative intensive care.13,14 These studies indicate that EEG meas-
urement alone is not adequate for DoA monitoring.

Functional near-infrared spectroscopy (fNIRS) is a neuroi-
maging tool that monitors cerebral metabolic activity by meas-
uring the absorption of near-infrared (NIR) light between 650
and 950 nm noninvasively.15 As the absorption spectra of deox-
yhemoglobin (Hb) and oxyhemoglobin (HbO2) are distinct in
this region, it is possible to determine the concentration changes
of HbO2 and Hb individually by using the infrared lights of two
distinct wavelengths. The two wavelengths of NIR light for
measuring HbO2 and Hb are usually selected on both sides
of the isosbestic point (805 nm), one above and the other
below this point (e.g., 730 and 850 nm). fNIRS supplies a
safe, nonionizing radiative, noninvasive, and cost-effective
measurement of cerebral hemodynamic changes in cerebral cor-
tex in comparison with positron emission tomography (PET)
and functional magnetic resonance imaging (fMRI).16,17 Over
the years, this technique has evolved into a versatile medical
diagnostic modality and has been used to investigate many
brain functions.18–23

In general, there are three types of fNIRS systems: continuous
wave (CW) modality, frequency-domain (FD) modality, and
time-domain modality.24 As the CW-based systems offer the
advantages of relatively low cost, high adaptability, and portabil-
ity, most of commercially available NIRS systems are CW-
based.25,26 The food and drug administration has approved four
cerebral oximeter devices for clinical monitoring: the CerOx
(Ornim, Foxboro, Massachusetts), Equanox (Nonin Medical,
Plymouth, Minnesota), FORE-SIGHT (CAS Medical Systems,
Branford, Connecticut), and INVOS (Covidien, Dublin, Ireland).27
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However, the oximetry of FORE-SIGHT and INVOS can only
supply physiological changes rather than changes with cognitive
activity.28 Further, quantities measured by these devices may
be altered by many factors, such as cardiac output, hypo/hyper-
capnia, temperature, and local blood flow. Additionally, indices
must be interpreted in the context of available clinical informa-
tion if they are supposed to be used to track anesthesia process.
Stable systems and robust indicators are still needed.

The ability of fNIRS to detect the major events of cerebral
ischemia is well established;29 however, the relation of cerebral
ischemia and the progress of anesthesia is not clear.30 Previous
studies found that an HbO2 concentration increased 3 min after
propofol induction.31 Fassoulaki et al. found that the regional
cerebral oxygenation did not differ between sevoflurane and
desflurane as BIS values were maintained within the range of
40 to 50 or 20 to 30.32 Leon-Dominguez et al. found that the
Hb in the prefrontal cortex (PFC) increased during the induction
phase with propofol and remifentanil induction in colopoctol-
ogy surgery33 while the Hb levels of different channels were
altered during the emergence phase. Curtin et al. used the
same device to measure the propofol effect during an outpatient
elective colonoscopy. The results showed that the relative Hb
value was decreased during the induction and relative HbO2

indices were significantly different at different propofol dos-
ages.21 Further, the effect of inhalation of anesthetic sevoflurane
on cerebral oxygenation was studied. It was found that oxygen
saturation is sensitive to inspire oxygen and subject position.34,35

Hernandez-Meza et al.28 provided a thorough review of the use
of fNIRS in the fields of anesthesia and sedation monitoring. It is
clear that there are still many problems to be solved in using
fNIRS to monitor brain states under GA in clinic.

Since NIRS measurements are known to be sensitive to
absorption changes in the superficial layers in functional studies,
a significant source of noise in optical studies is due to physio-
logical signals in these superficial layers. These signals include
systemic physiological hemodynamic fluctuations, such as car-
diac pulsation, respiratory signals, and blood pressure changes,
which are presented in the scalp and underlying cerebral
tissue.36–38 Although these physiological waveforms are consid-
ered to be the artifact in estimating the cerebral metabolic activity,
there are also some other research groups that use this information
to explore the vascular physiology in healthy subjects and stroke
patients.39,40 Hemmerling et al. developed an objective score
(analgoscore) of intraoperative pain based on the mean arterial
pressure and heart rate (HR) for close loop control of remifenta-
nil.41,42 Cardiac pulsation (around 1 Hz) is one of the predominant
physiological processes in fNIRS.43 Perdue et al. had proved that
the HR derived from the head in fNIRS were highly correlated
with the HR calculated from the electrocardiography.44 This moti-
vated us to consider if the cardiac pulsation noise in NIRS could
be used as an effective signal in DoA monitoring. In this study, in
order to make a distinction in the HR from the peripheral, we
denoted the HR parameter of the cerebral tissue as cerebral tissue
heart rate (CTHR).

The primary purpose of this paper is to introduce a home-
made, multichanneled, fNIRS system for measuring frontal
hemodynamics and to evaluate its performance on DoA moni-
toring. This paper is organized as follows: the next section
addresses the fundamental principles of fNIRS, the source-
detector probe schematic, and the hardware and software archi-
tecture of this system. Section 3 describes the experimental
evaluation of the system. In Sec. 4, fNIRS data acquisition in

clinic, preprocessing and cerebral hemodynamic information
and CTHR extraction are discussed in detail. Section 5 gives
a detailed illustration of the hemodynamic information derived
under GA. Finally, a discussion and conclusion are given in
Sec. 6.

2 Frequency Division Multiplexing Functional
Near-Infrared Spectroscopy System

2.1 Principles of Frequency Division Multiplexing
Functional Near-Infrared Spectroscopy

The typical CW-based NIRS system emits constant light into the
tissue, and an avalanche photo diode or photomultiplier tube is
used to measure the amplitude of the remnant light that is
reflected back. This kind of system is susceptible to the inter-
ference with the ambient light.26,45 The frequency division mul-
tiplexing method adopts the sinusoidal wave to modulate the
source. Different sources are paired with different modulation
frequencies, which are usually selected from 1 to 10 kHz (sim-
ilar to CW5 imaging system from TechEn, Inc., Milford,
Massachusetts). The detected signals are demodulated to extract
the corresponding cerebral hemodynamic information. The ben-
efits of this method include: (1) immunity to ambient light and
(2) simultaneous multichannel detection.

2.2 Multichannel Probe and Source-Detector
Schematic of This Device

In order to detect the hemodynamic changes of the PFC, we
designed a simple, multichanneled probe, which can be used
in the operating room. The source-detector schematic is
shown in Fig. 1, with three light emitting diodes (LEDs), and
eight Si-photodiodes (PD) forming 12 source-detector channels.
The horizontal distance between the nearest two detectors is
4.8 cm and the vertical distance is 4 cm, so the distance between
the nearest detector and source is about 3 cm. The NIR light
source used in the system is L760/850-04A (EXPITEX Inc.
Kyoto, Japan), which emits two wavelengths of light (760
and 850 nm). The re-emerging NIR light is collected and con-
verted to an electrical signal by Si-PD. The Si-PD S2386-44K
(Hamamatsu, Inc. Hamamatsu, Japan) has the features of high
linearity, high sensitivity, and short rise time, which make it suit-
able for high-frequency modulation and weak light conversion.

2.3 Hardware and Software Architecture

The hardware platform is composed of three modules: a
digital-to-analog converter (DAC) and LED-driver module,
a programmable gain amplifier (PGA) and analog-to-digital

Fig. 1 The source-detector schematic of the multichanneled probe. It
consists of three LED sources and eight Si-PD detectors forming 12
channels (CH1-CH12). The horizontal distance between the nearest
two detectors is 4.8 cm and the vertical distance is 4 cm.
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converter (ADC) module, and a field programmable gate array
(FPGA) controller and universal serial bus (USB) interface mod-
ule. The functions of the LabVIEW software system consist of
USB data reading, signal demodulation, hemodynamic informa-
tion calculation based on the modified Beer–Lambert law
(MBLL), signal display, and storage. The architecture of the sys-
tem is shown in Fig. 2, and the details of each part are described
in the following paragraphs.

The DAC (PCM1690, Texas Instruments Inc., Texas) gener-
ates sinusoidal carrier signals ranging from 1 to 7 kHz with an
interval of 1 kHz (under the control of the FPGA). The low pass
filter eliminates the high-frequency noise mixed within the carrier
signal. The driving circuit of light source converts the voltage sig-
nal to current signal (VI) to drive the LEDs. The average output
power of 760 and 850 nm light sources is about 16 and 18 mW,
respectively. The detected light is magnified by a PGA (PGA204,
Texas Instruments Inc., Texas) and then digitized by ADC
(PCM4201, Texas Instruments Inc., Texas) with the sampling
rate of 100 kS∕s and 24-bit resolution. In order to remove the
effect of aliasing in digitized signals, the sampling rate is com-
monly set to be ∼5 times the maximum frequency.46 Also, con-
sidering the future upgrade of the system (expansion in the light
sources), we adopted 100 kHz as a more redundant design. The
time sequence of each ADC channel is controlled by the FPGA
concurrently. Data transfer and power supply are realized by a
USB 2.0 interface connected to a notebook computer through
the Virtual Instrument Software Architecture. The software archi-
tecture of this system is shown in Fig. 2 within the dotted box.

The wearable headset is made of soft materials to
ensure comfortable wear. The custom-designed data acquisition
board and source driving circuit are placed in a 125 mm ×
110 mm × 50 mm aluminum enclosure. The whole system is
suitable to be placed next to the operating table. The probe
[Fig. 3(a)], the disassembled prototype [Fig. 3(b)], the instru-
ment appearance [Fig. 3(c)], and the software interface
[Fig. 3(d)] of this device are shown in Fig. 3.

3 Experimental Evaluation
The effectiveness of the custom-made fNIRS system was verified
by performing a Valsalva maneuver task,47 which contained five
blocks and each block included 30 s breath-hold and 120 s rest
period. Data were recorded by our system and a commercial
fNIRS system NIRScout (NIRx Medical Technologies, LLC.)
simultaneously. The emitters and detectors of the two systems
were placed side-by-side on the prefrontal area around the FP1
position according to the 10-20 system. The experimental para-
digm and sessions were designed using the E-prime software
(Psychology Software Tools). The trigger signals from the E-
prime were sent to the custom-made system and the NIRScout via
serial and parallel port, respectively, to synchronize all the devices.
The instruction of the Valsalva maneuver task includes taking a
deep breath, closing the mouth, pinching the nose, and attempt-
ing to expire air, as well as keeping the cheek muscles tight.

Data were analyzed later in MATLAB®. First, the signals of
our custom-made fNIRS system were downsampled to 10 Hz.
Then, the HbO2 and Hb concentration changes were calculated
based on MBLL. These hemodynamic signals were expressed as
the product of the relative change of hemoglobin concentration
and the effective optical path length (mM ×mm). Finally, after
a band-pass filtering (0.004 to 2 Hz), the HbO2, and Hb concen-
tration changes can be visually inspected, as shown in Fig 4.
Figures 4(a) and 4(b) are the concentration changes in HbO2

and Hb. The yellow shaded area indicates the task period of
30 s breath holding. It could be highlighted that both HbO2

and Hb derived from the custom-made (in red) system match
those from NIRScout (in blue). The correlation coefficients (corr-
coef.m) of HbO2 is 0.82 (p < 0.001) and Hb is 0.91 (p < 0.001).

4 Clinical Data Acquisition

4.1 Subjects and Data Acquisition

This device was tested to collect cerebral hemodynamic data
under GA in the No.1 Hospital of Qinhuangdao. The study

Fig. 2 The hardware and software architecture of the multichanneled fNIRS system. The hardware plat-
form consists of a DAC and LED-driver module, a PGA and ADC module, and an FPGA controller and
USB interface module. The function of the LabVIEW software system consists of USB data reading, data
flow decomposition, signal demodulation, cerebral hemodynamic information calculated based on the
MBLL, signal display, and storage.
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protocol, recruitment methods, and informed consent statements
were approved by the No.1 Hospital of Qinhuangdao’s ethic
committee. Eleven patients (7 males and 4 females) undergoing
laparoscopic surgery were enrolled in this study. Patients were in
supine position before the start of the surgery. For the surgical
requirement, there were pitch angle changes during the opera-
tion in trendelenburg position. All patients were ASA
(American Society of Anesthesiologists) physical status I or
II. The patients, aged 18 to 62 years, had no history of seizures,
head injury, chronic headaches, or neurological dysfunction and
all gave written informed consent.

Anesthetics were induced intravenously with 1.5 mg∕kg of
propofol, 0.03 mg∕kg of midazolam, 0.15 mg∕kg of cisatracu-
rium, and 4 μg∕kg of fentanyl. The patients were preoxygenated
with endotracheal intubation to satisfy oxygen demand during

operation. Inhalational anesthetic (sevoflurane, 1% to 2%) along
with intravenous anesthetic (remifentanil 0.5 to 1 mg∕h, and
propofol 150 to 300 mg∕h) were used to maintain the anesthesia
state based on the patient body weight, sex, age, and patient’s
state. Cisatracurium was injected intermittently. The drug con-
centration was adjusted based on physiological parameters and
the anesthesiologist’s judgment on the patient’s state. Loss of
consciousness (LOC) was determined by the loss of response
to a verbal command repeated every 5 s by the anesthesiologist.
The “induction time” (the time point of starting induction),
“operation time” (the time point of starting the surgical pro-
cedure), “anesthesia stop time” (the time point of anesthesia
cessation), and “command time” (the time that the patient
first responds to a verbal command during recovery) of all
the patients were recorded and shown in Table 1. The awake

Fig. 4 Comparison of the time course of (a) HbO2 and (b) Hb acquired from NIRScout and a custom-
made device during Valsalva maneuver task.

Fig. 3 The display of the multichanneled fNIRS system. (a) The wearable headset, (b) the disassembled
prototype of the hardware motherboard, (c) the device appearance with the size of 125 mm ×
110 mm × 50 mm, and (d) the software interface developed based on Labview.
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state is the period before the “induction time.” The time course
between “operation time” and “anesthetic stop time” is consid-
ered as the moderate anesthesia state and the period after the
“anesthetic stop time” is considered as the recovery state.
The recovery of consciousness (ROC) is defined as the point
when the patient could follow a verbal command.

Electrocardiographic, HR, and pulse oximetry were moni-
tored for safety using an iPM9800 Patient Monitor (Mindray
Co., Ltd. Shenzhen, China) during intraoperation. Our multi-
channel fNIRS system was used to collect optical signals,
which were later converted to HbO2 and Hb signals. The wear-
able headset that covers the PFC was fixed on the forehead. The
schematic diagram of the position of sources and detectors is
shown in Fig. 1. All the data detected in the operation were
recorded and stored on a laptop for off-line analysis.

4.2 Data Preprocessing

The collected optical data were first downsampled to 10 Hz.
Figures 5(a) and 5(c) show an epoch of the downsampled,
raw optical signal of 760 and 850 nm from one typical patient
during the operation process, respectively. Figures 5(b) and 5(d)
are the corresponding log spectrum of Figs. 5(a) and 5(c),
respectively. The upper portion of the figures is an enlarged
section. The enlarged waveform clearly shows the cardiac
pulsation, respiration cycle, and blood pressure (Mayer wave)
oscillations. A motion artifact can also be found around the
time point of 260 s, where the signal intensity has a large per-
turbation for the probes shift.

Table 1 The event times for each patient (in seconds).

Subjects
Induction

time
Operation

time
Anesthesia
stop time

Command
time

#1 230 1355 4103 7066

#2 180 1160 3847 4868

#3 78 1280 5947 6800

#4 35 962 2355 4087

#5 1050 2410 * 10,500

#6 297 3396 6965 7997

#7 820 2186 5693 5983

#8 686 * 4806 5126

#9 486 2648 8640 10860

#10 * * 6349 7722

#11 99 2618 8640 10860

Note: Induction time = the time point of the start of the induction
phase.
Operation time = the time point of starting the surgical procedure.
Anesthesia stop time = the time point of anesthesia cessation.
Command time = the time point corresponding to the subject’s
correct response to a verbal command.
*The time point is not recorded.

Fig. 5 The raw optical signals of 760 and 850 nm recorded from one channel. (a) and (c) The optical
signal of 760- and 850-nm wavelength, respectively. The signals were downsampled to 10 Hz. (b) and
(d) The power spectra of optical signal of 760- and 850-nm wavelength, respectively.

Neurophotonics 045001-5 Oct–Dec 2016 • Vol. 3(4)

Liang et al.: Design of multichannel functional near-infrared spectroscopy system with application to propofol. . .



Fig. 6 The decomposition schematic diagram of aDSWT to the raw optical signals. The hemodynamic signal
component localized in the approximation component of level 6 (0 to 0.156 Hz). The detail components of D2
and D3 are used for CTHR calculation.

Fig. 7 The averaged cerebral hemodynamic changes of all channels for a single patient as a function of time.
(a) The detailed anesthesia procedure for one patient. (I) Awake, (II) intravenous induction, (III) sevoflurane
inhalation, LOC, (IV) surgery started and maintenance of the anesthesia state, (V) surgical accepted, anes-
thesia stopped, (VI) recovery, and (VII) consciousness. (b)–(e) The averaged concentration changes of HbO2,
Hb, HbT, and CTHR of all channels as a function of time during the entire surgery. The dark solid line is the
mean value of the 12 channels and the light shaded area indicates the standard deviation of all the channels.
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These studies have shown that the hemodynamic signal
under GA may contain low frequency components and that sim-
ple high-pass filtering is not suitable for denoising.48 Further, the
cardiac pulsation (around 1 Hz) may contain useful information
for intraoperative pain assessment.43 In this study, the discrete
stationary wavelet transform (DSWT) was employed for the
decomposition of the optical signals, which performed a multi-
level stationary wavelet decomposition using either a specific
orthogonal wavelet or specific orthogonal wavelet decomposi-
tion filters.49,50 The inverse DSWT was used to reconstruct the
signal at the proper scale. The details of the fNIRS data prepro-
cessing are described as follows.

First, raw fNIRS data were decomposed into five subbands
using the Daubechies-4 wavelet function based on the DSWT
method. The DSWT decomposition schematic diagram of the
optical signals is illustrated in Fig. 6. In implementing multi-
scale wavelet decomposition to the optical signals, the compo-
nents of the approximation coefficient and detail coefficient at
each level can be derived, as showed in Fig. 6 (left). Then, for
the detail component of D3 and D2 containing the waveform
range from 0.625 to 2.5 Hz, which are mainly cardiac pulsation
information, the CTHR index was extracted from these compo-
nents with the windows of 1 min and 10 s overlap. Third,
the hemodynamic parameters HbO2 and Hb oscillating at
0.01 to 0.15 Hz are believed to be closely related to brain
activation.16 The A5 component (<0.15 Hz) was used to extract

the relative concentration changes ofHbO2, Hb, and total hemo-
globin (HbT;HbT ¼ HbO2 þ Hb). The 10 s data prior to anes-
thesia induction were used as the baseline during the calculation
of relative HbO2 and Hb (using MBLL). Finally, the motion
correction method, based on empirical mode decomposition,
proposed in our preview study was used to remove the motion
artifacts.51

4.3 Statistical Analysis

In order to analyze the change and distribution of the HbO2 and
Hb during anesthesia, the distribution of the indices in the
awake, induction, moderate anesthesia, and recovery states
for all 11 subjects were analyzed. The Kolmogorov–Smirnov
test (kstest.m) was used to compare the values of HbO2 and
Hb in different states to a standard, normal distribution. The
Box plot was employed to evaluate the performance of distin-
guishing different anesthetic states of HbO2 and Hb values. A
multiple comparison test and Kruskal–Wallis test (kruskalwallis.
m) were used to determine the significant differences of the
index values between awake and moderate anesthesia states
and between moderate anesthesia and recovery states.52

5 Results
The cerebral hemodynamic changes of all 12 channels for one
typical patient are shown in Fig. 7. The operation lasted for two

Fig. 8 The data recording process of fNIRS in surgery and the detailed changes of hemodynamic infor-
mation and CTHR values during the induction and recovery of anesthesia from another patient. (a) The
schematic diagram of the data recording process of the fNIRS with patients. (b) The HbO2 and Hb con-
centration changes during induction of anesthesia. The error bars are the standard deviation of indices
with all channels at that time point, and the dashed vertical line indicates the time point of LOC. The data
are selected about 300 s around the LOC. (c) Concentration changes of HbO2 and Hb during recovery of
anesthesia. The dash vertical line indicates the time point of RoC. The data are selected about 300 s
around the RoC. (d) and (e) The CTHR change during loss of anesthesia and recovery of anesthesia,
respectively.
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and a half hours. The detailed anesthetic infusion process and
the corresponding brain states are labeled with (I) to (VII) in
Fig. 7(a). Figures 7(b)–7(d) show the concentration changes
of HbO2, Hb, and HbT, respectively. The dark solid curve is
the mean value of the cerebral hemodynamic indices, and the
shaded area is the standard error during the whole course. It
can be observed that HbO2 and HbT had changed during the
whole anesthesia process.

In order to examine the performance of the fNIRS in
detecting the effect of the anesthetic drug on the brain, the
induction process (from the awake to the anesthetized state)
and the emergence process (after the cessation of generation
anesthetics) were analyzed. The time courses of LOC and recov-
ery from another subject who underwent a laparoscopic prosta-
tectomy were shown in Fig. 8. It can be seen that the relative
HbO2 and Hb increased sharply after the LOC. Additionally,
the indices of HbO2 and Hb decreased slowly during the emer-
gency process. Also, the CTHR index changed in both the
induction and awakening processes. The relative HbO2 fluc-
tuation had a similar trend,28 while the trend is opposite in

the case of Hb.28 Interestingly, the Hb indices have similar trends
in induction phase with another study,48 which used propofol
induction.

Furthermore, in order to analyze the significance of relative
HbO2, Hb, HbT, and CTHR in each anesthesia states we
selected 30-s long hemodynamic signals at each state (awake,
induction, moderate anesthesia, and recovery) in each patient
(except the patient 4 and 10 in awake). The data sets of the
awake state were selected before the “induction time,” and
the moderate anesthesia state data sets were selected between
the “operation time” and “anesthesia stop time.” The induction
state was defined as the time range from LOC-100 s to
LOCþ 100 s. The recovery state data were collected after
the “command time” or in the recovery room. The box plot
of relative HbO2, Hb, HbT as well as the CTHR values at
four different brain states (I awake, II induction, III moderate
anesthesia, and IV recovery) are shown in Figs. 9(a)–9(d),
respectively. The corresponding statistics were summarized in
Table 2. The Kolmogorov–Smirnov test showed that the values
of each hemodynamic parameter of each anesthesia state were

Fig. 9 Boxplot of HbO2 and Hb for the 11 patients at (I) awake, (II) induction, (III) moderate anesthesia,
and (IV) recovery states. (a) and (b) The boxplot figures for HbO2, Hb, HbT, and CTHR at the four states,
respectively. The notation *, **, and *** indicate significant difference at p < 0.05, p < 0.01, and p < 0.001,
respectively (Kruskal–Wallis test and multiple comparison test).

Table 2 The statistics of the HbO2, Hb, HbT, and CTHR in the awake, induction, moderate anesthesia, and recovery states.

State

HbO2 Hb HbT CTHR

Median (min–max) Median (min–max) Median (min–max) Median (min–max)

Awake −0.016 ð−0.478 to 0.968) 0.006 (−0.354 to 0.714) −0.031 (−0.832 to 1.682) 72.29 (57.14 to 22.45)

Induction 0.494 (−0.449 to 2.512) 0.143 (−0.585 to 1.093) 0.544 (−0.759 to 2.680) 70.59 (50.86 to 128.35)

Moderate anesthesia 0.246 (0.091 to 0.961) 0.223 (0.055 to 0.695) 0.461 (0.165 to 1.657) 58.82 (48.75 to 118.32)

Recovery 0.041 (−0.198 to 0.191) 0.019 (−0.221 to 0.112) 0.063 (−0.344 to 0.275) 74.07(59.41 to 105.26)
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not normally distributed. The statistically significant difference
among different brain states for each parameter is marked at the
top of Fig. 9, using the notation *, **, and *** to indicate
a significant difference at, p < 0.05, p < 0.01, and p < 0.001,
respectively (Kruskal–Wallis test and multiple comparison test).
It can be seen that the concentration changes of HbO2, Hb, HbT,
and CTHR are significantly different among the three states:
awake, moderate, and recovery states. All the p-value are
smaller than 0.001 in statistics.

6 Discussion and Conclusion
In this study, a new multichanneled fNIRS device based on fre-
quency-division multiplexing principle was developed and
applied in GA monitoring. The cerebral hemodynamic changes
(HbO2, Hb, and HbT) and CTHR were calculated, and the
indices of each parameter at different anesthesia states were
analyzed. The results showed that the HbO2, Hb, and HbT
derived from our equipment can be used to differentiate the
brain states under propofol and sevoflurane anesthesia.

There are many commercially available fNIRS systems that
have been used in brain function studies. Scholkmann et al.
reviewed the CW-based fNIRS systems in detail24 and showed
that there are more than 17 commercial fNIRS devices have
been widely used in neuroscience research. However, the
fNIRS system that can be used for diagnosis or monitoring
patients during anesthesia is still limited.33 For example, clini-
cally available fNIRS equipments, such as FORE-SIGHT and
INVOS, are not able to elucidate the relationship between anes-
thesia and cognitive activity. Within the few NIRS studies on
anesthesia, most of them focused on the effects of different anes-
thetic drugs on cerebral metabolism and hemodynamics.53,54

Hemandez-Meza et al. had used the NIRS to measure the pre-
frontal activity during the induction and recovery states of GA,
as well as compare the Hb value with BIS in outpatient elective
colonoscopy and coloproctology surgery.21,28,33 The results
showed that the fNIRS have potential in assessing the DoA.
However, there are still many problems.

In this study, we planned to validate the findings of other
groups using the new fNIRS device. The design principle of
the device is based on the principle of frequency-division multi-
plexing, which is widely adopted in the field, such as CW5,
Braininsight NIRS, ETG-7100, and CW6.28,47 Compared to
these existing commercial instruments, there are several advan-
tages of our system:

i. Higher sampling rate (100 kHz) and smaller size (using
FPGA as the main processor). The parallel processing of
FPGA guaranteed the sampling completely synchron-
ized among channels.

ii. Each light source is driven by sinusoidal frequency
modulation waves with the frequency ranging from 1
to 7 kHz, which prevents interference from the other light.

iii. The DSWT is adopted to extract HbO2, Hb, HbT, and
CTHR. The demodulated signal is downsampled to
10 Hz. It allows us to obtain more physiological informa-
tion. The CTHR reflects the changes of the HR, which
may have potential value in analgesia assessment.41

However, the cerebral hemodynamics could be affected by
various factors, such as anesthetic drugs, surgical position, as
well as the patient’s physical conditions.21 In our study, all
the patients underwent the peritoneoscope surgery and the

results showed that the concentrations of HbO2 and Hb
increased during induction state. In the work of Leon-
Dominguez et al.,48 it was found that Hb increased during
the induction process under propofol and sevoflurane anes-
thesia. However, in another study,30 the Hb values slightly
decreased or remained the same during induction under propofol
sedation. From a neurophysiological viewpoint, during the anes-
thetic induction, when the patient’s consciousness is diminish-
ing, the PFC activity decreases, resulting in the increase of Hb.33

The fact that Hb levels exhibited different trends in different
channels may be explained by the different neural activation
patterns in re-establishment of the high-order cognitive
functions.55,56 In one review study,28 it was shown that the
HbT increased during the propofol induction, which is consis-
tent with our findings. Lastly, the change of Hb was selected for
cortical activation analysis,48 due to its high temporal and spatial
correlations with BOLD response, which has been demonstrated
by concurrent fNIRS/fMRI studies.57

It is interesting that the four curves of CTHR, Hb, HbO2, and
HbT had the similar trends (seen in Fig. 7). The detailed changes
of hemodynamic information and the CTHR values during the
induction and recovery of anesthesia of another patient are
shown in Fig. 8. It can be seen that the curves of Hb, HbO2,
and CTHR have a similar trend in the induction process.
However, the Hb and HbO2 were not consistent with the
CTHR in the ROC process. Further, the box plots of each
index at awake, induction, moderate anesthesia, and recovery
states are shown in Fig. 9. The statistics show that the CTHR
in different states of anesthesia were not consistent with hemo-
dynamic parameters. Although the four curves in Fig. 7 have
similar trends, it is hard to say Hb, HbO2, and HbT values
are affected by CTHR. The research indicates that the increased
heart-rate response may be caused by induction and intubation
maneuvers.58 Also, it is known that the intubation requires tilting
the head backward to insert the tube and this could cause the
motion artifacts. This operation may confuse the influence of
the intubation maneuvers and motion artifacts with the increase
of Hb and HbO2. In addition, it is found that the decrease of the
Hb may be caused by the decrease of HR and the drop of blood
pressure after propofol perfusion.33 Unfortunately, the commu-
nication protocol is private and the commercial monitoring devi-
ces do not have a synchronous trigger port with other devices in
this study, which made it impossible to compare the peripheral
physiologies and hemodynamic parameters. In future studies,
we will address these limitations.

Compared with hemodynamic parameters, the metabolic
parameter of cerebral oxygen metabolism (CMRO2) could pro-
vide critical diagnostic information for bedside measurement of
brain health.59 It is well known that the CMRO2 could reflect
neural hyperactivity and cell death.60 However, CMRO2 cannot
be easily derived from a single functional brain imaging tech-
nique, such as fMRI, PET, and optical imaging.61 Especially, all
the NIRS systems, which are based on the CW principle, could
only obtain the hemodynamic parameters of relative Hb and
HbO2. To obtain the CMRO2 , additional optical imaging tech-
niques are needed, such as diffuse correlation spectroscopy, to
assess the value of regional cerebral blood flow.62

Furthermore, it is critical to quantify the effect of anesthetic
on the brain in different concentrations. However, drug metabo-
lism in the body is a complex nonlinear process. The pharma-
cokinetic-pharmacodynamic model was usually used to predict
the effect on the brain.63 The anesthetic concentration effect can
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be significantly affected by the subject-specific physiological
states. Moreover, more than one anesthetic drug was used in
the study, different drugs may establish synergies with each
other. In this study, we mainly focused on the fNIRS design
and its effectiveness in evaluating GA through the comparison
of hemodynamic parameters in different anesthesia states.
In further studies, it is important to study in depth the internal
relationship between metabolic process of anesthesia and
hemodynamic effects on PFC, based on the pharmacokinetic-
pharmacodynamic model.

Additionally, the HbO2 and Hb measurements can be
affected by the hemodynamics of the superficial-layer. The mul-
tidistance measurement should be considered in the future to
remove the noise from the superficial layer.64 Meanwhile, the
spatial information of hemodynamic changes is also important
to reflect the effect of anesthesia. One study33 showed that the
Hb value increased during the induction state and had different
trends during the emergency state in different channels. In this
study, we analyzed the spatial fluctuations in HbO2 and Hb with
changes of anesthesia in different anesthesia states. However,
we did not find significant correlations. There may be several
reasons, such as differences in anesthetic drugs, surgery posi-
tions, and the patient’s physical conditions.21 It is also suggested
that the apparent disorganization of hemodynamic changes in
fNIRS channels in the emergence phase may relate to the re-
establishment of high-order cognitive functions.55,56 The spatial
relationship of consciousness and hemodynamic changes
requires more carefully designed studies.

In conclusion, we presented a multichanneled fNIRS system
and proved its effectiveness in DoA monitoring. However, our
study merely considered the temporal cerebral hemodynamic
information at different anesthesia states. More studies are
needed to understand the spatial hemodynamic information.
Furthermore, to become a useful DoA monitor, the index quan-
tification, and the internal relations with EEG-based DoA mon-
itor should be established.
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