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Abstract 

Background  Ketamine is administered in the perioperative period for its benefits in analgesia, anti-agitation and 
anti-depression when administered at a small dose. However, it is not clear whether the intra-operative administration 
of ketamine would affect emergence under sevoflurane anesthesia. To investigate this effect, we designed this trial.

Methods  In this randomized, double-blind, placebo-controlled study, we enrolled 44 female patients aged 18–60 
who were scheduled to elective laparoscopic gynecological surgeries. All patients were randomly assigned to saline 
or s-ketamine group. In s-ketamine group, patients received 0.125 mg/kg s-ketamine 30 min after the start of surgery. 
In saline group, patients were administered the same volume of saline. Sevoflurane and remifentanil were used to 
maintain general anesthesia. The primary outcome was emergence time. We also assessed postoperative agitation, 
cognitive function, and delirium. In addition, we collected and analyzed prefrontal electroencephalogram (EEG) dur-
ing and after general anesthesia.

Results  There were no significant differences in emergence time between s-ketamine group and saline group 
(10.80 ± 3.77 min vs. 10.00 ± 2.78 min, P = 0.457). Neither postoperative agitation (4 [3, 4] vs. 4 [3, 4], P = 0.835) 
nor cognitive function (25.84 ± 2.69 vs. 25.55 ± 2.19, P = 0.412) differed between groups. No postoperative delir-
ium was observed in either group. Subanesthetic s-ketamine resulted in active EEG with decreased power of 
slow (-0.35 ± 1.13 dB vs. -1.63 ± 1.03 dB, P = 0.003), delta (-0.22 ± 1.11 dB vs. -1.32 ± 1.09 dB, P = 0.011) and alpha 
(-0.31 ± 0.71 dB vs. -1.71 ± 1.34 dB, P = 0.0003) waves and increased power of beta-gamma bands (-0.30 ± 0.89 dB vs. 
4.20 ± 2.08 dB, P < 0.0001) during sevoflurane anesthesia, as well as an increased alpha peak frequency (-0.16 ± 0.48 Hz 
vs. 0.31 ± 0.73 Hz, P = 0.026). EEG patterns did not differ during the recovery period after emergence between groups.

Conclusion  Ketamine administered during sevoflurane anesthesia had no apparent influence on emergence time 
in young and middle-aged female patients undergoing laparoscopic surgery. Subanesthetic s-ketamine induced an 
active prefrontal EEG pattern during sevoflurane anesthesia but did not raise neurological side effects after surgery.
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Trial registration  Chinese Clinical Trial Registry, ChiCTR2100046479 (date: 16/05/2021).
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Background
Ketamine, an N-methyl-D-aspartate (NMDA) receptor 
antagonist, was initiated to be used clinically for anes-
thetic induction and maintenance in the 1970s [1]. How-
ever, the high incidence of psychotomimetic side effects 
of ketamine anesthesia (1–2 mg/kg i.v.), such as dissocia-
tion, postoperative cognitive dysfunction, hallucinations 
and nightmares [2], has seriously limited the application 
of ketamine. In recent years, subanesthetic ketamine 
(< 1  mg/kg) [3, 4] has gained clinical attention because 
of the benefits for postoperative analgesia [5–8], anti-
agitation [9–11] and anti-depression [12–14], and no 
significant increase in psychotomimetic effects has been 
observed [4, 15, 16]. Recent guidelines suggest the use 
of a subanesthetic ketamine bolus (up to 0.35 mg/kg) or 
infusions (up to 1 mg•kg−1•h−1) as an adjunct to opioids 
for perioperative analgesia [17]. Furthermore, accord-
ing to Gorlin AW et  al., the ideal dose of subanesthetic 
ketamine to avoid postoperative side effects, such as dis-
sociative states, is 0.1–0.3  mg/kg as a bolus and 0.1 to 
0.3 mg•kg−1•h−1 as an infusion [18].

Theoretically, the co-administration of subanesthetic 
ketamine during general anesthesia could deepen the 
anesthetic depth. A series of studies have confirmed that 
low-dose ketamine reduces the consumption of propofol 
[19–21] and the minimum alveolar concentration (MAC) 
of sevoflurane [22, 23] in surgical patients. However, sub-
anesthetic ketamine also induces a paradoxical increase 
in bispectral index (BIS) during both propofol and inha-
lation general anesthesia [24–26]. Nevertheless, the 
effect of low-dose ketamine on the emergence of patients 
under general anesthesia is still under debate. Some clini-
cal studies found that perioperative administration of 
subanesthetic ketamine (< 1  mg/kg) did not change the 
recovery process from propofol anesthesia, but some 
confirmed the emergence delay [19, 27, 28]. In fact, Ham-
brecht-Wiedbusch VS et  al. reported that subanesthetic 
ketamine (25 mg/kg intraperitoneally, one-sixth of anes-
thetic dose) accelerated the emergence of rats after iso-
flurane anesthesia, although it deepened the anesthetic 
depth detected by cortical electroencephalogram (EEG) 
signatures [29]. This dual effects of ketamine on inhala-
tion anesthesia may bring specific benefits to surgical 
anesthesia management if clinical investigations would 
provide solid evidence.

S-ketamine (induction dose 0.5–1 mg/kg i.v.), the pure 
dextrorotatory enantiomer of ketamine, has an approxi-
mately two-fold higher sedative potency compared with 

ketamine, associated with a stronger effect at the NMDA 
receptor [1, 2]. Because of its higher anesthetic potency 
and fewer side effects [1, 4, 30], s-ketamine is currently 
more popular and more easily available in anesthesia 
clinics than ketamine, at least in Chinese hospitals. In our 
pilot trial, we found that the administration of subanes-
thetic s-ketamine (0.125 mg/kg, comparable to 0.25 mg/
kg ketamine and one-sixth of the anesthetic dose) could 
reduce the emergence time of sevoflurane anesthesia by 
10.6%. Therefore, we designed this clinical trial to mainly 
investigate whether the subanesthetic s-ketamine could 
reduce emergence time of surgical patients from sevoflu-
rane-maintained general anesthesia. To avoid the gender 
dimorphism in anesthesia emergence [31–34], female 
patients undergoing laparoscopic gynecological surgeries 
were only recruited.

Methods
This prospective, randomized, controlled, double-blind 
trial was registered in the Chinese Clinical Trial Registry 
(chictr.org.cn) (ChiCTR2100046479, date: 16/05/2021). 
Ethical approval for this study (NO. KY20202065-X-1, 
date: 07/04/2021) was provided by the Medical Ethics 
Committee of the First Affiliated Hospital of the Fourth 
Military Medical University. This trial was conducted 
from May 2021 to September 2021 in the Department of 
Anesthesiology and Perioperative Medicine of the First 
Affiliated Hospital of the Fourth Military Medical Uni-
versity. Written informed consent was obtained from all 
patients before enrollment. The principles of Declaration 
of Helsinki were followed for this study. This manuscript 
adheres to the applicable CONSORT guidelines.

Study population
Han Chinese patients aged 18–60  years old with an 
American Society of Anesthesiologists (ASA) physical 
status of I–II who were scheduled for elective laparo-
scopic gynecological surgery and signed the informed 
consent voluntarily were eligible for inclusion in this 
study. Patients with a history of psychiatric disorders or 
neurological diseases, alcohol or drug abuse, operation 
within one month before surgery, use of sedative medi-
cine or antidepressant within one week before surgery, 
abnormal cognitive function, inability to communicate 
fluently, body mass index (BMI) ≥ 28 or ≤ 18, contraindi-
cations to s-ketamine, and who participated in other tri-
als or who once were recruited were excluded from this 
study. The withdrawal criteria included: operation time 
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of < 1 h or > 3 h, unexpected intraoperative conversion to 
laparotomy, incomplete cases data, patients admitting to 
Intensive Care Unit (ICU) after surgery.

Randomization and blinding
The simple randomization was chosen in our trial which 
was performed using an online randomization list to 
ensure that each group contained 22 subjects. The sub-
jects were randomly assigned 1:1 to either the saline 
group or the s-ketamine group. The randomization enve-
lopes contained grouping information. The nurses who 
preserved and opened the envelops and prepared the 
s-ketamine or 0.9% saline were not involved in patient 
care. S-ketamine was diluted in saline to a total volume 
of 10 ml. The same volume of saline was used in the con-
trol group. Syringes of saline and ketamine were identi-
cal. The other investigators and all subjects were blinded 
to randomization.

Anesthesia and monitoring
Dexmedetomidine, midazolam, and anticholinergic 
drugs were not permitted before surgery. Vital signs such 
as pulse oximetry, blood pressure (BP), and electrocardi-
ography were monitored as soon as the patients arrived 
in the operating room. A Chinese brand of anesthesia 
depth monitor based on EEG, ConView system (ConView 
YY-105, Pearlcare Medical Technology Company Lim-
ited, Zhejiang, China), was used. Anesthesia index (Ai) 
is a digital indicator for anesthesia depth derived from 
the ConView [35]. However, ConView system was used 
to collect prefrontal EEG data rather than to guide the 
anesthesia management. Therefore, the anesthetic depth 
monitor was covered by an opaque box and the alarms 
were turned off. The anesthesia was managed by a sen-
ior anesthesiologist based on clinical needs and personal 
experience. Anesthesia was induced with 1–2  mg/kg 
propofol, 0.2–0.4  μg/kg sufentanil, and 0.6  mg/kg rocu-
ronium, and maintained by continuous infusion of 0.1–
0.2  μg•kg−1•min−1 remifentanil and inhaled sevoflurane 
(0.8–1.5 MAC). A manual ventilation model with 100% 
oxygen was used to assist respiration until the tracheal 
tube was inserted with adequate sedation and muscle 
relaxation. Before the incision, non-steroidal anti-inflam-
matory drugs were administered, such as flurbiprofen 
axetil or parecoxib sodium injection. Ventilation was 
controlled mechanically to maintain an end-tidal carbon 
dioxide concentration of 30–40  mmHg and an airway 
pressure below 30 cmH2O. Oxygen and air were mixed 
in a ratio of 1:1, and the flow rate was 2 l/min. S-ketamine 
(0.125 mg/kg) or the same volume of saline was admin-
istered (i.v.) 30  min after the start of surgery. Muscle 
relaxants were no longer administered 30 min before the 
end of surgery, and all patients received a bolus of 2 mg 

tropisetron. End-tidal sevoflurane was gradually adjusted 
to 0.8 MAC before the end of surgery and sevoflurane 
was stopped as soon as the skin was sutured. Meanwhile, 
ventilation was set at 100% oxygen, 6  l/min flow rate, 
14 bpm respiratory rate, and 8 ml/kg tidal volume. Dur-
ing the recovery period, we followed the process of awake 
extubation. When patients established regular breath-
ing and an adequate spontaneous minute ventilation and 
can open eyes and obey commands, we extubated the 
tracheal.

Outcome measures
The primary outcome was emergence time, which was 
defined as the interval between the cessation of sevoflu-
rane and the point at which the patient opened their eyes. 
During this recovery period, we aroused the subjects by 
calling their names every 30  s until they responded by 
opening their eyes.

Secondary outcomes included the characteristics of 
prefrontal EEG spectra across the administration of 
s-ketamine, Ai (generated by the ConView YY-105), 
gamma power, gamma peak frequency and agitation 
score during the recovery period, and cognitive function 
and delirium assessments one day after the surgery. The 
agitation level was assessed using the Sedation-Agitation 
Score (SAS). Delirium and cognitive function were evalu-
ated using the Confusion Assessment Method for the 
ICU (CAM-ICU) and Mini-Mental State Examination 
(MMSE), respectively. These scales of assessment used 
in our trial are all in Chinese, which have been widely 
used for Chinese in both clinic practice and clinical trials 
[36–38]. The recovery period was defined as the duration 
from the cessation of sevoflurane administration to 5 min 
after extubation.

Spectral processing
EEG data were obtained at a sampling rate of 500  Hz 
by using ConView. The ConView system is designed by 
Pearlcare Medical Technology Company Limited (Zheji-
ang, China), based on three different parameters of EEG: 
sample entropy (SampEn), 95% spectral edge frequency 
(SEF) and burst suppression ratio (BSR). The new anes-
thetic index named Ai is calculated with the algorithm 
based on decision tree and least square. Ai ranges from 
awake (80–99), to light sedation (60–80), general anes-
thesia during surgery (40–60), deep hypnotic state (< 40) 
and an isoelectric EEG (0). A multicenter clinical study 
has confirmed that the performance of Ai as a depth of 
anesthesia monitor was similar to that of BIS [35].

We analyzed the EEG and Ai value across the period 
of the administration of s-ketamine and the 2-min EEG 
epochs that were selected 10  min before and 2–8  min 
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after the administration of s-ketamine or saline in detail. 
We also analyzed the EEG during recovery period.

The power spectra quantifying the energy in the EEG at 
each frequency were calculated using the multi-window 
spectrum algorithm in MATLAB R2018b (MathWorks, 
Natick, MA). The parameters used for statistical infer-
ence were as follows: time-bandwidth product = 3, num-
ber of tapers = 5, window size = 2 s, and window overlap 
rate = 99.5%. Group-level spectrograms were obtained by 
computing the median power across all subjects at each 
time point and at each frequency. We also computed the 
power and peak frequency at the time and frequency 
bands of interest, respectively. The peak frequency is the 
frequency with the highest power within a certain fre-
quency band. We obtained the Ai value from ConView 
YY-105 directly.

The mean power and peak frequency of the EEG signal 
were calculated for the following frequency bands: slow 
wave (0.3–1  Hz), delta (1–4  Hz), theta (4–8  Hz), alpha 
(8–12  Hz), beta (12–25  Hz), gamma (25–50  Hz), and 
beta-gamma (12–50 Hz).

Statistical analysis
The sample size was calculated based on the time of 
emergence. According to the results of our previous 
study, the emergence time was 7.7  min with a standard 
deviation (SD) of 1.2. In our pilot trial, we found that 
the administration of subanesthetic s-ketamine could 
reduce the emergence time by 10.6%. Then, we hypoth-
esized that the s-ketamine could decrease the emergence 
time by 15%. Considering 80% power, 20% dropout, and 
adopting a ratio of 1:1, 22 participants were required in 
each group.

Statistical analyses were performed using SPSS Statis-
tics 23 (IBM, Armonk, NY) and GraphPad Prism 8.0.1 
(GraphPad Software, San Diego, CA). Per-Protocol (PP) 
analysis was used to analyze all outcomes. According to 
withdrawal criteria, 5 patients were excluded at the data 
analysis even though they have received the interven-
tions. The remaining patients will be categorized and 
analyzed according to their allocation and they have 
strictly followed the trial procedure. The results are 
expressed as mean ± SD, median, or n (%). The primary 
endpoint was compared between the two groups using 
a two-tailed t-test. For the secondary outcomes, ordinal 
and continuous data were computed using two-tailed t 
test or two-way ANOVA corrected with the Bonferroni 
test, while non-normally distributed data and rates were 
analyzed with the Mann–Whitney U test and the chi-
squared test, respectively. The relationship between Ai 
values and EEG features was explored by using Pearson’s 
Correlation. If P < 0.05, values were considered statisti-
cally different.

Results
Forty-four subjects were randomized in our study from 
May 2021 to September 2021 in the Department of Anes-
thesiology and Perioperative Medicine of the First Affili-
ated Hospital of the Fourth Military Medical University. 
Five of patients were not followed up and excluded 
according to the withdrawal criteria (the duration of 
operations lasted > 3  h in four patients and < 1  h in one 
patient). Thus, 19 subjects in the control group and 20 
subjects in the s-ketamine group completed the study 
and were analyzed (Fig. 1).

The demographics of the patients in the two groups 
were comparable. No significant differences in ASA clas-
sification, baseline cognitive function, duration of sur-
gery or anesthesia, dose of remifentanil or sevoflurane, 
or incidence of intra-operative hypothermia were found 
between the two groups (Tables  1 and 2). The anesthe-
siologists managed the depth of anesthesia based on 
hemodynamics and their clinical experience. As shown 
in the Table  2 and Supplementary figure  1, no signifi-
cant fluctuations in the average values of BP (saline: 
-2.22 ± 6.39  mmHg vs. s-ketamine: -2.73 ± 6.50  mmHg, 
P = 0.794) or heart rate (saline: -0.10 ± 4.39 bpm vs. s-ket-
amine: 1.56 ± 5.01 bpm, P = 0.250) were observed during 
the period from 15 min before to 20 min after the admin-
istration of s-ketamine.

Primary outcome
The time from the cessation of sevoflurane adminis-
tration to the emergence of patients in the s-ketamine 
group was not significantly different from that in the 
saline group (saline: 10.80 ± 3.77  min vs. s-ketamine: 
10.00 ± 2.78 min, P = 0.457) (Table 2).

Secondary outcomes
Neurological symptoms
There were no notable differences in SAS scores (saline: 
4 [3, 4]  vs. s-ketamine: 4 [3, 4], P = 0.835) between the 
two groups during the recovery period. One day after 
the operation, MMSE scores in the s-ketamine group 
resembled those in the saline group (saline: 25.84 ± 2.69 
vs. s-ketamine: 25.55 ± 2.19, P = 0.412), and none of the 
patients in either group developed delirium (Table 3).

Prefrontal EEG spectra
To evaluate the intra-operative effect of subanesthetic 
s-ketamine, we exhibited the full-range EEG median 
spectrograms of saline and s-ketamine groups (Fig. 2a, 
d), in which the edge frequency was significantly 
increased within 5  min after the s-ketamine adminis-
tration. These active changes in EEG lasted for about 
10  min. An increase of power in the high frequency 
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band after s-ketamine administration was clearly 
seen in the 2-min spectrograms (Fig.  2b, e). Further-
more, the power of the frequency band between 15 
and 50  Hz was significantly increased after s-keta-
mine administration (Fig.  2f ), while saline did not 
induce significant differences in the power spectrum 
(Fig.  2c). Specifically, the spectral power in the slow 
(saline: -0.35 ± 1.13 dB vs. s-ketamine: -1.63 ± 1.03 dB, 

P = 0.003), delta (saline: -0.22 ± 1.11  dB vs. s-keta-
mine: -1.32 ± 1.09  dB, P = 0.011), and alpha bands 
(saline: -0.31 ± 0.71 dB vs. s-ketamine: -1.71 ± 1.34 dB, 
P = 0.0003) (Fig.  2g) was markedly decreased in the 
s-ketamine group compared with that in the saline 
group, whereas the power of the beta-gamma band 
(saline: -0.30 ± 0.89  dB vs. s-ketamine: 4.20 ± 2.08  dB, 
P < 0.0001) was obviously elevated after s-ketamine 
administration (Fig.  2g). The peak frequency in the 
alpha band (saline: -0.16 ± 0.48  Hz vs. s-ketamine: 
0.31 ± 0.73  Hz, P = 0.026), but not in the other bands, 
increased in the s-ketamine group compared with that 
in the saline group (Fig.  2h). S-ketamine also caused 
an increase of Ai value (saline: 48.49 ± 7.94 vs. s-keta-
mine: 57.95 ± 8.45, P < 0.001) 5 min after the adminis-
tration. The increase of Ai then lasted for about 10 min 
and became comparable to saline controls afterwards 
(Supplementary Fig.  2a). And the changes of Ai were 
well related with the changes of EEG features across 
the administration of subanesthetic ketamine. Nega-
tive correlations were observed between the changes 
of Ai values and the changes of slow wave (r = -0.52, 
P = 0.003), delta (r = -0.55, P = 0.002) and alpha power 
(r = -0.58, P = 0.001), and a positive relation was 
observed between the changes of Ai values with the 

Fig. 1  Study flowchart

Table 1  Baseline characteristics

Data are presented as mean ± SD or n (%)

Abbreviations: BMI Body mass index, ASA American Society of Anesthesiologists, 
MMSE Mini-Mental State Examination

Saline Group (n = 19) S-ketamine 
Group (n = 20)

P

Age (yr) 44.37 ± 9.74 46.25 ± 6.77 0.486

Height (cm) 159.40 ± 7.03 160.50 ± 4.33 0.570

Weight (kg) 58.16 ± 6.00 57.45 ± 7.78 0.753

BMI (kg/m2) 22.92 ± 2.60 22.68 ± 2.81 0.778

ASA class 0.605

  I 1 (5.26) 3 (15.00)

  II 18 (94.74) 17 (85.00)

Baseline MMSE 26.68 ± 1.86 26.35 ± 1.81 0.573
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changes of beta-gamma power (r = 0.63, P = 0.0002) 
(Supplementary Fig.  2b). No correlation between the 
changes of Ai values and the changes of alpha peak fre-
quency was found (r = 0.25, P = 0.183) (Supplementary 
Fig. 2c).

During the recovery period after the cessation of 
sevoflurane, the power and peak frequency showed no 
differences between two groups. The power of gamma 
oscillations gradually increased and then declined 
after recovery of consciousness (Fig. 3a). The peak fre-
quency of the gamma band also gradually increased 
during the recovery but arrived at its peak slightly later 
than the power of the gamma frequency (Fig. 3b). The 
Ai value increased reasonably in both groups, and no 
differences were found between them (Fig. 3c).

Discussion
In this randomized controlled study, we observed the 
effects of a bolus of subanesthetic s-ketamine adminis-
tered during elective laparoscopic gynecological surgery 
on emergence time in the female patients. We did not 
find a difference in the time duration from cessation of 
anesthetics to eye opening between the s-ketamine and 
saline groups. The agitation level, cognitive function and 
incidences of delirium, in the s-ketamine group were 
similar to those in the saline group. However, the admin-
istration of subanesthetic s-ketamine induced active EEG 
spectra with decreased power of slow wave, delta, and 
alpha bandwidths, and increased power of beta-gamma 
waves during sevoflurane anesthesia. The alpha peak fre-
quency significantly increased.

A synergistic interaction tends to occur when two or 
more drugs produce similar effects by different mecha-
nisms [39, 40], and it was naturally considered that 
perioperative administration of ketamine could deepen 
the anesthetic depth and increase the emergence time 
of propofol or sevoflurane general anesthesia. In a study 
conducted in adult patients under desflurane anesthe-
sia, ketamine administered after induction at a dose of 
1 mg/kg delayed the response of patients to verbal stimuli 
[41]. Similarly, Zhang C et al. reported that the subanes-
thetic s-ketamine (0.2 mg/kg i.v., comparable to 0.4 mg/
kg i.v. ketamine) administered during induction delayed 

Table 2  Primary outcome and intraoperative data

Data are presented as mean ± SD or n (%). Δ blood pressure and Δ heart rate were obtained by subtracting the pre-administration values from the post-administration 
values. Hypothermia: core temperature is below 36 degrees

Saline Group (n = 19) S-ketamine Group (n = 20) P

Emergence time (min) 10.80 ± 3.77 10.00 ± 2.78 0.457

Duration of surgery (min) 117.00 ± 29.80 99.52 ± 31.27 0.083

Duration of anesthesia (min) 156.90 ± 34.23 140.10 ± 35.23 0.141

Total remifentanil (μg) 1281.00 ± 317.70 1177.00 ± 400.80 0.375

Total sevoflurane (ml) 28.40 ± 8.40 25.64 ± 7.96 0.299

Δ blood pressure (mmHg) -2.22 ± 6.39 -2.73 ± 6.50 0.794

Δ heart rate (bpm) -0.10 ± 4.39 1.56 ± 5.01 0.250

Hypothermia 6 (31.58) 5 (25.00) 0.652

Table 3  Secondary outcomes

Data are presented as mean ± SD, median (interquartile range) or n (%)

Abbreviations: SAS Sedation-agitation Scores, MMSE Mini-Mental State 
Examination

Saline Group (n = 19) S-ketamine 
Group (n = 20)

P

SAS 4 (3, 4) 4 (3, 4) 0.835

Postoperative MMSE 25.84 ± 2.69 25.55 ± 2.19 0.412

Delirium 0 0

(See figure on next page.)
Fig. 2  Spectral analysis of EEG signals before and after the administration of s-ketamine. a, d Median spectrograms of EEG pre- and 
post-administration of saline or s-ketamine during sevoflurane anesthesia. b, e 2-min epochs for analyzing. Black lines represent the edge frequency. 
c, f The power spectra of 2-min EEG pre- and post-administration of saline and s-ketamine, respectively. g The changes of power at slow wave, delta 
wave, alpha wave and beta-gamma wave (from left to right) between saline and s-ketamine groups. The power of slow wave, delta and alpha bands 
decreased but beta-gamma waves increased after the administration of s-ketamine. h The changes of peak frequency at slow wave, delta wave, 
alpha wave and beta-gamma wave (from left to right) between saline and s-ketamine groups. The changes of peak frequency of slow wave, delta 
and beta-gamma in saline group were not different from that of s-ketamine group, but alpha wave increased significantly after the administration 
of s-ketamine. The changes of power and peak frequency were obtained by subtracting the pre-administration values from the post-administration 
values. Beta-gamma: the frequency band of beta and gamma. *P < 0.05, **P < 0.01, ***P < 0.001 saline group vs. s-ketamine groups
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Fig. 2  (See legend on previous page.)
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recovery after propofol anesthesia in laparoscopic chol-
ecystectomy [42]. In the current study, we found that a 
relatively small-dose of s-ketamine (0.125 mg/kg, compa-
rable to 0.25 mg/kg ketamine) had no significant effect on 
emergence time from sevoflurane anesthesia, which was 
in line with Moro ET’s report that intra-operative admin-
istration of subanesthetic ketamine (0.2  mg/kg) did not 
change the recovery process from laparoscopic cholecys-
tectomy under propofol anesthesia [27]. Of note, the dis-
crepancy in emergence time from general anesthesia in 
combination with subanesthetic ketamine or s-ketamine 
seems closely related to dosage. However, a meta-analysis 
revealed that a combination of ketamine (0.5–1  mg/kg 
i.v.) and propofol could reduce the recovery time in com-
parison with propofol alone in children [43]. Whether 
the anesthesia is maintained by a single anesthetic agent 
or a combined method could probably affect emergence 
as well. For example, although subanesthetic ketamine 
(0.5–1  mg/kg i.v.) could reduce the recovery time of 
propofol anesthesia in children, ketamine (0.2–1  mg/kg 
i.v.) did not affect the recovery time of patients in propo-
fol- dexmedetomidine or propofol- fentanyl anesthesia 
[43]. And in an animal experiment, Hambrecht-Wied-
busch VS et  al. found that administration of subanes-
thetic ketamine (25  mg/kg intraperitoneally, one-sixth 
of the anesthetic dose) in rats during isoflurane anesthe-
sia reduced the emergence time by 44% [29]. Emergence 
acceleration was associated with an increase in cortical 
acetylcholine and high-frequency EEG activity during the 
recovery period.

We did not find these differences in high-frequency and 
Ai values between the two groups during recovery period 
because of the fast metabolic rate of s-ketamine [2]. But 
we found that s-ketamine resulted in increased Ai val-
ues during sevoflurane anesthesia. Actually, the increase 
in BIS induced by ketamine has already been reported in 

patients during propofol and sevoflurane anesthesia. In 
the study of Vereecke HE et al., BIS increase a few min-
utes after the administration of ketamine 0.4 mg/kg [44]. 
Hirota K et al. showed similar change of BIS after a bolus 
of ketamine 0.4  mg/Kg during propofol-fentanyl anes-
thesia [45]. During sevoflurane anesthesia, P. Hans et al. 
found the increases in BIS and entropy from 5 to 15 min 
after ketamine administration (0.5  mg/kg) [25]. The 
elevation of Ai lasting for a shorter time period in our 
study may be attributed to the lower dose of ketamine. 
The increase in BIS and Ai could be associated with the 
hypnotic mechanism of ketamine which mainly func-
tions through NMDA receptors. Subanesthetic ketamine 
has a primary effect on NMDA receptors of inhibitory 
interneurons and allows downstream excitatory neu-
rons to become disinhibited, which could induce a spe-
cial EEG pattern with decreased delta and alpha waves 
[46–49]. Similarly, we found that subanesthetic s-keta-
mine induced decreased power of slow, delta, and alpha 
waves and increased power of beta-gamma bands during 
sevoflurane anesthesia. Furthermore, ketamine-induced 
release of cortical acetylcholine [50, 51] may also contrib-
ute to the active pattern of EEG.

However, these increases in indices of depth of anes-
thesia do not indicate the lightened hypnosis [25, 26, 
52]. This seemingly paradoxical discrepancy between 
hemodynamics and EEG indices is actually the feature 
of ketamine or s-ketamine. This poses much challenge 
to anesthesia management when we rely on the EEG-
derived indices during surgery. In our study, we found 
that heart rate and BP were not markedly changed 
after s-ketamine administration, although the Ai values 
were profoundly increased. No change of hemodynam-
ics could be attributed to the dosage of s-ketamine we 
used. Previous study reported that 2  mg/kg ketamine 
result in a significant decrease in blood pressure during 

Fig. 3  The characteristics of prefrontal EEG signals across anesthesia recovery states. The dynamic changes of gamma power (a), gamma peak 
frequency (b) and Ai values (c) in the saline group did not differ from that of s-ketamine group but there were evident changes after sevoflurane off 
compared with before in both groups. #P < 0.05 and ###P < 0.001 in the saline group or **P < 0.01 and ***P < 0.001 in the s-ketamine group vs. the time 
point at sevoflurane cessation. Abbreviations: Sevo = sevoflurane
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halothane anesthesia [53]. In comparison with it, we 
used a rather small dose of s-ketamine (0.125  mg/kg), 
which may not be able to substantially inhibit hemo-
dynamics. In fact, Hans P et  al. have found that intra-
operative administration of 0.5  mg/kg ketamine do 
not change the hemodynamics during the sevoflurane 
anesthesia [25]. But of note, even at this small dose, 
0.125  mg/kg s-ketamine significantly elevated the Ai 
value as well as the power of slow wave, delta, alpha 
and beta-gamma frequency of EEG, supporting the 
common sense that prefrontal EEG patterns are not 
related with the actual depth of anesthesia when using 
ketamine [44, 52, 54]. How the paradoxical activation of 
cortical neurons mediates the anesthesia of ketamine or 
s-ketamine is still unclear.

The administration of ketamine (≤ 1 mg/kg i.v.) during 
general anesthesia has beneficial effects on cognition in 
elderly patients undergoing major surgery [55, 56] and 
agitation in children and adults after rhinoplasty [9–11]. 
However, the effect of subanesthetic ketamine on delir-
ium has failed to reach an agreement in clinical trials. A 
multicenter, international randomized trial reported that 
intra-operative subanesthetic ketamine (0.5  mg/kg i.v.) 
did not decrease delirium in older patients (> 65  years) 
in non-cardiac major surgery [57]. According to Hudetz 
JA et al., the administration of ketamine (0.5 mg/kg i.v.) 
during induction could attenuate postoperative delirium 
by 28% in cardiac surgery using cardiopulmonary bypass 
[58]. However, it has been reported that young and mid-
dle-aged female patients without cognitive impairment 
are not at a high risk for delirium [59, 60], postoperative 
agitation [61] or cognitive dysfunction [62–64]. Thus, no 
patients developed delirium, cognitive dysfunction or 
severe agitation in our study.

Our study has some limitations. First, only young and 
middle-aged female patients were recruited, which may 
have avoided the bias of gender and age on anesthesia 
emergence [31, 33, 65], but also limits the generaliz-
ability of our findings. In addition, we did not obtain 
blood samples or examine the plasma concentration of 
s-ketamine. The pharmacokinetics of s-ketamine during 
sevoflurane anesthesia is still not clear, and we could not 
obtain a dose–response relationship. It is well known that 
ketamine has psychotomimetic side effects, such as hal-
lucinations, nightmares and dissociative effects [66, 67]. 
However, these effects were not considered in our study. 
Besides, the surgical stimulation and muscular activ-
ity can influence the EEG but we did not collect these 
data. We assumed that they were identical between the 
two groups. Furthermore, the sample size was relatively 
small, and we included only Han Chinese patients. There-
fore, it is better to design a new multicenter clinical trial 
with a larger sample size.

Conclusion
In conclusion, intra-operative administration of suban-
esthetic s-ketamine did not change the emergence time 
of young and middle-aged women undergoing elective 
laparoscopic gynecological surgery. The administration 
of s-ketamine can induce active EEG during sevoflurane 
anesthesia but did not have negative effects on neu-
rological symptoms. Further multicenter studies with 
larger sample sizes are necessary to investigate whether 
ketamine affects the emergence time during sevoflurane 
anesthesia.
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