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Objective: This research aimed to quantify the impact of low dose of esketamine on BIS and validate the feasibility of closed-loop 
TCI system based on the new BIS baseline with low dose of esketamine.
Methods: This study consisted of two phases. The first phase was to quantify the impact of a low dose of esketamine (0.2mg kg−1 

bolus, 5μg kg−1 min−1 infusion for 30min) on BIS and establish a new BIS baseline for propofol-remifentanil general anesthesia. 
The second phase was used to validate the feasibility of closed-loop TCI system based on the new BIS baseline. One hundred and 
eleven patients were randomly and equally assigned to three groups (group A: adjusted group, group N: non-adjusted group and group 
C: control group). After administering a low dose of esketamine, group A adjusted drug dosage based on new BIS baseline, while 
group N based on the original BIS baseline of 50, group C adjusted drug doses based on the original baseline of 50 without 
esketamine. Main outcome was controller performance (% time within±10units of the BIS setpoint). Secondary outcomes were drug 
consumption, occurrence of adverse events such as intraoperative awareness, treatment of hemodynamic changes and postoperative 
recovery quality.
Results: In the first phase, after administering a low dose of esketamine, the BIS increased from 49.9±4.5 to 59.6±6.0, p<0.01. In 
the second phase, the controller performance in group A and N were within the range of high-performance systems, and both were 
equivalent with control group. Group A showed lower consumption of propofol compared to control group (5.58±1.12 vs 6.69±1.36 
(mg·kg−1·h−1), p<0.05). There was no difference in adverse events such as intraoperative awareness, recovery assessment and 
postoperative VAS, PONV and shivering, QoR-15 assessment after adjusting the BIS baseline.
Conclusion: It is feasible to operate the closed-loop TCI system based on the adjusted BIS baseline in the presence of low dose of 
esketamine.
Keywords: esketamine, new BIS baseline, EEG, closed-loop controlled system, depth of anesthesia

Introduction
Esketamine is the dextro-isomer of ketamine, which was approximately twice as affinized to NMDAR as ketamine and 
has faster metabolism, stronger potency, better sedation and analgesia effect and fewer side effects.1–3 As an adjuvant 
intravenous anesthetic drug, low dose of esketamine has been demonstrated to better maintain hemodynamic stability,4 

offer analgesic effects5,6, reduce usage of opioids5 and promote postoperative recovery.7,8

Closed-loop target-controlled infusion (TCI) system can continuously adjust drug infusion rate or effect-site con-
centration in real-time based on patient’s physiological parameters and drug effects. Its purpose is to optimize drug 
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delivery to meet the patient’s needs, improve safety and reduce the occurrence of underdosing or overdosing.9,10 The 
bispectral index (BIS), a derivation of the original electroencephalogram (EEG), is the only FDA-approved index for 
assessing depth of anesthesia11 by monitoring the functional state and changes in the prefrontal cortex. BIS is well 
correlated with anesthetics that mainly act via γ-aminobutyric acid receptors (GABARs), such as propofol, midazolam, 
and sevoflurane and has a dose-related effect with these drugs.12 With BIS-guided anesthesia, we can better adjust drug 
consumption, reduce the occurrence of neurological complications and facilitate early postoperative recovery.13,14 In 
recent years, a number of closed-loop control infusion systems of anaesthetics based on BIS are available and have been 
validated to be more superior than manual control.15

Theoretically, a combined use of low dose of esketamine can reduce other anesthetic drug consumption.16 However, 
due to the pharmacological property of esketamine to increase EEG index,17 esketamine application in closed-loop 
systems that rely solely on EEG as the feedback parameter has certain limitations. Napoleone et al have demonstrated 
that low dose of ketamine did not compromise the overall safety and stability of the closed-loop system but led to 
increased consumption of propofol and longer recovery time.18 Therefore, this study aimed to quantify the impact of low 
dose of esketamine (0.2mg·kg−1) on BIS (EEG) and validate the feasibility and safety of this new BIS (EEG) baseline in 
the application of closed-loop control TCI system. Through this research, not only can the advantages of esketamine be 
brought into play but also the dosage of general anesthetic drugs can be precisely controlled, thereby reducing 
complications.

Methods
Study Design and Ethical Approval
This study complies with the Declaration of Helsinki and was approved by the Ethics Committee of General Hospital of 
Southern Theater command of PLA (NZLLKZ) on 5th December 2024. Written informed consent was obtained from all 
subjects participating in the trial. The trial was registered prior to patient enrollment at ClinicalTrial.gov (NCT06729892). 
Throughout this manuscript, CONSORT guidelines were adhered to (http://www.consort-statement.org/).

This study proceeded with two phases: In the first phase, we investigated and quantified the increase in BIS after the 
administration of low dose of esketamine (0.2mg·kg−1 bolus followed by a continuous 5 μg·kg−1·min−1 infusion) during 
propofol-remifentanil general anesthesia and established a new BIS baseline. Then, in the second phase, we validated the 
feasibility of the closed-loop TCI system based on the new BIS baseline by a randomized controlled equivalence trial.

Patient Population
We recruited adult patients (18–55 years of age), undergoing elective laparoscopic surgery at the Southern Theater 
General Hospital of PLA, Male or female, BMI 18–27kg/m2, with the American Society of Anesthesiologists (ASA) 
physical status I–II. All the patients were appropriate for propofol and remifentanil TCI. Any patients with the following 
criteria were excluded from the study: known or suspected neurological illnesses, strokes, tumors, degenerative 
neurological disorders, epileptic seizures, serious head injuries, cognitive disorders, post-traumatic stress disorder, mental 
illnesses, severe depression and psychosis; recent use of psychotropic drugs; history of drug abuse or drug addiction or 
during pregnancy; involvement in other clinical trials with other drugs or devices.

Randomization and Blinding
Phase I: This phase was a self-controlled trial without randomization and blinding.
Phase II: This phase was a single center, randomized controlled trial with three parallel groups, blinded to both 

patients and assessors. Researcher A was responsible for patient enrollment and assignment to three groups: group 
A (adjusted group), group N (non-adjusted group) and group C (control group) based on a computer-generated random 
number table (stattrek.com/statistics/random-number-generator.aspx). The grouping information was securely sealed 
within an opaque envelope. Upon the patient’s arrival, the envelope was handed over to a skilled anesthesiologist who 
had extensive clinical experience and had received training in closed-loop TCI systems. It was important to note that this 
anesthesiologist was not directly involved in the data collection and analyze. To minimize information bias, researcher B, 
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who was present but unaware of the patient’s BIS baseline and drug usage, conducted data collection of intraoperative 
vital signs and adverse events, drug consumption, recovery assessment during emergence period and postoperative 
follow-up. After collecting data from all the patients, EEG background data would be exported and handed over to a data 
analyst who was uninvolved in the study for analysis. Other data would be analyzed by researcher B. Unblinding 
occurred exclusively under predefined exigent circumstances (eg, severe allergic reactions, equipment malfunction, or 
intraoperative hemorrhage exceeding 20% blood volume), as determined by the attending anesthesiologist. Full group 
disclosure by Researcher A was deferred until database lock and completion of all statistical analyses.

Study Procedure
Phase I
Preparation and Induction of Anesthesia
All patients were fasted for 12h and no pre-medicine was given. On entry to the operating room, noninvasive blood 
pressure (NIBP), electrocardiography for heart rate (HR), and pulse oxygen saturation (SpO2) were applied to all patients 
(N15 Anesthesia Monitor, Mindray, China). BIS monitor (Vista v. 3.22, aspect Medical, covidien, Dublin, Ireland) was 
then connected to patient, ensuring that the electrode impedance remained below 5 kΩ. Depth of neuromuscular blocking 
monitor was also utilized (FI-00510, Finland). Throughout the entire anesthesia process, effect-concentration-based TCI 
models for propofol and remifentanil were selected. The Schnider model was used for propofol, and the Minto model 
was employed for remifentanil, with the infusion devices being the 8713030 Perfusor Space (Germany).

After loss of consciousness, 0.6 mg kg−1 rocuronium was injected intravenously. When BIS dropped to 60 and train- 
of-four (TOF) was 1–3, a laryngeal mask or tracheal tube was inserted for mechanical ventilation. The tidal volume was 
set at 8–12 mL kg−1 with a respiratory rate of 12 min−1, and an inspiratory to expiratory ratio of 1:2, aiming to maintain 
the end-tidal carbon dioxide partial pressure (PetCO2) within the range of 35–45 mmHg (1 mmHg = 0.133 kPa).

Anesthetic Maintenance and Intervention
Once the surgery began and depth of anesthesia was maintained steadily (BP and HR changes ≤20% and BIS maintained 
between 40–60) for 30 minutes, a low dose of esketamine (Lot No. H20193336, Jiangsu Hengrui Pharmaceutical Co., 
Ltd, Jiangsu, China) administered (0.2mg kg−1 administered intravenously over 30 seconds followed by a continuous 
infusion of 5 μg kg−1 for 30min).

After the esketamine administration, the BIS display interface was covered with an opaque curtain. During the 
following 30-minute period, the anesthesiologist empirically adjusted the dosages of propofol and remifentanil based on 
the patient’s clinical reactions. Other than regulating depth of anesthesia experimentally, required hemodynamic changes 
were treated in both phases. An injection of dopamine (1–2 mg) was administered when the blood pressure was less than 
70% of the pre-induction value and nicardipine (titration of 1 mg in 10 minutes) followed when systolic BP exceeded 
150mmhg; when HR was <45 bpm, atropine of 0.01mg/kg was administered and esmolol of 10mg when HR exceeded 
140 bpm. To avoid EMG effect on EEG, continuous infusion of rocuronium (3–5 μg·kg−1·min−1) to maintain TOF 
between 1–319 and was halted 30 min before the anticipated end of the operation.

All interventions and adjustments were meticulously documented. After the completion of the trials for 24 cases, BIS data 
were extracted, and the changes in BIS after esketamine administration were analyzed and calculated for use in Phase II.

Phase II: Pre-anesthetic preparation and induction procedures were the same as in the first phase.

Anesthesia Maintenance and Intervention
After the initiation of mechanical ventilation and a 5-minute period of stable anesthesia depth and hemodynamics, 
esketamine administration commenced in Group A (the adjusted group) and Group N (the non-adjusted group). The 
regimen was a 0.2mg·kg⁻¹ bolus followed by an infusion of 5 μg·kg⁻¹·min⁻¹. Group C (the control group) received an 
equivalent volume of saline. Ten minutes after the start of esketamine infusion, in Group A, a closed-loop system based 
on an adjusted BIS baseline of 59.6 (derived from Phase I) was activated. In Group N and Group C, the closed-loop 
system was based on the original BIS baseline of 50.
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All the three groups adjusted effect-site concentration of propofol and remifentanil every minute by the specific 
formular (details listed in the Supplementary Material and explanation).20 A standard personal computer was used as an 
interface to control communication with the BIS monitor and with both propofol and remifentanil infusion pumps via an 
RS232 serial port (Infusion Toolbox 95® version 4.11 software21,22). This interface enabled (1) providing a user interface to 
enter patient’s demographic data (sex, age, weight and height) and set modification of upper and lower limits of drug 
concentrations; (2) calculating effect-site concentrations of propofol and remifentanil using the pharmaco-kinetic popula-
tions; (3) displaying these calculated effect-site concentration estimates in real time; (4) controlling the propofol and 
remifentanil infusion pumps; and (5) recording BIS, and calculating effect-site concentrations. The controller has been 
described extensively in previous randomized controlled trials.20,23,24 The controller automatically adjusted the effect-site 
concentrations of propofol and remifentanil to maintain the BIS value as close as possible to 50 in Group N and Group C, 
and to the new BIS baseline of 59.6 in Group A. The target BIS range was 40 ~ 60 in Group N and Group C, and 50 ~ 70 in 
Group A. The target concentration ranges for propofol was 2.0–5.0 μg·mL⁻¹ and remifentanil was 3–7 ng·mL⁻¹.

Notably, if signs of inadequate analgesia such as tachycardia, hypertension, sweating, facial flushing, body move-
ment, or if the BIS exceeded the target range occurred during the surgical procedure in any group, the attending 
anesthesiologist could override the system to maintain the BIS within the predefined range. Additionally, the trial could 
be terminated at the anesthesiologist’s discretion if necessary. During the anesthesia maintenance phase, the depth of 
muscle relaxation was continuously monitored to keep the TOF count between 1–3.

Esketamine infusion continued for 40 minutes in all three groups, and the closed-loop control based on different BIS 
baselines was maintained for 50 minutes. Hydromorphone 8 μg·kg−125 and ondansetron 8mg as analgesic and antiemetic 
drugs was given 20 to 30 minute before the anticipated end of surgery or after the end of closed-loop TCI control.

In each case, researcher B for data-collecting was presented to ensure compliance with the research protocol, record any 
adverse events and their management, as well as document the time and reasons for any open-loop adjustments of drug dosages.

Emergence Period and Post-Operative Follow-Up
At the end of the surgery, the drug infusion was tapered at the discretion of anesthesiologists. The endotracheal tube was 
removed from patients after their spontaneous respiration recovered and the TOF ratios ≥0.9. If necessary, muscle 
relaxant antagonist was administered. After endotracheal tube removal, patients were transferred to the Post-Anesthesia 
Care Unit (PACU) if they were able to provide oriented responses and have a muscle strength of level 4 or above. 
Adverse reactions such as pain,26 nausea and vomiting, and shivering27 were recorded upon admission to the PACU, as 
well as 30 minutes and 1 hour later. If the Visual Analogue Scale (VAS) score was >3, 0.1 μg·kg−1 of sufentanil was 
administered. On the 1st, 3rd, and 7th days after surgery, the Modified Brice questionnaire28 was used to assess the 
patient’s level of intraoperative awareness, and the Quality of Recovery (QoR - 1529) was evaluated.

Primary and Secondary Outcomes
Phase I: The main outcome was the changes in BIS value after the administration of esketamine.
Phase II: primary outcome: % of time within ± 10 units of the BIS setpoint during closed-loop control (performance 

metric). The time of closed-loop control for group A and group N was defined as starting 10 minutes after the addition of 
esketamine and lasting for 40min, ending until 10 minutes after the cessation of esketamine infusion. For group C, it was 
defined as starting when anesthesia depth stabilized 5 minutes after intubation, ending up with 50 min of closed-loop control.

Secondary outcomes: drug consumption, cases with treatment of hypotension or hypertension, treatment of tachy-
cardia or bradycardia, open-loop drug adjustment, intraoperative somatic events. Postoperative recovery assessment 
included time to BIS >80, time to regain spontaneous breathing, time to answer questions and time to extubate. 
Additionally, VAS, extra analgesic drug application (0.1μg·kg−1 of sufentanil each time), cases with nausea and vomiting, 
shivering at administration, 30min and 1 hour at PACU and intraoperative awareness assessment, 15-item quality of 
recovery (QoR-15) on day 1st, 3rd and 7th after surgery were documented.
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Statistical Methods
Sample Size
Phase II: The primary outcome of this phase was % time within ± 10 units of the BIS setpoint. Based on previous study, we 
assumed that this performance metric in control group was 85±10(%). A 20% change in this performance metric of the control 
group would be considered as a clinical meaningful difference.30 After adding esketamine, we assumed that these differences 
were equivalent by half;31 which is, ±10% of 85(%). When 95% CI for the differences between groups A and C, group N and 
C were entirely within the equivalence range, controller performance would be considered equivalent. Our analysis based on 
a “Two-Sample T-Tests for Equivalence Allowing Unequal Variance” determined that 72 participants would be required (24 
patients each) to demonstrate equivalent controller performance, based on an equivalence range of ±8.5, an α of 0.05, and 
a power of 90%. We aimed to recruit 114 patients with a potential dropout rate of 35%.

The number of patients required in both phases was calculated using the PASS software (version 11.0.7; NCSS, LCC, 
Kaysville, UT).

Statistical Analysis
Continuous variables were tested for normal distribution using Kolmogorov–Smirnov. Normally distributed data were 
presented as mean ± SD, skewed data were presented as median (interquartile range, IQR) and categorical data were 
presented as number (%).

To assess between-group differences, normally distributed data (BIS, SEF, % time within ± 10 units of BIS setpoint, 
mean propofol dosage and mean remifentanil dosage) were compared using 2 independent t-test. Skewed data (Time to 
BIS>80(min), time to automatic breathing, time to answering question, time to extubate, VAS and extra sufentanil 
dosage, QoR-15) were compared using the Mann–Whitney test. Categorical data (treatment of hypertension or hypoten-
sion, treatment of tachycardia or bradycardia, treatment of manual drug and cases with PONV, shivering and intrao-
perative awareness) were analyzed using Fisher’s exact test. The criterion for determining the statistical significance of 
differences is a p value less than 0.05. Statistical analyses were performed using SPSS 24.0 (SPSS, Inc., Chicago, IL) and 
the GraphPad Prism software (version 10.00; GraphPad, San Diego, CA). Detailed information about each test was 
provided on the tables.

Results
In the first phase, 24 patients for selective laparoscopic surgery were included, with a male-to-female ratio of 13:11. The 
mean±SD age was 45 ± 12 years, and the mean±SD BMI was 23.9±2.7 kg· m−2. All the patients were ASA I–II. To 
evaluate the impact of esketamine on BIS, we compared BIS values at distinct time points (T0, T5, T10, T15, T20) with 
BIS(mean) prior to esketamine administration. Additionally, BIS values were compared at 5-minute intervals following 
esketamine injection. Notably, significant alterations in BIS were observed starting from T5, and BIS values remained 
stable from T10 to T30. Thus, we extracted and analyzed EEG recordings, without interference of other anesthetic drugs, 
state of inadequate depth of anesthesia such as hypertension and/or tachycardia, after the esketamine administration for 
10 minutes. Compared to the previous 20min without esketamine, BIS increased from 49.9± 4.5 to 59.6 ± 6.0, mean 
difference ± SD: 9.6 ± 3.0, p<0.0001. (Figure 1, Table 1). There were no statistically significant differences in the Ce 
Propofol(ng/mL) and Ce Remifentanil(ug/mL) after esketamine administration, suggesting that esketamine was the only factor to 
affect BIS. Therefore, 59.6 (50+9.6) was set to be the new BIS baseline and 50–60 be BIS control range for closed-loop 
TCI control with low dose of esketamine in the second phase. After administering esketamine, 95% SEF increased from 
12.15 ± 1.46 to 14.84 ± 1.43, p<0.0001 (Table 1).

In the second phase, a total of 140 patients were assessed for eligibility. Twenty-nine patients failed to be included for 
randomization. Consequently, 111 patients were included and randomly divided into three groups: group C (n = 37), 
group A(n = 37), and group N(n = 37) (Figure 2). Finally, a total of 78 patients (26 in group C, 27 in group A, and 25 in 
group N) were included in the final analysis. The general characteristics of the included subjects and basic surgery 
information were presented in Table 2.
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EEG Data and Performance of Closed-Loop Controlled System Analysis in Phase II
After the administration of low-dose esketamine or saline and continuous infusion for a period, BIS in each group all 
fluctuated within ± 10 units of the BIS setpoint under closed-loop control (Figure 3, Table 3). Time ratio (%) of BIS within 
the target range (performance metric (%)) was 80.0 ± 7.7 (%) in the group A, 83.6 ± 10.0 (%) in the group N, and 84.8 ± 9.8 

Figure 1 Esketamine added after 30min of stable depth of anesthesia. After 10 min of administration of esketamine, BIS maintain stable; **Stable 20min maintenance of BIS 
after esketamine administration vs 20min of BIS before esketamine administration: p<0.01.

Table 1 EEG Data and Drug Consumption Before and After Administration of 
Esketamine in Phase I

Before Esketamine  
Administration(n=24)

After Esketamine  
Administration(n=24)

p value

BIS 49.9± 4.5 59.6 ± 6.0 <0.0001

BIS(T5) 47.0 ± 2.4 54.9 ± 2.5a,b

BIS(T10) 48.2 ± 3.1 60.5 ± 4.6a,b

BIS(T15) 48.8 ± 3.2 58.1 ± 2.7a

BIS(T20) 50.2 ± 3.8 61.7 ± 3.1a

95%SEF 12.15 ± 1.46 14.84 ± 1.43 <0.0001

Extra anesthetic drug 0 0

Drug consumption

Ce Propofol(ng/mL) 2.63 ± 0.73 2.80 ± 0.30 0.574

Ce Remifentanil(μg/mL) 4.15 ± 0.02 4.26 ± 0.02 0.567

Notes: Data are presented as mean ± SD for continuous variables or number (%) for categorical variables. 
NI values, EEG power spectral, SEF and Drug consumption are compared with repeated measures ANOVA. 
ap<0.05 vs BIS without esketamine; bp<0.05 vs BIS of 5 min ago. The 95% SEF represents the frequency 
boundary that contains 95% of the spectral power of the EEG. SEF simplifies the EEG power spectrum into 
a single parameter that can quickly and clearly indicate changes in EEG frequency and power. 
Abbreviations: SEF, spectral edge frequency; Ce Propofol, effect-site concentration of propofol; Ce Remifentanil, 
effect-site concentration of remifentanil.
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in group C (Table 3). Compare to group C, performance metric (%) of closed-loop control system in group A and group 
N were stable, and their 95% CI for the difference to group C were lied within the equivalence range: difference between 
group A and group C: (95% CI,-9.70 to 0.24),p=0.062; group N and group C: (95% CI,-6.80 to 4.50), p=0.692 (Table 3).

Drug Consumption in Each Group in Phase II
During the anesthesia maintenance under the closed-loop control, group A showed lower consumption of propofol 
compare to group C: 5.58 ± 1.12 vs 6.69 ± 1.36 (mg·kg−1·h−1), p=0.002 (Table 4, Figure 4). While compared to group C, 

Figure 2 CONSORT diagram in Phase II. CONSORT indicates CONsolidated Standards Of Reporting Trials. 
Abbreviations: Group C, Control group; Group A, BIS baseline adjusted group; Group N, BIS baseline non-adjusted group.
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group N(non-adjusted group) showed higher consumption of propofol: 8.16 ± 1.16 vs 6.69 ± 1.36 (mg·kg−1·h−1), 
p<0.001 (Table 4, Figure 4). Compared to group C, group N showed higher consumption of remifentanil: 0.15 ± 0.04 
vs 0.12 ± 0.04 (μg·kg−1·h−1), p=0.025.(Table 4).

Table 2 General Characteristic of Patients and Basic Surgery Information in Phase II

Group C (n=26) Group A (n=27) Group N (n=25)

Sex (Female/Male) 11/15 12/15 11/14

Age (year) 42.5 ± 11.5 41.3 ± 11.6 40.6 ± 10.2

Body mass index (kg·m−2) 22.3 ± 2.8 22.9 ± 3.0 23.0 ± 1.9

ASA (I/II) 11/15 13/14 12/13

Baseline pain 0[0.0 to 2.0] 0[0.0 to 2.0] 0[0.0 to 3.0]

PONV risk score 2[2 to 3] 2[2 to 3] 2[2 to 3]

DOA (min) 84.0 [70.0 to 125.0] 90.0[72.0 to 100.0] 90.0[78.0 to 110.0]

Blood loss(mL) 40.0 [25.0 to 50.0] 45.0 [20.0 to 50.0] 30 [20.0 to 50.0]

Infusion volume(mL) 820.0 [550.0,880.0] 750.0 [520.0,850.0] 800.0 [600.0,850.0]

Type of procedure

Laparoscopic surgery 19(73) 22(81) 20(80)

Arthroscopic surgery 4(15) 4(15) 3(12)

Urologic surgery 3(12) 1(4) 2(8)

Notes: Data are presented as mean ± SD or median [IQR] or count (%). 
Abbreviations: ASA, American Society of Anesthesiologists physical status; DOA, Duration of anesthesia; Group 
C, control group; Group A, BIS baseline adjusted group; Group N, BIS baseline non-adjusted group.

Figure 3 Duration of BIS recording analysis during closed-loop TCI in phase II. 
Abbreviations: Group C, control group; Group A, BIS baseline adjusted group; Group N, BIS baseline non-adjusted group.
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Table 3 EEG Data, Performance of Closed-Loop System, Adverse Events During Closed-Loop Control in Phase II

Control Group (n=26) Group A (n=27) p value (Compare to Control Group) Group N (n=25) p value (Compare to Control Group)

EEG data

BIS value 51.0 ± 3.6 60.6 ± 4.2 <0.0001 50.5 ± 2.1 0.730

95%SEF 11.73 ± 2.07 14.17 ± 1.13 <0.0001 13.0 ± 2.1 0.035

Performance of closed-loop system

% time within ± 10 units of BIS setpoint 84.8 ± 9.8 80.0 ± 7.7 0.062 83.6 ± 10.0 0.692

Adverse events during closed-loop control

Treatment of hypertension or hypotension

Cases with hypertension treatment 7(27) 6(22) 0. 760 5(20) 0.740

Cases with hypotension treatment 6(23) 5(19) 0.750 8(32) 0.540

Treatment of tachycardia or bradycardia

Cases with tachycardia treatment 2(8) 0 0.235 1(4) 1.000

Cases with bradycardia treatment 4(15) 6(22) 0.730 5(20) 1.000

Treatment of manual drug adjustment 5(19.2) 4 (14.8) 0.728 3(12.0) 0.703

Cases with TOF>3 1(3) 2(7.4) 1.000 1(4) 1.000

Cases with intraoperative awareness 0 0 1.000 0 1.000

Notes: Data are presented as mean ± SD or median [IQR] for continuous variables or number (%) for categorical variables. BIS and % time within ± 10 units of BIS setpoint are compared with 2 independent t-test. Treatment of 
hypertension or hypotension, Treatment of tachycardia or bradycardia, Treatment of manual drug adjustment, Cases with intraoperative awareness are compared with Fisher’s Exact Testt. 
Abbreviations: Group C, control group; Group A, BIS baseline adjusted group; Group N, BIS baseline non-adjusted group.
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Perioperative Adverse Events in Each Group in Phase II
Neither Group A nor Group N exhibited significant differences in the management of hypertension, hypotension, 
tachycardia, bradycardia, or in manual drug adjustments (Table 3). Additionally, in contrast to Group C, Group A had 
no occurrences of intraoperative awareness (Table 3).

However, in the assessment of postoperative consciousness recovery during the emergence period, which included 
parameters such as BIS > 80, the recovery of automatic breathing, the ability to answer questions, and extubation, Group 
N had significantly longer recovery times compared to Group C (Table 5). In contrast, no differences were observed 
between Group A and Group C (Table 5).

The postoperative follow-up outcomes at the PACU indicated that there were no statistically significant disparities 
between Group A and Group C in terms of the incidence of shivering, nausea and vomiting, Visual Analogue Scale 
(VAS) scores, additional analgesic drug dosages, and QoR-15 scores (Table 5).

Figure 4 Propofol consumption during closed-loop TCI in each group in phase II. 
Note: Results are presented as box-plots.**p<0.01; ***p<0.001. 
Abbreviations: Group C, Control group; Group A, BIS baseline adjusted group; Group N, BIS baseline non-adjusted group.

Table 4 Drug Consumption During Closed-Loop Control in Phase II

Control Group 
(n=26)

Group 
A (n=27)

p value (Compare to 
Control Group)

Group 
N (n=25)

p value (Compare to 
Control Group)

Mean propofol dosage 

(mg kg−1 ·h−1)

6.69 ± 1.36 5.58 ± 1.12 0.002 8.16 ± 1.16 <0.001

Mean Remifentanil dosage 

(μg kg−1 · min−`)

0.12 ± 0.04 0.11 ± 0.03 0.304 0.15 ± 0.04 0.025

Notes: Data are presented as mean ± SD. Mean propofol dosage and mean remifentanil dosage are compared with 2 independent t-test. 
Abbreviations: Group C, control group; Group A, BIS baseline adjusted group; Group N, BIS baseline non-adjusted group.
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Table 5 Comparison of Postoperative Recovery Assessment and Intraoperative Awareness in Phase II

Control Group (n=26) Group A (n=27) p value (Compare to Control Group) Group N (n=25) p value (Compare to Control Group)

Postoperative consciousness recovery assessment

Time to BIS>80 (min) 7.0[7.0 to 8.0] 8.0[6.8 to 9.0] 0.464 10.0[8.0 to 10.0] <0.001

Time to automatic breathing (min) 8.0[8.0 to 9.0] 8.5[8.0 to 9.25] 0.680 10.0[8.5 to 11.0] <0.001

Time to answering question (min) 10.0[9.0 to 12.0] 10.0[10.0 to 12.0] 0.215 12.0[11.5 to 13.0] <0.001

Time to extubate (min) 11.0[9.5 to 12.0] 12.0[11.0 to 12.0] 0.042 14.0[14.0 to 15.0] <0.001

Postoperative outcomes at PACU

Cases with PONV 2(8) 2(7.7) 1.000 1(4) 1.000

VAS

PACU administration 0.0[0.0 to 2.0] 0.0[0.0 to 2.0] 0.412 0.0[0.0 to 1.0] 0.694

30min 0.0[0.0 to 2.0] 0.0[0.0 to 2.0] 0.587 0.0[0.0 to 2.0] 0.686

1h 0.0[0.0 to 2.0] 0.0[0.0 to 2.0] 0.581 0.0[0.0 to 2.0] 0.892

Extra sufentanyl dosage (μg) 0.0[0.0 to 5.2] 0.0[0.0 to 2.4] 0.668 0.0[0.0 to 5.3] 0.668

Cases with shivering 3(12) 2(7.7) 0.668 2(8) 1.000

QoR-15 129(124,137) 134(125,138) 0.758 133(124,136) 0.761

Notes: Data are presented as median [IQR] for continuous variables or number (%) for categorical variables. Postoperative consciousness recovery, VAS and Extra sufentanil dosage are compared with Mann–Whitney test. Cases with 
PONV, shivering are compared with Fisher’s Exact Test. 
Abbreviations: PACU, post anesthesia care unit; PONV, post operative nausea and vomit; VAS, visual analgesic score; Qor-15, 15-item quality of recovery; Group C, control group; Group A, BIS baseline adjusted group; Group N, BIS 
baseline non-adjusted group.
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There were no statistically significant differences in the TOF values at various time points during surgery in each 
group, as well as the loading dose of analgesic and antiemetic medication in three groups. Only 3 patients (1 in group A, 
2 in group N) receive muscarinic antagonists during the emergence period. There was no patient-safety compromising 
harms or unintended adverse events in each group.

Discussion
The feasibility and safety of the closed-loop target-controlled infusion system in this study based on new BIS baseline 
was validated in the presence of low-dose esketamine. Although both adjusted and non-adjusted groups can maintain 
stable performance during closed-loop control after administering esketamine, it is noted that there was a reduction in 
propofol dosage under the new BIS baseline without increasing intraoperative awareness and other adverse events 
compared to control group.

During general anesthesia, BIS is a sensitive and specific indicator of the depth of anesthesia under propofol-based 
general anesthesia.32 Due to the inhibition of the NMDA receptors in interneurons, ketamine leads to disinhibition of 
downstream excitatory neurons, resulting in dose-related increased cortical neuron activity.28 This excitatory effect is 
reflected in higher frontal cortical EEG frequency, such as the increase β-(15~25hz) and γ-range (25–40hz) 
oscillation.33,34 Hayashi et al found that ketamine had a dose-dependent shift in the peak frequency of the α-spindles 
when co-administered with propofol, which was also related to the increase higher-frequency oscillations.35

During propofol-remifentanil anesthesia, Van Heusden et al found that both doses of 0.5mg kg-1, 10 μg kg−1 · min−1 

and 0.25mg· kg-1,5 μg kg−1 · min−1 of ketamine resulted in an increase in EEG index (median difference 95% CI: 
10.2–19.2 and 4.7–20.4)32 by WAVcns monitor, which is consistent with the changes in BIS observed in our study. 
However, D. Faraoni et al found that low bolus infusion of ketamine 0.2 mg·kg−1 administered over a 5 min period did 
not increase the BIS value over the next 15 min.36 In a study compared the impact of bolus versus continuous infusion of 
intravenous ketamine on BIS under desflurane administration, Lucie Carrara37 found that a ketamine bolus 
(0.25mg·kg−1) significantly increased the BIS compared to ketamine infusion (0.25 mg·kg−1·h−1). A retrospective 
study showed that in the context of sevoflurane infusion, 20 mg of ketamine raised the BIS by 3.8, while 50 mg doses 
raising the BIS by about 10,38 which is consistent with Liyuan Ren,39 who found that there is a dose-dependent effect of 
esketamine on EEG. In conclusion, there were many factors associated with the effects of esketamine on EEG, which 
may be related to doses and regimens of drug administration and may be due to different anesthetic contexts. The main 
reason may be related to the blood concentration of esketamine and its impact on EEG activity. One other study40 

conducted a pharmacokinetic simulation of plasma ketamine concentration found that either the slow administration of 
0.2 mg∙kg−1 over 5 min or the rapid bolus administration of a dose of 0.5 or 0.4 mg∙kg−1 followed by 1 mg∙kg−1h−1, the 
peak plasma concentrations of ketamine were, respectively, 597, 2412 and 1900 ng∙mL−1 after these regimens. Compared 
to single injections, 0.4 mg∙kg−1 followed by a continuous infusion of 1 mg∙kg−1h−1 maintained a more stable plasma 
concentration below 1000ng∙m−12−1,40 which was probably account for stable effect of esketamine on EEG in our study. 
Napoleone and et al had confirmed that adding subanesthetic doses of ketamine (0.25 mg∙kg−1 bolus followed by 
a continuous 5 µg∙kg−1∙min−1 infusion) to a general anesthesia with propofol and remifentanil did not affect the stability 
of the closed-loop TCI system, but the doses of propofol had increased.18 Esketamine is the purified S-enantiomer of 
ketamine.16 Its effect on the EEG is assumed to be similar to that of ketamine. Based on these studies and our previous 
observation, we quantified the impact of low dose of esketamine on BIS (EEG) during a period of stable anesthesia 
maintenance and established a new BIS baseline, which was then validated to be feasible under closed-loop control.

In this study, the % time within ± 10 units of the BIS setpoint in the esketamine group and the control group were 
80.3 ± 7.8 (%) and 84.6 ± 10.7 (%), respectively. This was within the range of target maintenance achieved by other high- 
performance closed-loop systems, which range from 75% ± 13% to 94% ± 12%.15 95% CI of the difference (perfor-
mance metric) between these two groups was also lied within the equivalence range, which was defined to be ±10% of 
the control group (±8.5%). This indicates that the addition of a low dose of esketamine did not affect the use of the 
propofol-remifentanil closed-loop TCI system. With this system, drug administration with low dose of esketamine could 
be precisely titrated without human interference. Compared with the control group, there were no manifestations 
indicating insufficient depth of anesthesia, postoperative recovery of consciousness and short-term recovery quality.

https://doi.org/10.2147/DDDT.S508264                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2025:19 3248

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Low dose of esketamine has addictive sedative and analgesic effects when combined with propofol and remifentanil 
without increasing unsatisfied psychotic-symptoms.2,6,16,40 Study has shown that 0.3 to 0.5 mg∙kg−1 of ketamine5 admin-
istration perioperatively can reduce acute pain, decrease occurrence of anxious41 and depression.8 As esketamine has 
a twice potent analgesic effect compared to ketamine,1 half dose of ketamine was considered to be properly for esketamine. 
Based on our previous observed, more than 0.2mg∙kg−1 of esketamine would greatly increase BIS up to 70 and more, which 
affects our judgment of anesthesia depth. Thus, a dose of 0.2mg∙kg−1 bolus and 5μg∙kg−1∙min−1 for continuous infusion to 
maintain a stable plasma concentration was appropriate. In this study, compared to group C, with the addition of esketamine 
and new BIS baseline in group A, anesthetic drug doses decreased slightly, while anesthesia maintained stable without 
adverse events occurring. The reduction of drug consumption may be caused by the increasing EEG baseline and the 
anesthetic effect of esketamine itself. Studies shown that the use of esketamine can reduce the incidence of postoperative 
nausea and vomiting6,shivering42 and pain score43 after surgery, which was unable to be shown in this experiment.

Limitations
The current EEG indexes for depth of anesthesia monitoring cannot well reflect the real depth of anesthesia after combining 
different anesthetic drugs. The design of this trial could only refine the additional drug dosage brought by the elevation of 
BIS by esketamine under the closed-loop system but was unable to quantify the real anesthetic effect of esketamine in the 
study. A new indicator of unconsciousness that is not disturbed by esketamine administration is required in the future. 
Second, due to the unstable EEG changes during induction of anesthesia, it was unable to quantify the effects of esketamine 
on the EEG and to well apply the control system for drug infusion during this phase. Therefore, instead of a bolus at 
induction followed by infusion recommended in other clinical guidelines,44 we could only add esketamine and started this 
closed-loop infusion system during the maintenance period of anesthesia. Thirdly, the plasma concentrations of esketamine 
were not monitored. Thus, it was impossible to analyze the association between changes in plasma concentration and BIS 
values. Finally, there was no stratified study based on different genders and ages. Further studies need to be investigated of 
EEG changes at different ages and by gender. Meanwhile, the study was not powered to evaluate differences in secondary 
outcomes, including adverse events such as postoperative nausea and vomiting and shivering.

The Challenges and Future Directions of This Study are as Follows
1. Compatibility between the EEG characteristics of esketamine and the signal processing algorithm of close-loop TCI 
system: The EEG activity induced by esketamine is characterized by high-frequency γ-band (25–40 hz) bursts, which is 
significantly different from the δ/α wave pattern of propofol.45 It is necessary to develop targeted signal processing 
algorithms. Use wavelet transform or density spectral array (DSA) to distinguish the correlation between esketamine’s 
gamma bursts and the depth of anesthesia46 and avoid misjudgment of the BIS index. 2. Development of a TCI system 
for esketamine: Combined with the pharmacokinetics and pharmacodynamics (PK/PD) of esketamine, design an infusion 
algorithm to maintain the stability of the drug concentration. 3. Development of a multi-drug synergistic model: 
Ketamine is often used in combination with remifentanil or propofol to reduce side effects. It is necessary to construct 
a joint model based on the interaction between the NMDA receptor and the other two kinds of receptors to optimize the 
drug ratio. 4. Multi-modal signal fusion: Combine hemodynamic parameters (such as blood pressure, heart rate) with 
EEG characteristics to enhance the robustness of the assessment of the depth of anesthesia.

Conclusion
In our study, by appropriately adjusting the BIS feedback baseline, the additional propofol usage resulting from the increased 
EEG effect of esketamine has been optimized. This optimization avoids excessive drug consumption while not increasing the 
risk of intraoperative awareness and postoperative adverse events, which can further the application of closed-loop TCI system 
and offer some reference for the study of closed-loop system with more drugs and clinical conditions.

Data Sharing Statement
The datasets used and analyzed during the current study are available from the corresponding author on reasonable 
request.
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