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Abstract
BACKGROUND 
Wavelet index (WLi) and pain rating index (PRi) are new parameters for 
regulating general anesthesia depth based on wavelet analysis.

AIM 
To investigate the safety and efficacy of using WLi or PRi in sevoflurane 
anesthesia.

METHODS 
This randomized controlled trial enrolled 66 patients scheduled for elective 
posterior lumbar interbody fusion surgery under sevoflurane anesthesia between 
September 2017 and February 2018. A random number generator was used to 
assign the eligible patients to three groups: Systolic blood pressure (SBP) 
monitoring group, WLi monitoring group, and PRi monitoring group. The main 
anesthesiologist was aware of the patient grouping and intervention used. The 
primary endpoint was anesthesia recovery time. Secondary endpoints included 
extubation time, sevoflurane consumption, number of unwanted events/ 
interventions, number of adverse events and postoperative visual analogue scale 
for pain.

RESULTS 
A total of 62 patients were included in the final analysis (SBP group, n = 21; WLi 
group, n = 21; and PRi group, n = 20). There were no significant differences 
among the three groups in patient age, gender distribution, body mass index, 
American Society of Anesthesiologists class, duration of surgery, or duration of 
anesthesia. Anesthesia recovery time was shorter in the WLi and PRi groups than 
in the SBP group with no significant difference between the WLi and PRi groups. 
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Extubation time was shorter in the WLi and PRi groups than in the SBP group. 
Sevoflurane consumption was lower in the WLi and PRi groups than in the SBP 
group. Nicardipine was more commonly needed to treat hypertension in the WLi 
and PRi groups than in the SBP group.

CONCLUSION 
Regulation of sevoflurane anesthesia depth with WLi or PRi reduced anesthesia 
recovery time, extubation time and sevoflurane consumption without 
intraoperative unwanted events.

Key Words: Wavelet index; Pain rating index; Sevoflurane; Depth of anesthesia; 
Anesthesiology; Systolic blood pressure

&copy;The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights 
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Core Tip: Anesthesia recovery time was shorter in the wavelet index (WLi) and pain 
rating index (PRi) groups than in the systolic blood pressure (SBP) group with no 
significant difference between the WLi and PRi groups. Extubation time was shorter in 
the WLi and PRi groups than in the SBP group. Sevoflurane consumption was lower in 
the WLi and PRi groups than in the SBP group. Nicardipine was more commonly 
needed to treat hypertension in the WLi and PRi groups than in the SBP group.

Citation: Zhang JW, Lv ZG, Kong Y, Han CF, Wang BG. Wavelet and pain rating index for 
inhalation anesthesia: A randomized controlled trial. World J Clin Cases 2020; 8(21): 5221-
5234
URL: https://www.wjgnet.com/2307-8960/full/v8/i21/5221.htm
DOI: https://dx.doi.org/10.12998/wjcc.v8.i21.5221

INTRODUCTION
The ideal depth of anesthesia is that which achieves appropriate levels of hypnosis, 
analgesia, and muscle relaxation at the same time[1], but the depth of anesthesia must 
be carefully monitored during surgery to avoid physiologic responses to awareness 
such as tachycardia, hypertension, sweating, lacrimation, increased skeletal muscle 
tone, and spontaneous movement[2]. Traditional monitoring of anesthesia depth relies 
on clinical signs that represent the reactions of the body to noxious stimuli during 
surgery such as blood pressure or heart rate changes, body movement, sweating, 
lacrimation, eye movement, and pupillary reflex, but these indicators have poor 
specificity and can be influenced by many factors, including other drugs used in 
combination with general anesthetics. Thus, there is considerable interest in the 
development of better methods for monitoring the depth of anesthesia.

Classical electroencephalography (EEG) can be used to monitor the depth of 
anesthesia as well as EEG-based technologies[3]. The bispectral index (BIS) is 
recognized to accurately represent the sedative depth of anesthesia[4,5]. The BIS is 
derived from three parameters obtained from the EEG: The power spectrum, the phase 
spectrum, and the proportion of the signal that is isoelectric[6]. However, because the 
BIS only reflects the frequency domain of the EEG signal and not the time domain, the 
BIS does not demonstrate immediate changes in the EEG signal.

The wavelet index (WLi) is a new parameter that potentially could be used to 
regulate the sedative depth of anesthesia. WLi is a multiscale refined analysis of the 
original EEG wave achieved using scaling and translation functions. Similar to the BIS, 
the range of WLi values is 0–100, with a value of 0 indicating no EEG activity, a value 
of 100 indicating complete wakefulness, and a value of 40–60 taken to indicate an 
appropriate level of general anesthesia. A number of Chinese studies[7-10] showed that 
the WLi showed good correlation and consistency with the BIS and could be used as 
an index to monitor the sedative depth of anesthesia. Because wavelet analysis is a 
method that combines frequency and time domains, the information provided by the 
WLi is thought to be more accurate and comprehensive than that provided by the 

http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
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BIS[11].
The pain rating index (PRi) is an objective quantitative assessment indicator that 

was developed by Chinese researchers in 2016. Using wavelet analysis methods, the 
investigators extracted the repeatable regular metadata that change characteristically 
from the high-frequency rhythm (γ waveband, 40-100 Hz) and low-frequency rhythm 
(α and β wavebands, 8-30 Hz), which are highly associated with the intracerebral 
conduction of pain signals in EEG[12-14]. These data can be used to guide the doses and 
infusion velocities of the analgesics based on a multivariable regression model. The 
novel comprehensive EEG indicator can specifically reflect the tolerance degree of the 
cerebral cortex and subcortical center to pain stimuli, and the score ranges from 0 to 
100. PRi of 50-70 means satisfactory analgesia, PRi < 50 means over analgesia, and PRi 
> 70 means insufficient analgesia.

We hypothesized that regulating the depth of general anesthesia using WLi or PRi 
as opposed to standard monitoring of systolic blood pressure (SBP) can shorten 
anesthesia recovery time and extubation time and reduce general anesthetic 
consumption in patients undergoing surgery. Therefore, the aim of this randomized 
controlled clinical trial was to investigate whether WLi and PRi could be used 
effectively and safely to regulate the depth of sevoflurane anesthesia in patients 
undergoing lumbar surgery.

MATERIALS AND METHODS
Study design 
This prospective, randomized controlled trial was conducted at the Department of 
Anesthesiology, Shanxi Dayi Hospital, Taiyuan, Shanxi, China between September 
2017 and February 2018. The study was approved by the Shanxi Dayi Hospital Ethical 
Committee (No. YXLL-2017-005) and registered in the Chinese Clinical Trial Registry 
(registration number: ChiCTR-IPR-17012092; date of registration: July 23, 2017). 
Written informed consent was obtained from all patients.

Patients
Consecutive patients who met the following inclusion criteria were enrolled: (1) Age 
40-60 years; (2) Body mass index 18-25 kg/m2;  (3) American Society of 
Anesthesiologists grade I or II; (4) Diagnosis of lumbar spinal stenosis and/or lumbar 
disc herniation; (5) Scheduled for elective posterior lumbar interbody fusion under 
general anesthesia with tracheal intubation; and (6) Surgery was limited to a 
maximum of three lumbar segments. The exclusion criteria were: (1) History of central 
nervous system or respiratory system disease; (2) Misuse of alcohol or use of illicit 
drugs; (3) History of malignant hyperthermia; (4) History of severe psychiatric 
disorder; and (5) Refusal to provide informed written consent. Patients were also 
excluded from the final analysis if the following criteria were met: (1) Intraoperative 
WLi > 60 or PRi > 70 at a sevoflurane dosage of 4%; and (2) Surgical duration > 3 h (i.e. 
longer than that required for a routine operation). WLi 40-60 and PRi 50-70 are the 
indicators recommended by the manufacturers of the equipment for reflecting proper 
anesthesia depth. Sevoflurane was set at 4%, based on the minimum alveolar content 
(MAC) value of sevoflurane, which is about 2% when age is 40-60 years. As 1.3-1.6 
MAC could meet the requirements of the operation, we set the sevoflurane at < 2 MAC 
in this study.

Allocation of patients to groups
Conventional modulation of analgesia in clinical practices is based on the monitoring 
of blood pressure and heart rate. Therefore, SBP was selected for the control group. A 
random number generator was used to assign the eligible patients to three groups: SBP 
monitoring group, WLi monitoring group, and PRi monitoring group. The main 
anesthesiologist was aware of the patient grouping and intervention used. However, 
all patients and all staff who performed data collection and analysis were blinded to 
the patient grouping and intervention used.

Monitoring of anesthesia
Noninvasive blood pressure (NIBP), pulse oxygen saturation, heart rate (HR), and 
electrocardiogram were routinely monitored during surgery in all patients (IntelliVue 
MX700 bedside patient monitor; Philips, Amsterdam, The Netherlands). For the 
monitoring of WLi and PRi, the skin of the patient’s forehead and mastoid was 
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degreased with alcohol, and the electrodes of the HXD-I multifunctional monitor 
(Beijing Easymonitor Technology, Co., Ltd., Beijing, China) were positioned as 
recommended by the manufacturer. The electrode impedance was kept below 7.5 kΩ 
as required by the manufacturer to ensure optimal contact. The baseline values for 
SBP, HR, WLi, and PRi were defined as the average of three consecutive 
measurements made soon after the patient’s arrival in the operating theater and before 
the induction of anesthesia. NIBP was measured every 3 min, while WLi and PRi were 
measured continuously.

During surgery, the anesthesiologist (who was aware of the patient grouping) 
managed the level of anesthesia based on the group to which the patient had been 
allocated. However, all investigators involved in the collection, recording, and analysis 
of data were blind to the patient grouping.

Induction of anesthesia
Only sevoflurane was enough for analgesia and sedation, which had high 
controllability, and could reduce the interactions among the compound anesthetics. 
No opioids were used during operation.

An intravenous catheter was inserted into a large forearm vein. After adequate 
preoxygenation with 100% inhaled oxygen, bolus intravenous injections of midazolam 
(0.05 mg/kg), sufentanil (0.5 µg/kg), and etomidate (0.3 mg/kg) were administered 
for induction of anesthesia followed by vecuronium (0.1 mg/kg) for muscle relaxation. 
The patient’s trachea was intubated and the lungs were ventilated mechanically with a 
tidal volume of 8-10 mL/kg, and the ventilatory rate was adjusted to maintain an end-
tidal carbon dioxide partial pressure of 30-35 mmHg. Anesthesia induction, tracheal 
intubation, and adjustment of mechanical ventilation parameters were the same for all 
patients.

Maintenance of anesthesia
For all patients, the initial concentration (Cs) of inhaled sevoflurane (Maruishi 
Pharmaceutical Co., Ltd., Osaka, Japan) was 2 vol% with 2 L/min of fresh gas flow. 
During maintenance of anesthesia, the Cs range was limited to between 1.5 vol% and 4 
vol%, and vecuronium (0.05 mg/kg) was administered every 40 min. The total 
sevoflurane consumption was calculated according to: Volume of sevoflurane 
consumption (mL) = sevoflurane Cs in the volatilization pot (%) × flow velocity 
(L/min) × lasting time at this flow velocity (min) × molecular weight of sevoflurane 
(200.06) ÷ 2412 ÷ relative density of sevoflurane (1.524)[15].

In the SBP group, Cs was adjusted to maintain the SBP at ± 20% of the baseline 
value. When SBP reached > 15% of the baseline value, Cs was increased by 0.5%-1%. 
When SBP reached < 15% of the baseline value, Cs was decreased by 0.5%-1%. In the 
WLi group, Cs was adjusted to maintain the WLi value between 40–60. When WLi 
reached < 45, Cs was decreased by 0.5%-1%. When WLi reached > 55, Cs was 
increased by 0.5%-1%. In the PRi group, Cs was adjusted to maintain the PRi value 
between 50-70. When PRi reached < 55, Cs was decreased by 0.5%-1%. When PRi 
reached > 65, Cs was increased by 0.5%-1%. In all cases, the interval between each 
adjustment was 3 min.

Intraoperative unwanted events and interventions
Nicardipine (0.3 mg) was administered intravenously for hypertension (SBP > 120% of 
baseline). Ephedrine (10 mg) was given intravenously for hypotension (SBP < 80% of 
baseline). Esmolol (10 mg) was administered intravenously for tachycardia (HR > 90 
beats/min if baseline HR was ≤ 75 beats/min or HR > 120% of baseline if baseline HR 
was > 75 beats/min). Intravenous atropine (0.5 mg) was given for bradycardia (HR < 
45 beats/min)[16-18].

Recovery period
At the end of surgery, sevoflurane was discontinued, and all patients received 
sufentanil (0.15 µg/kg) and tropisetron (5 mg). Extubation was performed when the 
patient had recovered respiration and consciousness. Anesthesia recovery time was 
defined as the time from discontinuation of sevoflurane to spontaneous opening of 
eyes. Extubation time was defined as the time from discontinuation of sevoflurane to 
extubation.

Endpoints
The primary endpoint was anesthesia recovery time. The secondary endpoints 
included: Sevoflurane consumption; extubation time; SBP, HR, WLi, and PRi values at 
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major time points during general anesthesia; number of intraoperative unwanted 
events (hypertension, hypotension, tachycardia, and bradycardia); number of 
intraoperative interventions for unwanted events; number of intraoperative and 
postoperative adverse events (nausea, vomiting, agitation, respiratory depression, and 
awareness); and postoperative visual analogue scale (VAS) for pain.

Statistical analysis
The primary endpoint in this study was anesthesia recovery time. In accordance with 
the methods used in a previous randomized controlled trial[16], the sample size 
calculation was based on the results of a pilot study with 15 cases in each group. In the 
pilot study, anesthesia recovery time [mean ± standard deviation (SD)] was 25.6 ± 2.3 
min in the SBP group, 18.4 ± 3.3 min in the WLi group, and 20.1 ± 3.3 min in the PRi 
group. Therefore, the effect size among the three groups was 0.53. On the assumption 
that the allocation ratio of the three groups was 1:1:1, the sample size for each group 
was calculated (F-test) to be 18 for a significance level of 0.05 and a power of 0.90. 
Considering a 20% dropout rate, the sample size for final enrollment was 22 in each 
group (a total of 66 patients).

Normally distributed measurement data are presented as mean ± SD and were 
analyzed using one-way analysis of variance and the least-significant difference test 
for multiple comparisons. Non-normally distributed data are expressed as medians 
(range) and were analyzed using the Brown-Forsythe test with Tamhane’s T2 test for 
multiple comparisons. Repeated measures analysis of variance was used for 
comparisons of SBP, HR, WLi, and PRi among time points during anesthesia. 
Categorical data are expressed as n (%) and were analyzed with the chi-squared test. A 
P value < 0.05 was considered statistically significant in all analyses. Statistical 
analyses were performed using SAS 9.4 statistical software (SAS Institute, Cary, NC, 
United States).

RESULTS
Baseline clinical characteristics of the study participants
Among 78 patients assessed for eligibility, four patients refused to participate and 
eight patients did not meet the inclusion criteria (age > 60 years, n = 4; age < 40 years, 
n = 2; and body mass index > 25 kg/m2, n = 2). Therefore, 66 patients were initially 
enrolled in this study. A further four patients were excluded during the study 
(surgical duration > 3 h, n = 2; and PRi > 70 despite adjustment of sevoflurane Cs to 
4%, n = 2). Therefore, a total of 62 patients were included in the final analysis (SBP 
group, n = 21; WLi group, n = 21; and PRi group, n = 20; Figure 1). There were no 
significant differences among the three groups in patient age, gender distribution, 
body mass index, American Society of Anesthesiologists class, duration of surgery, or 
duration of anesthesia (Table 1).

Anesthesia recovery time, extubation time, and sevoflurane consumption
Anesthesia recovery time was shorter in the WLi (19.7 ± 2.2 min) and PRi (20.6 ± 2.1 
min) groups than in the SBP group (25.1 ± 2.2 min; P < 0.001). Extubation time was also 
shorter in the WLi (21.0 ± 2.2 min) and PRi (21.6 ± 2.6 min) groups than in the SBP 
group (26.6 ± 2.1 min; P < 0.001). Furthermore, sevoflurane consumption was lower in 
the WLi (26.7 ± 4.4 mL) and PRi (28.9 ± 3.5 mL) groups than in the SBP group (33.1 ± 
2.1 ml; P < 0.001). There were no significant differences between the WLi and PRi 
groups in anesthesia recovery time, extubation time, or sevoflurane consumption 
(Table 2).

SBP, HR, WLi, and PRi values during general anesthesia
Trends in SBP, HR, WLi, and PRi values during general anesthesia are presented in 
Figure 2. There were no significant differences among groups in SBP (F = 0.031, P = 
0.970) or HR (F = 0.720, P = 0.491) at any of the 13 major time points (Figure 2, Table 3). 
On the other hand, WLi (F = 10.924, P < 0.001) and PRi (F = 24.014, P < 0.001) did show 
some significant differences among groups (Figure 2, Table 4). At certain time points, 
the WLi and PRi values were higher in the WLi and PRi groups than in the SBP group 
(P < 0.05; Table 4). In addition, the PRi value was lower in the PRi group than in the 
WLi group at some time points during general anesthesia (P < 0.05; Table 4).
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Table 1 Baseline demographic and clinical characteristics of the study participants

SBP group, n = 21 WLi group, n = 21 PRi group, n = 20 P value

Sex, male/female 13/8 12/9 10/10 0.742

Age in yr 54 ± 6 53 ± 5 52 ± 5 0.747

BMI in kg/m2 24.5 ± 1.8 24.1 ± 1.6 24.0 ± 1.6 0.547

ASA class, I/II 16/5 17/4 15/5 0.891

Duration of surgery in min 134 ± 19 135 ± 12 137 ± 14 0.751

Duration of anesthesia in min 169 ± 18 170 ± 14 171 ± 17 0.920

Values are given as mean ± standard deviation or absolute numbers. ASA: American Society of Anesthesiologists; BMI: Body mass index; PRi: Pain rating 
index; SBP: Systolic blood pressure; WLi: Wavelet index.

Table 2 Anesthesia recovery time, extubation time and sevoflurane consumption

SBP group, n = 21 WLi group, n = 21 PRi group, n = 20 P value

Anesthesia recovery time in min 25.1 ± 2.2 19.7 ± 2.2a 20.6 ± 2.1a < 0.001

Extubation time in min 26.6 ± 2.1 21.0 ± 2.2a 21.6 ± 2.6a < 0.001

Sevoflurane consumption in mL 33.1 ± 2.1 26.7 ± 4.4a 28.9 ± 3.5a < 0.001

Values are presented as mean ± standard deviation.
aP < 0.05 vs systolic blood pressure group. Anesthesia recovery time: Time from discontinuation of sevoflurane to spontaneous eye opening; Extubation 
time: Time from discontinuation of sevoflurane to extubation. PRi: Pain rating index; SBP: Systolic blood pressure; WLi: Wavelet index.

Intraoperative unwanted events and interventions
The total incidence of unwanted events and the incidence of each type of unwanted 
event (hypertension, hypotension, tachycardia, and bradycardia) did not differ 
significantly among the three groups (Table 5). The rates of intervention with esmolol, 
ephedrine, and atropine were also similar among groups (Table 5). On the other hand, 
the rate of intervention with nicardipine (for hypertension) was significantly higher in 
the WLi group (43%) and PRi group (60%) than in the SBP group (10%; P < 0.05; 
Table 5).

Intraoperative/postoperative adverse events and VAS for pain
No patients reported awareness during anesthesia, and none experienced 
postoperative respiratory depression. There were no significant differences among 
groups in the incidences of postoperative nausea/vomiting or agitation (Table 6). 
Moreover, postoperative VAS for pain was also similar among the three groups 
(Table 6).

DISCUSSION
An important aim of modern anesthesiology is to optimize the use of anesthetic drugs 
by accurately regulating the depth of anesthesia while using the minimum effective 
dose of anesthetic agents. The accurate regulation of anesthesia depth enables 
maintenance of hemodynamic stability, improves the quality of anesthesia, and 
minimizes complications. The main findings of the present randomized controlled trial 
were that regulation of sevoflurane anesthesia depth with WLi or PRi in patients 
undergoing lumbar surgery shortened anesthesia recovery time and extubation time 
and reduced sevoflurane consumption as compared with regulation by monitoring of 
conventional clinical signs. Furthermore, the use of WLi or PRi to regulate anesthesia 
depth was not associated with any increases in intraoperative unwanted events or 
postoperative adverse events or any negative impacts on postoperative pain scores. 
Taken together, our data suggest that monitoring of WLi or PRi is an effective and safe 
method of regulating the depth of anesthesia and may have advantages over 
conventional monitoring of clinical signs.
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Table 3 Systolic blood pressure and heart rate measured at 13 major time points during general anesthesia

Systolic blood pressure, mmHg Heart rate, beats/min
Time point

SBP group WLi group PRi group SBP group WLi group PRi group

Baseline 125 ± 9 121 ± 8 122 ± 11 73 ± 9 71 ± 7 75 ± 9

Five min after tracheal 
intubation

109 ± 7 106 ± 4 107 ± 9 67 ± 10 66 ± 5 68 ± 10

Placement in prone position 110 ± 6 106 ± 4 109 ± 7 65 ± 10 65 ± 5 66 ± 7

Incision 112 ± 5 108 ± 5 112 ± 10 66 ± 7 64 ± 5 67 ± 8

Vertebral plate exposure 114 ± 6 115 ± 4 115 ± 12 67 ± 6 67 ± 6 68 ± 5

Placement of pedicle screws 118 ± 7 120 ± 8 118 ± 8 67 ± 8 69 ± 5 70 ± 5

Spinal canal decompression 132 ± 13 136 ± 9 134 ± 11 71 ± 97 73 ± 5 74 ± 5

Interbody fusion 126 ± 9 128 ± 10 127 ± 10 72 ± 12 72 ± 6 73 ± 6

Placement of the fixed link 121 ± 7 123 ± 9 123 ± 10 70 ± 12 71 ± 5 73 ± 6

Placement of drainage tube 119 ± 7 122 ± 7 122 ± 9 70 ± 11 71 ± 5 73 ± 6

Skin closure 126 ± 10 128 ± 9 128 ± 10 72 ± 11 73 ± 6 76 ± 6

Placement in recovery position 131 ± 7 130 ± 8 131 ± 10 76 ± 10 78 ± 4 80 ± 5

Tracheal extubation 132 ± 8 131 ± 9 131 ± 11 78 ± 10 79 ± 7 82 ± 6

Values are given as mean ± standard deviation. There were no significant differences in systolic blood pressure or heart rate among the three groups at any 
time point. PRi: Pain rating index; SBP: Systolic blood pressure; WLi: Wavelet index.

Table 4 Wavelet index and pain rating index measured at 13 major time points during general anesthesia

Wavelet index, 0-100 Pain rating index, 0-100
Time points

SBP group WLi group PRi group SBP group WLi group PRi group

Baseline 99.4 ± 1.2 99.5 ± 1.0 99.9 ± 0.7 85.9 ± 2.8 87.1 ± 1.8 87.5 ± 2.7

Five min after tracheal intubation 44.4 ± 3.9 44.4 ± 2.2 45.3 ± 3.2 57.0 ± 5.8 59.5 ± 4.6 58.9 ± 3.4

Placement in prone position 45.3 ± 2.2 46.1 ± 2.6 45.9 ± 2.3 55.6 ± 4.0 60.4 ± 3.6a 59.2 ± 3.8a

Incision 45.5 ± 2.3 46.7 ± 2.4 46.7 ± 1.4 55.6 ± 4.3 61.5 ± 3.6a 59.5 ± 2.9a

Vertebral plate exposure 46.2 ± 2.4 48.4 ± 4.3a 48.5 ± 1.8a 56.3 ± 4.2 62.3 ± 2.6a 60.1 ± 3.9a

Placement of pedicle screws 47.5 ± 2.4 50.0 ± 4.5a 49.5 ± 2.7 56.1 ± 3.8 62.9 ± 2.3a 60.8 ± 3.9a

Spinal canal decompression 50.9 ± 4.4 55.0 ± 3.0a 53.9 ± 1.7a 60.8 ± 4.0 66.5 ± 1.8a 63.9 ± 3.2a,b

Interbody fusion 50.0 ± 4.1 52.3 ± 2.6a 51.9 ± 2.1a 59.7 ± 2.8 64.0 ± 3.6a 61.7 ± 2.3a,b

Placement of the fixed link 48.1 ± 2.9 51.5 ± 2.9a 50.7 ± 1.9a 58.8 ± 3.6 63.1 ± 3.0a 60.2 ± 2.8b

Placement of drainage tube 48.5 ± 3.2 51.8 ± 2.3a 50.2 ± 2.3a 58.1 ± 3.9 63.2 ± 3.4a 60.3 ± 3.1b

Skin closure 57.8 ± 4.9 60.0 ± 3.3 59.1 ± 1.2 65.9 ± 5.1 69.0 ± 1.8a 68.6 ± 1.8a

Placement in recovery position 83.4 ± 6.8 84.6 ± 4.3 86.4 ± 5.3 76.6 ± 5.0 78.1 ± 2.0 80.9 ± 2.7a,b

Tracheal extubation 98.3 ± 1.5 97.2 ± 2.4 98.4 ± 2.6 87.0 ± 2.7 88.0 ± 2.9 87.9 ± 2.5

Values are given as mean ± standard deviation.
aP < 0.05 vs systolic blood pressure group.
bP < 0.05 vs wavelet index group. PRi: Pain rating index; SBP: Systolic blood pressure; WLi: Wavelet index.
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Patients scheduled for lumbar spine surgery were selected for this study because the 
diagnosis of lumbar spinal stenosis or disc herniation can be made reliably and the 
surgical procedure is standardized, thereby minimizing variability among patients. 
Sevoflurane anesthesia was used because it has several advantageous characteristics: 
(1) It exerts dose-dependent sedative, analgesic, muscle relaxant, and autonomic reflex 
inhibitory actions; (2) It can be used to induce anesthesia; (3) It can be precisely 
controlled; (4) Recovery is rapid; and (5) It has a small impact on the cardiovascular 
system and fewer adverse effects on other organ systems compared with certain other 
general anesthetics[19,20].

The most notable findings of our study were that the use of WLi or PRi resulted in 
more accurate regulation of the depth of anesthesia than when monitoring SBP. This 
was evidenced by a shorter anesthesia recovery time, shorter extubation time, and 
lower sevoflurane consumption, with no increase in adverse events or postoperative 
pain. Previous research demonstrated that WLi correlated well with BIS and could be 
used to monitor the sedative depth of anesthesia[7-10]. Furthermore, the use of BIS to 
regulate anesthesia depth has been shown to have benefits over standard monitoring 
of clinical signs, including lower consumption of anesthetic drug, decreased risk of 
postoperative nausea and vomiting, and shorter times to extubation, orientation in 
time and place, and discharge from the operating room/postanesthetic care unit[4,5].

Importantly, WLi has several potential advantages over BIS. First, BIS references a 
patient’s forehead electromyogram signals, which are influenced by the degree of 
muscle relaxation[21-25]. Zhang et al[26] found that WLi was able to accurately reflect the 
recovery of consciousness in patients under muscle relaxation or with facial paralysis, 
whereas BIS was unable to reflect the recovery of consciousness with accuracy. This 
suggests that, unlike BIS, EEG signals extracted by WLi are not disturbed by muscle 
relaxants and forehead electromyogram signals. Second, BIS cannot regulate the 
sedation depth of anesthesia in real time because the EEG signals acquired by a BIS 
monitor have a delay of about 30 s. In contrast, Zikov et al[27] showed that WLi could 
reflect a patient’s EEG signals in real time. Third, BIS requires the use of special 
electrodes that are expensive, whereas WLi uses standard electrodes, which could 
reduce medical costs and the financial burden on the patient. However, the WLi has 
many instantaneous changes with large numerical changes leading to certain 
limitations in monitoring the depth of anesthesia. Besides, WLi was developed by 
Chinese researchers and mainly used in China. Meanwhile, the BIS was the only 
cerebral electrical parameter approved by the United States Food and Drug 
Administration for monitoring sedation depth of anesthesia and is more widely 
applied than the WLi.

Pain management is an important component of anesthesia for surgery. The 
sensation of pain during surgery is based on consciousness. During general anesthesia, 
the patient loses consciousness, and “pain” is mainly manifested as a nociceptive stress 
response. Thus, from the perspective of pain, the regulation of anesthesia depth 
essentially involves a balance between nociceptive stimulation during surgery and the 
antinociceptive effects of anesthesia. Accurate regulation of analgesia depth during 
general anesthesia can help guide the rational use of analgesic drugs and improve the 
quality of anesthesia. In recent years, the development of the surgical stress 
index[16,17,28-31], tip perfusion index[32-35], and analgesia nociception index[36-40] have greatly 
improved the regulation of analgesia depth. Nevertheless, the clinical application of 
these indexes is limited due to various complex factors. This study showed that 
compared with the SBP group, the WLi and PRi groups showed a faster recovery from 
anesthesia, a shorter time to extubation, and lower consumption of sevoflurane 
without compromising analgesia. Specifically, postoperative VAS scores for pain were 
not significantly different among the three groups, and there were also no differences 
in intraoperative unwanted events or postoperative adverse events. These data 
suggest that monitoring of PRi or WLi represents a safe and effective method for 
regulating the depth of sevoflurane anesthesia.

A notable observation of this study was that many of the patients in all three groups 
experienced a rise in blood pressure during vertebral plate exposure or spinal canal 
decompression. Although the incidence of hypertension did not differ significantly 
among the three groups, nicardipine was used significantly more often in the WLi and 
PRi groups than in the SBP group. A likely reason for this apparent discrepancy is that 
hypertension in the SBP group was often considered as a deficiency in sedation or 
analgesia and was managed by increasing the sevoflurane Cs, whereas hypertension in 
the WLi and PRi groups was controlled by nicardipine because the patients were 
considered to be at a suitable level of sedation (WLi 40-60) or analgesia (PRi 50-70). 
Thus, another potential advantage of monitoring WLi or PRi is that it may help 
identify episodes of hypertension that are not related to the level of anesthesia, thereby 
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Table 5 Intraoperative unwanted events and interventions

SBP group, n = 21 WLi group, n = 21 PRi group, n = 20 P value

All unwanted events 26 (1.24) 16 (0.76) 14 (0.70) 0.101

Hypertension 14 (0.67) 7 (0.33) 9 (0.45) 0.238

Hypotension 6 (0.29) 3 (0.14) 2 (0.10) 0.267

Tachycardia 4 (0.19) 3 (0.14) 3 (0.15) 0.905

Bradycardia 2 (0.10) 3 (0.14) 0 (0) 0.239

Nicardipine 2 (0.10) 9 (0.43)a 12 (0.60)a 0.024

Esmolol 4 (0.24) 3 (0.14) 4 (0.20) 0.890

Ephedrine 2 (0.10) 3 (0.14) 2 (0.10) 0.868

Atropine 4 (0.19) 3 (0.14) 0 (0) 0.253

Data are presented as n (number per patient).
aP < 0.05 vs systolic blood pressure group. PRi: Pain rating index; SBP: Systolic blood pressure; WLi: Wavelet index.

Table 6 Intraoperative/postoperative adverse events and postoperative visual analog scale for pain

SBP group, n = 21 WLi group, n = 21 PRi group, n = 20 P value

PONV 4 (0.19) 2 (0.10) 3 (0.16) 0.684

Agitation 3 (0.14) 0 (0) 2 (0.10) 0.224

Respiratory depression 0 (0) 0 (0) 0 (0) 1

Intraoperative awareness 0 (0) 0 (0) 0 (0) 1

Pain VAS0h 0 (0-2) 0 (0-2) 0 (0-2) 0.766

Pain VAS1/2h 2 (0-4) 3 (0-4) 2 (0-4) 0.122

Data for adverse events are presented as n (number per patient). Data for visual analog scale for pain are presented as median (range). The visual analog 
scale for pain ranged from 0 to 10, with 0 representing no pain and 10 representing maximum intensity of pain. PONV: Postoperative nausea and vomiting; 
PRi: Pain rating index; SBP: Systolic blood pressure; VAS: Visual analog scale; WLi: Wavelet index.

avoiding unnecessary increases in sevoflurane Cs and excessive use of general 
anesthetic agent. Nonetheless, it cannot be excluded that the administration of 
nicardipine may have affected the calculation of WLi or PRi values. Therefore, the 
effect of vasoactive drugs on WLi or PRi values should be examined in a future study.

This study has some limitations. First, this was a single center study with a small 
sample size, so the generalizability of the findings is unknown. Second, only patients 
undergoing lumbar surgery were included, and sevoflurane was the only general 
anesthetic used, so additional research is needed to explore the utility of WLi and PRi 
in patients undergoing other surgical procedures or administered other general 
anesthetics. Third, WLi and PRi values show some variability, and this may limit their 
ability to guide the regulation of anesthesia. Fourth, WLi and PRi values are 
susceptible to interference from the electrotome and postural changes. Fifth, the MAC 
was not measured in all patients and could not be analyzed. Sixth, even if all three 
groups showed similar occurrence of high SBP during surgery, the use of nicardipine 
was significantly different, which could have been influenced by the experience and 
unblinded state of the anesthesiologist. Seventh, no other index such as the BIS or the 
NarcoTrend index were used for comparison. Additional research is needed to refine 
the use of WLi and PRi in the regulation of anesthesia depth.

CONCLUSION
Monitoring of WLi or PRi to regulate the depth of sevoflurane anesthesia in patients 
undergoing lumbar surgery results in quicker recovery from anesthesia, shorter time 
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Figure 1 Flowchart describing patient recruitment, randomization, and withdrawal. BMI: Body mass index; PRi: Pain rating index; SBP: Systolic 
blood pressure; WLi: Wavelet index.

to extubation, and lower consumption of sevoflurane as compared with monitoring of 
clinical signs. In addition, the use of WLi or PRi to regulate anesthesia depth is not 
associated with increases in intraoperative unwanted events or postoperative adverse 
events or negative impacts on postoperative pain scores. Therefore, monitoring of WLi 
and PRi may be an effective and safe technique for regulating the depth of sevoflurane 
anesthesia.
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Figure 2 Changes in systolic blood pressure, heart rate, wavelet index, and pain rating index values at major time points during general 
anesthesia. A: Systolic blood pressure; B: Heart rate; C: Wavelet index; D: Pain rating index. Data are presented as mean ± standard deviation. T0: Baseline; T1: 
Five min after tracheal intubation; T2: Placement of the patient in the prone position; T3: Incision; T4: Vertebral plate exposure; T5: Placement of pedicle screws; T6: 
Spinal canal decompression; T7: Interbody fusion; T8: Placement of the fixed link; T9: Placement of drainage tube; T10: Skin closure; T11: Placement of the patient in 
the recovery position; T12: Tracheal extubation. PRi: Pain rating index; SBP: Systolic blood pressure; WLi: Wavelet index.

ARTICLE HIGHLIGHTS
Research background
The wavelet index (WLi) and pain rating index (PRi) are new parameters developed 
by Chinese researchers that could be used to regulate depth of general anesthesia 
based on wavelet analysis.

Research motivation
The WLi and the PRi are currently understudied, although they could be more 
effective in regulating the depth of general anesthesia compared with standard 
monitoring of systolic blood pressure (SBP).

Research objectives
To investigate the safety and efficacy of using WLi and PRi in sevoflurane-based 
general anesthesia.

Research methods
Patients scheduled for elective posterior lumbar interbody fusion surgery under 
sevoflurane anesthesia were assigned to the SBP, WLi, and PRi monitoring groups. 
The primary endpoint was anesthesia recovery time. Secondary endpoints included 
extubation time, sevoflurane consumption, number of unwanted events/interventions, 
number of adverse events, and postoperative visual analogue scale for pain.
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Research results
The SBP, WLi, and PRi groups included 21, 21, and 20 patients, respectively. 
Anesthesia recovery time was shorter in the WLi and PRi groups than in the SBP 
group with no significant difference between the WLi and PRi groups. Extubation time 
was shorter in the WLi and PRi groups than in the SBP group. Sevoflurane 
consumption was lower in the WLi and PRi groups than in the SBP group. Nicardipine 
was more commonly needed to treat hypertension in the WLi and PRi groups than in 
the SBP group.

Research conclusions
Regulating sevoflurane anesthesia depth with WLi or PRi reduced anesthesia recovery 
time, extubation time, and sevoflurane consumption without intraoperative unwanted 
events.

Research perspectives
Large multicenter studies are needed to improve the generalizability of the current 
findings. Additional research is warranted to explore the utility of WLi and PRi in 
patients undergoing other surgical procedures or other administered general 
anesthetics. Further studies should be performed to reduce the susceptibility of WLi 
and PRi values to interference from the electrotome and postural changes. Such 
studies might promote the widespread use of these tools in the future.
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