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Purpose: Postoperative delirium (POD) is a prevalent and severe complication in elderly patients undergoing major surgery,
associated with increased morbidity and mortality. This randomized controlled trial aimed to investigate the effects of low-dose
esketamine on the incidence of POD in elderly patients underwent total hip or knee arthroplasty.

Patients and Methods: Two hundred and sixty elderly participants were randomly assigned to either the esketamine group (Group
E) (0.20mg/kg loading, 0.125mg/kg/h infusion, 0.5 mg/kg for postoperative analgesia) or the placebo group (Group P) (received
normal saline). The primary outcome was the incidence of POD, with secondary outcomes including delirium subtypes, duration,
intraoperative analgesic consumption, operative and anesthesia times, hemodynamic changes, postoperative pain scores, sleep quality,
and common postoperative adverse events.

Results: There was no significant difference in the incidence of POD between Group E (8.5%) and Group P (10.8%). No significant
differences were observed for the time of delirium onset, duration of delirium, and delirium subtype between the two groups. Patients
in the esketamine group had more stable hemodynamic profile after induction and reduced the pain score of motion on the first two
days postoperatively but increased the incidence of postoperative dizziness.

Conclusion: The repeated infusion of low-dose esketamine did not reduce the incidence of POD during the initial three postoperative
days in elderly patients following total hip or knee arthroplasty.
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Introduction

With the increasing severity of population aging, obesity, and metabolic issues, bone and joint diseases among the elderly
have become increasingly prominent, making surgical intervention a necessary treatment option in many cases.' Total hip
arthroplasty (THA) and total knee arthroplasty (TKA) are established and efficacious treatments for end-stage degen-
erative diseases of the hip and knee.” However, postoperative delirium (POD), one of the dominant complications usually
occurs in elderly patients after major surgery, results in delayed recovery, extended hospital stays, and even related

mortality.> The etiology of delirium is multifactorial, and its pathophysiology remains elusive, making prevention and
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management particularly challenging. Pain, opioid analgesia, and the inflammatory response to surgery are all implicated
as potential risk factors for POD.*

Esketamine, the S-enantiomer of ketamine, exhibits a significantly higher affinity for the glutamate N-methyl-
D-aspartic acid receptor (NMDAR).? Ketamine selectively inhibits calcium influx and reduces y-aminobutyric acid
(GABA) release by binding to NMDAR on inhibitory neurons. This action decreases GABAergic inhibition, leading to
enhanced glutamate neurotransmission. Glutamate activates o-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
receptors (AMPARs) and triggers brain-derived neurotrophic factor (BDNF) release. BDNF, via tropomyosin receptor
kinase B (TrkB) receptors, activates the mammalian target of rapamycin (mTOR) pathway, promoting synaptic protein
synthesis and dendritic spine formation, strengthening cortical connectivity.®’ It is also believed to exert
a neuroprotective effect by suppressing the inflammatory response to surgery,”® so it may prevent POD in elderly patients.
This hypothesis has inspired several trials to test the impact of subanesthetic doses of ketamine on the risk of POD.”!!
However, these studies have not reached a consensus on whether ketamine can reduce the incidence of delirium. But to
be clear, ketamine did not increase the risk of POD.'? The majority of research has concentrated on administering
a single bolus of ketamine or esketamine during the induction of anesthesia, whether a single dose of ketamine can
induce similar BDNF/mTOR-mediated neuroplasticity changes to achieve the desired clinical effect of preventing POD
requires further investigation and evidence suggests that the administration of multiple low-dose ketamine infusions may
more effectively harness its therapeutic properties without a concomitant escalation in adverse effects.'>"'*

Given the mixed results from previous studies and the clinical need for POD management, we hypothesized that the
repeated administration of low-dose esketamine at key time points—induction of anesthesia, intraoperative infusion, and
postoperative analgesia—might reduce the incidence of POD in elderly patients undergoing total hip or knee arthroplasty.

Materials and Methods

Ethical Considerations

This prospective, double-blind, placebo-controlled randomized clinical trial was approved by the Institutional Scientific
Research and Clinical Trials Ethics Committee of the First Affiliated Hospital of Zhengzhou University. This trial was
registered at the Chinese Clinical Trial Registry (http://www.chictr.org.cn/) with the Registration number
ChiCTR2300077666 on November 15, 2023. All procedures performed in the study involving human participants
adhered to the ethical standards of the institutional and national research committee, and the trial was conducted in

accordance with the ethical standards of the Declaration of Helsinki. Written informed consent was obtained from all

patients.

Study Design and Participants

Eligible participants were patients aged 60 years or older with an American Society of Anesthesiologists (ASA) physical
status of II (mild systemic disease) or III (severe systemic disease), scheduled for elective THA or TKA under general
anesthesia. Exclusion criteria included preoperative delirium, allergy to esketamine, significant hypertension, neuropsy-
chiatric disorders, history of neurological or psychiatric conditions, substance abuse within the past year, intellectual
disability, or a Mini-Mental State Examination (MMSE) score <24, and inability to operate a patient-controlled IV
analgesia pump.

Randomization and Blinding

Patients were randomized in a 1:1 ratio to receive either an esketamine infusion (Jiangsu Hengrui Pharmaceuticals Co.,
Ltd.) or an equivalent volume of saline. Randomization was stratified using a computer-generated randomization table,
and allocation concealment was ensured with sequentially numbered, sealed envelopes. The envelopes were handed to
a nurse not involved in the study, who prepared the study medication. The researchers assessing outcomes and collecting
data were blinded to the treatment allocation, and the randomization codes were revealed only after the completion of the

primary analysis.
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Anesthesia Protocol

Anesthesia protocols were standardized, and no anticholinergic agents were used for premedication. Standard monitoring
was applied upon admission to the operating theater, including oxygen saturation (SpO2), electrocardiography (ECG),
invasive arterial blood pressure, and Bispectral Index (BIS) monitoring.

Based on the same other anesthetics in the two groups, esketamine was given at 0.20 mg/kg for induction and
0.125 mg/kg/h for maintenance in group E, while in group P, 0.9% saline was given in equal volume. Induction of
anesthesia after pre-oxygenation with mask ventilation in both groups: 0.3 mg/kg etomidate, 40—50 ug/kg alfentanil, and
0.6 mg/kg rocuronium. Group E was given esketamine 0.20 mg/kg, and group P was given an equal volume of 0.9%
sodium chloride injection. A laryngeal mask was inserted after the patient lost consciousness, and the end-tidal carbon
dioxide partial pressure was maintained between 35 and 45 mmHg. Propofol 4—6 mg/kg/h and remifentanil 0.1-0.3 mg/
kg/min were infused intravenously, and 2% desflurane was inhaled to maintain BIS values between 40 and 60. Group
E was given a continuous infusion of esketamine 0.125 mg/kg/h from the incision to the end of surgery, and the patients
in group P were given an equal volume of 0.9% saline. Blood pressure fluctuations were managed with vasoactive drugs
to keep them within 20% of baseline values. Prophylactic administration of palonosetron 0.075 mg and flurbiprofen
100 mg was given 20 minutes before the end of surgery to prevent postoperative pain and nausea and vomiting. After
surgery, the laryngeal mask was removed when adequate muscle strength was established, and all participants were
transferred to the post-anesthesia care unit (PACU), then fascia iliaca or adductor canal block is performed under
ultrasound guidance with 20 mL of 0.5% ropivacaine.

Postoperative analgesia was managed with patient-controlled IV analgesia using 2.0 mg/kg hydromorphone, 0.15 mg
palonosetron, and saline up to 100 mL. In Group E, an additional 0.5 mg/kg of esketamine was administered, while an
equal volume of saline was added to Group P. The continuous infusion rate of the patient-controlled pump was set at
2 mL/h for 48 hours, with a self-controlled analgesic dose of 1 mL and a lockout interval of 15 minutes.

Clinical Outcomes and Assessments

The primary outcome was the incidence of POD during the first three postoperative days, assessed using the 3-minute
Diagnostic Confusion Assessment Method (3D-CAM) (which is a practical and sensitive tool for the detection of
POD'’). Delirium assessments were conducted when patients were sufficiently aroused (Richmond Agitation and
Sedation Scale score (RASS) > —3) and were performed twice daily for the first three postoperative days, with at least
6 hours between assessments. Due to the fluctuating nature of delirium, investigators also inquired about the patient’s
symptoms from family members and caregivers. Patients with POD were further classified into three subtypes according
to the consciousness levels evaluated by the RASS immediately before assessing delirium: Hyperactive delirium was
defined when RASS was consistently positive (+1 to +4); hypoactive delirium was defined when RASS was consistently
neutral or negative (-3 to 0); and mixed delirium was defined when both hypoactive and hyperactive delirium episodes
were presented during the observation period. The time of onset and the duration of delirium were also recorded as days
of POD per patient.

Secondary outcomes included hemodynamic parameters (mean arterial pressure, heart rate) and BIS values were
recorded before general anesthesia induction (T0), immediately after induction drug injecting (T1), when the
laryngeal mask was inserted (T2), one minute after the laryngeal mask was inserted (T3), three minutes after the
laryngeal mask was inserted (T4), and at the time of skin incision (T5). Postoperative pain scores at rest and with
movement within the first three postoperative days were assessed using the NRS (0 indicating no pain to 10 indicating
intolerable pain). Sleep quality was evaluated using the NRS, with scores ranging from 0 (excellent or good sleep) to
10 (inability to sleep). Common postoperative adverse reactions, including dizziness, hallucinations, nausea, and
vomiting (recorded as positive as long as it occurs once in three days after surgery) were recorded. Additionally,
complications within the first 30 postoperative days, operative and anesthesia times, intraoperative remifentanil
consumption, estimated infusion volume, blood loss, laryngeal mask removal time, and length of stay in the PACU
were documented.
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Sample Size Calculation

Sample size estimation was based on a meta-analysis review reporting a range of 4-50% for POD incidence in
orthopedic surgery,'® and we assumed an incidence of POD of 30% in the placebo group. Although Hudetz and
colleagues’ found that ketamine was associated with a reduction in delirium incidence from 31% to 3% (absolute
reduction 28%, 95% CI 8-46), we considered a 15% absolute reduction to be more realistic while still remaining within
the lower bound of the confidence interval for the effect size. Therefore, a baseline incidence of 30% and a 50%
reduction with esketamine, a total of 260 patients (130 per group) were planned to achieve 80% power with a two-sided
alpha set at 0.05, accounting for an estimated 5% loss to follow-up.

Statistical Analysis
The normality of variable distribution was assessed with the Kolmogorov—Smirnov test. Continuous data are presented as
mean + SD (x + s) and were compared using the unpaired, two-tailed #-test for normally distributed data. Non-normally
distributed data are reported as median (IQR) and analyzed using the Mann—Whitney U-test. Categorical variables were
reported as number (%) and compared using chi-square or Fisher’s exact test, as appropriate. Repeated-measures analysis
of variance was used to compare single indices at multiple time points between the two groups. A logistic regression
model was employed to evaluate potential risk factors associated with POD. Post-hoc subgroup analyses were done for
the primary outcome. P<0.05 was considered to indicate statistical significance for the treatment-by-covariate interaction
in the subgroup analysis.

The P-value was considered statistically significant at <0.05. Statistical analyses were conducted with SPSS 25.0
software (SPSS, Inc, Chicago, IL, USA) and R studio 4.3.1 (R studio, Boston, MA, USA).

Results

From November 15, 2023, to March 15, 2024, a total of 284 patients were assessed for eligibility. Five patients were
excluded due to the use of epidural anesthesia, and 19 patients declined to participate. Ultimately, 260 patients were
enrolled and randomly assigned to either the esketamine group (n = 130) or the placebo group (n = 130) (Figure 1).

Baseline Demographics and Perioperative Characteristics
The baseline characteristics were well balanced between the two groups (Table 1). The majority of participants were
female (189 [72.7%]), with a mean age of 69 years. Most patients underwent total knee replacement surgery (191

Assessed for eligibility
| Enrollment (n=284)

24 Excluded
5 Not meeting inclusion criteria
19 Declined to participate

| Randomized (n=260) l

J' Allocation | l
\_|__|J

| Allocated to group E (n=130) Allocated to Controlled P (n=130) |
[ Follow-up

| Lost to follow-up (n=0) |—|—|j Lost to follow-up (n=0) |
[ Analysis I

| Analysed (n=130) |—|—|'| Analysed (n=130) |

Figure | Flowchart of the study design.
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Table | Baseline Characteristics of Study Participants by Treatment

Group
Group E N=130 | Group P N=130 | P
Age, y, 69.0£5.4 68.614.1 0.587
Male, n (%) 38 (29) 33 (25) 0.486
BMI (kg m 2 25.5%£2.5 25.242.2 0.309

Level of education, n (%)

llliteracy 41 (31.5) 39 (30) 0.788
Elementary school 38 (29.2) 43 (33) 0.503
Middle school 27 (20.7) 29 (22.3) 0.763
High school 18 (13.8) 15 (11.5) 0.576
College graduate 6 (5) 4 (3) 0519
MMSE 27.1£1.3 27.2%1.2 0.562
ASA classification, n (%) 0.506
Il 96 (73.8) 101 (77.7)

1] 34 (26.2) 29 (22.3)

Comorbidities, n (%)

Hypertension 51 (39.2) 46 (35.4) 0.383
Diabetes 23 (17.7) 27 (20.7) 0.529
Coronary artery disease | 16 (12.3) 10 (8) 0.215
Stroke, n (%) Il (8) 14 (10.7) 0.528
Smoking, n (%) 22 (16.9) 27 (20.8) 0.428
Drinking, n (%) 30 (23.1) 32 (24.6) 0.771
AlIS 4 (2.8-6) 4 (3-6) 0.721
NRS scores at rest 2 (1-2) 2 (1-2) 0.663
NRS scores at motion 4 (4-5) 4 (4-5) 0.361
Type of surgery, n (%) 0.482
Knee 98 (75.4) 93 (71.5)

Hip 32 (24.6) 37 (28.5)

Notes: Data are presented as mean * standard deviation, number (percentage), or median
(interquartile range).

Abbreviations: Group E, Esketamine group; Group P, Placebo Group; AIS, Athens
Insomnia Scale; ASA, American Society of Anesthesiologists; BMI, body mass index;
MMSE, Mini-Mental State Examination.

[73.5%]). At the same time, the majority of intra- and postoperative characteristics were well balanced between the two
groups. However, the mean remifentanil consumption was significantly lower in group E compared to the group
P. Furthermore, the time to emergence from anesthesia and removal of the laryngeal mask was notably shorter in
Group E than in Group (Table 2).
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Table 2 Intraoperative and Postoperative Data by Treatment Group

Group E N=130 | Group P N=130 | P

Intraoperative

Duration of surgery (min) 94.1£15.2 96.8%13.0 0.119
Duration of anesthesia (min) 121.8+14.0 122.9+12.4 0.495
Infusion quantity (mL) 1109.2+165.9 1128.1+135.5 0317
Estimated blood loss (mL) 117.2+90.5 117.9£87.6 0.950
Remifentanil consumption (ug) | 1373.1+220.5 1465.4+215.8 <0.05
Propofol consumption (mg) 237.4+39.1 242.1+42.4 0.347
Extubation time (min) 12.7£2.7 13.5+2.5 <0.05
Length of PACU stay (min) 29.0£2.4 29.3%2.3 0.349

Postoperative

Delirium incidence, n (%) 11(8.5) 14(10.8) 0.528
Onset time of delirium (day) 1(1-2) 1(1-2) 0.497
Duration of delirium (day) 2(1-2) 2(1-2) 0.713

Subtype of delirium, n (%)

Hyperactive 2(0.8) 2(0.8) |
Hypoactive 6(4.6) 10(7.7) 0.302
Mixed 3(2.3) 2(0.8) 0.652

Adverse event, n (%)

Nausea 54(41.5) 47(36.2) 0.373
Vomiting 36(27.7) 33((254) 0.673
Dizziness 51(39.2) 29(22.3) <0.05
Hallucinations 4(3.0) 2(0.8) 0.409
Nightmares 3(2.3) 2(0.8) 0.652
Acute left heart failure 0 0 |
Acute respiratory failure 0 0 |
Intraoperative awareness 0 0 |

Notes: Data are presented as mean * standard deviation, number (percentage), or median
(interquartile range).
Abbreviations: Group E, Esketamine group; Group P, Placebo Group;

Primary Outcome

The overall incidence of POD among all participants was 9.6% (25 of 260 patients) during the first three postoperative
days. There was no significant difference in the incidence of POD between the group E (11 [8.5%] of 130 patients) and
the group P (14 [10.8%] of 130 patients). The onset time and duration of POD were similar between the two groups.
There were also no significant differences in the incidence of hyperactive, hypoactive, or mixed delirium subtypes
(Table 2).
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Secondary Outcomes
The esketamine group exhibited higher MAP and BIS values at time points T1 to T4 compared to the control group.
Although the heart rate was also higher in the esketamine group, it was not statistically significant. This suggests that the
anesthesia induction protocol with esketamine is more conducive to hemodynamic stability (Figure 2). Although esketamine
did not improve postoperative sleep quality, it did alleviate pain scores during the first two postoperative days (Figure 3).
A binary logistic regression analysis identified risk factors for POD, including age over 75 years, a history of
cerebrovascular accident, and an MMSE score less than 27. Gender and surgical approach did not significantly influence
the occurrence of POD. However, there were no significant interactions between treatment and subgroups on post-

operative delirium (Figure 4).

Adverse Events
Adverse events, including acute heart failure, acute respiratory failure, and intraoperative awareness, did not differ

significantly between the groups. The overall proportion of patients who complained of postoperative nausea or vomiting
over three postoperative days was high, but there was no significant difference in the incidence of this complication. The
incidence of dizziness was higher in the group E (P<0.05), although this adverse event was transient and most patients
experienced it only until midday on the first postoperative day. There were no statistically significant differences in the

number of nightmares and hallucinations reported by the two groups (Table 2).
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Notes: Compared with TO in the same group, #P <0.05; compared with the group P at the same time point, *P <0.05, **P <0.01.

Abbreviations: MAP, mean arterial pressure; HR, heart rate; BIS, bispectral index. (T0) before general anesthesia induction, (T) immediately after induction drug injecting,
(T2) when the laryngeal mask was inserted, (T3) one minute after the laryngeal mask was inserted, (T4) three minutes after the laryngeal mask was inserted, (T5) at the time
of skin incision. P Group, Placebo group; E Group, esketamine group.
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Esketamine Placebo  Relative Risk ( for P value P interaction
Events/total (n/N) delirium (95% Cl)

Overall 11/130 14/130 0.77(0.33-1.76) 0.529 —_—

Sex 0.848
Female 7/92 10/97 0.72(0.26-1.97) 0518 —e"t——
Male 4/38 4/33 0.85(0.20-3.72) 0.832

Age(yr) 0.786
<175 5/109 8/112 0.63(0.20-1.97) 0423 —e—1——
=75 6/21 6/18 0.80(0.20-3.13) 0.748

Type of surgery 0.808
Hip jomt 3/32 5/37 0.66(0.15-3.02) 0.594
Knee jomt 8/98 9/93 0.83(0.31-2.25) 0.714 —

history of cerebral infarction 0.814
No 8/119 9/116 0.86(0.32-2.30) 0.759 —
Yes 3/11 5/14 0.68(0.12-3.77) 0.654

MMSE<27 0.763
No 4/85 7/93 0.61(0.17-2.15) 0439 ——1
Yes 7/45 7/37 0.79(0.25-2.50) 0.688 | 1 i : ,

0 1 2 3 4

Figure 4 Forest plot of the subgroup analysis for the primary outcome. Post-hoc subgroup analyses were conducted by sex (female vs male), age (<75vs. 275), type of
surgery (total Hip arthroplasty vs total knee arthroplasty), history of cerebral infarction (yes vs no) and preoperative Mini-Mental State Examination score (<27 vs 227). To
determine the effect of the intervention in that particular subgroup, the effect of the intervention method (relative risk [95% Cl (confidence interval)]) is presented
separately in each subgroup. The interaction term is a test of whether the effect of the experimental intervention is statistically different in significance between subgroups.

Discussion

In our trial, the use of low-dose esketamine at strategic intervals for elderly patients undergoing THA or TKA failed to
diminish the risk of POD. Nonetheless, esketamine treatment effectively curtailed intraoperative opioid requirements,
resulting in stabilized hemodynamics during anesthesia induction and significantly alleviated pain scores during early
postoperative recovery.

With the aging of the population, the proportion of elderly patients undergoing surgery increases accordingly, and
perioperative neurocognitive disorders are common central nervous system complications following surgical
anesthesia.'” This broad umbrella term encompasses various clinical conditions, including POD, delayed neurocognitive
recovery (dANCR), postoperative neurocognitive disorder (postoperative NCD), and both mild and major cognitive
impairments.'® However, delirium is an early neurological complication, typically appearing within the first week of
post-surgery, most commonly within 3 days.'” Delirium presents in forms ranging from hyperactive, marked by agitation
and hallucinations, to hypoactive, characterized by lethargy and slow response, with mixed delirium also possible. The
primary pathophysiological mechanisms driving these conditions remain incompletely understood. At present, the
recognized causes mainly include inflammation theory, oxidative stress, decreased cholinesterase activity, intestinal
microbiota disorders, and inhibition of EEG bursts.'” ' While delirium may be reversible and self-resolving, severe
cases can prolong hospital stays and pose serious health risks.

Esketamine acts as an analgesic, sedative, and amnestic agent by blocking the transmission of NMDA receptors. As
a new sedative and analgesic drug, its anesthetic titer is twice that of ketamine, and offers the advantage of fewer adverse
effects and shorter recovery time.*> Neuroinflammatory response is considered to be a very important mechanism for
POD occurrence.® Fortunately, low doses of ketamine can reduce the levels of inflammatory factors and play
a neuroprotective role in Parkinson’s disease mice,”* and recent studies have shown that esketamine can increase the
volume of astrocytes in the hippocampus subregion and the release of brain-derived neurotrophic factor in depressed
rats.>> Although low-dose of esketamine did not reduce the incidence of postoperative delirium, the study also did not
find an increase in postoperative delirium incidence attributable to the esketamine interventions.

No dose effects have been described for ketamine, either in the prevention of acute and chronic pain management,
depression, or postoperative delirium, leaving this question open. We chose this dose based on label instructions, RCT
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studies, and meta-analyses. The anesthesia induction dose of esketamine in the instructions is 0.5mg/kg, but overdose
reactions may occur at this dose in elderly patients with joint replacement surgery, so we administered 0.2mg/kg for
induction. Study showed that 0.25 mg/kg IV esketamine administered during anesthesia induction followed by contin-
uous IV administration at 0.125 mg/kg/h (infusion stopped 20 min before the end of surgery) significantly reduced the
incidence of DNR in patients with gastrointestinal tumors.”® Studies have demonstrated that continuous infusion of
ketamine at a rate of 0.015mg/kg/h for 48 hours during major abdominal surgery can reduce postoperative opioid use and
hyperalgesia without increasing POD and other side effects.”’” Furthermore, a recent randomized trial focusing on
cesarean section patients found that the continuous infusion of esketamine as an adjuvant to the postoperative analgesia
pump at a rate of 0.0lmg per hour significantly improved negative emotions such as depression and anxiety after
surgery.”® Therefore, we incorporated 0.5mg/kg of esketamine into the postoperative analgesia pump, maintaining the
infusion for a 48-hour period to maximize its potential benefits. Ultimately, we chose to administer esketamine 0.20mg/
kg during anesthesia induction, with a continuous intraoperative pump rate of 0.125 mg/kg/h and 0.5 mg/kg to the
postoperative analgesic pump. As to whether other doses administered during the perioperative period affect the
incidence of delirium, we will gradually verify it in subsequent studies.

Our results concur with some previous studies that have not found a significant benefit of intraoperative ketamine
on POD incidence.'®''*” However, our findings diverge from others, particularly those involving cardiac surgery
with cardiopulmonary bypass (CPB), where ketamine has shown a potential for reduced POD.>*’ The cardiopul-
monary bypass procedure is a known POD risk factor,’® but existing studies have demonstrated that the use of
ketamine during coronary artery bypass grafting surgery provides myocardial protection.*! During the establishment
of CPB, contact with foreign surfaces such as tubing, blood pumps, and oxygenators, along with surgical trauma,
triggers a robust systemic inflammatory response, leading to myocardial injury and ischemia-reperfusion injury.*?
The intense inflammatory response triggered by blood contact with the tubing during extracorporeal circulation may
have negative impacts on brain function. Esketamine’s anti-inflammatory effects alleviate the inflammation triggered
by CPB, potentially reducing the risk of POD. However, the occurrence of postoperative delirium involves multiple
complex factors, and relying solely on the anti-inflammatory effects of esketamine may not fully explain its
preventive effects.

Numerous investigations have explored the potential of bispectral index (BIS) monitoring to guide anesthesia and
reduce the risk of postoperative delirium POD.'***-** Despite some inconsistency in the findings, BIS monitoring is
generally regarded as a valuable tool for titrating anesthetic agents to optimize the depth of anesthesia. In the elderly,
where the balance of anesthetic dosage is critical, BIS monitoring is particularly recommended to minimize exposure to
anesthetics. Ketamine, known to modulate brain electrical activity by increasing the power of both slow (0) and fast (y)
waves, can elevate BIS values.*”*® This effect complicates the interpretation of BIS monitoring when ketamine or its
S-enantiomer, esketamine, is used. However, evidence suggests that the influence of low-dose ketamine on BIS values is
transient and does not persist beyond the immediate post-induction period, nor does it interfere with the intraoperative
assessment of sedation depth.?>” Our findings align with this understanding, as we observed no significant BIS differences
between groups at incision. However, in our study, low-dose esketamine was infused at incision, and while BIS values
were not systematically recorded, anecdotal reports indicated that BIS values in some participants reached high levels (up
to 85), potentially compromising the blinding of the anesthesiologists. However, the absence of any intraoperative
awareness among participants is a notable and reassuring finding. The instances of elevated BIS values warrant further
investigation to ensure the reliability of BIS monitoring in the context of esketamine use. Elucidating these mechanisms
is crucial for refining anesthetic techniques and bolstering patient safety protocols.

Postoperative pain, a prevalent issue following joint replacement surgery, can inflict both physical and psycho-
logical distress, potentially escalating the risk of delirium.’® Ketamine exerts its analgesic effects through antagon-
ism of the NMDA receptor and inhibition of the hyperpolarisation-activated cyclic nucleotide-gated 1 (HCN1)
channel.*® Evidence from a systematic review supports intraoperative ketamine infusion as an effective adjunct for
postoperative pain management, potentially minimizing opioid-related side effects.*® However, conflicting results
from a different study, which utilized a single ketamine dose during anesthesia induction,'' highlight the need for
further investigation into the optimal dosing and administration strategies for esketamine. In our study, although the
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morphine equivalence for analgesia was not documented, the esketamine group exhibited reduced remifentanil
consumption compared to the placebo group, suggesting esketamine’s potential interaction with the p-opioid
receptor.*! The impact of perioperative sleep disorders on cognitive function and delirium risk is well
established.** And while study have indicated that esketamine infusion may enhance postoperative sleep quality,*
our findings did not corroborate this effect. This discrepancy may stem from varying study designs, patient
demographics, or dosing protocols. Further research is warranted to clarify the relationship between esketamine
and sleep quality in diverse surgical contexts.

We found that older age, history of cerebral infarction, and preoperative cognitive changes (MMSE<27) were factors
associated with the development of postoperative delirium, which was consistent with the results of previous studies.'®**
In addition, pre-existing cognitive dysfunction and poor baseline functional status are additional precipitating factors,
underscoring the necessity for baseline neurocognitive assessments to identify at-risk patients. However, there were no
significant interactions between treatment and subgroups on postoperative delirium, which may indicate that the mode of
esketamine administration in this study had no potential benefit between subgroups.

Our study reported a 9.6% incidence of POD, notably lower than results from prior research.* The most significant
risk factor for PND is ageing. Neuronal ageing and loss increase the brain’s vulnerability to inflammation and oxidative
stress.'® Our study included individuals aged 60 and above, a demographic that may contribute to the observed lower
incidence of delirium, given their relatively younger age compared to other cohorts. Yet, while prioritizing the elderly
high-risk group, it is vital to remember that POD can also manifest in healthy young adults. Poor baseline functional
status is another significant risk factor,” but the majority of our participants were classified as ASA Grade II.
Furthermore, we implemented preventive measures such as rigorous blood pressure control, postoperative nerve blocks
and enhanced patient education on self-management, all likely contributing to the reduced POD incidence.***® Indeed,
the fluctuating nature of delirium and the limited follow-up period restricted to the first three postoperative days may
increase the likelihood of false-negative results.

Regarding adverse events, the trial did not find that there was an increase in any systemic adverse events potentially
associated with esketamine administration in the perioperative period. Similarly, the incidence of postoperative nausea or
vomiting did not differ significantly between groups, although the overall incidence of nausea or vomiting was high.
However, the incidence of dizziness was higher in the group E, although this adverse event was transient, which may be
related to psychomimetic side effects of esketamine. Fortunately, the incidence of hallucinations and nightmares was very
low, and there was no difference between the two groups. Thus, the safety profile of administering multiple low-dose of
esketamine during the perioperative period is without dispute.

Previous study have shown that a minimal dose of esketamine (0.015 mg/kg/h continuous infusion for 48 h) in
patients who underwent major abdominal surgery resulted in a lower Intensive Care Delirium Screening Checklist score
than a low dose of esketamine (0.25 mg/kg loading dose, 0.125 mg/kg/h continuous infusion for 48 h) or a placebo.?’
However, the assessment tools, outcome measures, administration method of esketamine, and small sample size of the
study were insufficient to confirm the effects of esketamine on POD. There is currently a lack of randomized controlled
studies evaluating esketamine for POD prevention, and our trial helps to fill a gap in this area. While our study did not
demonstrate that multiple low-dose administrations of esketamine reduced the incidence of postoperative delirium, the
stringent inclusion criteria and rigorous statistical approaches employed have yielded robust results. These findings offer
valuable insights and a solid foundation for the design of future research in this domain.

This study has several limitations. First, this is a single-center study, and the trial population was elderly patients
undergoing lower limb major arthroplasty, including THA or TKA. The therapeutic measures and clinical practice in
different medical centers may influence the external validity and generalisability of the results. Second, the trial was only
followed up to 3 days postoperatively. The bias development due to the short follow-up period could not be ruled out, and
the absence of long-term cognitive function assessment precludes a comprehensive understanding of the potential effects
of esketamine on cognitive recovery post-discharge. Third, we did not measure biomarkers related to delirium, such as
IL-B, IL-6, TNF-a, and S100B. These biomarkers have been studied in the context of delirium and may provide valuable

insights into the pathophysiology and diagnosis of the condition.**-*°
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Conclusion

The continuous infusion of low-dose esketamine does not appear to diminish the occurrence of POD in elderly patients
undergoing total hip or knee arthroplasty. Further research is needed on whether esketamine holds promise as a potential
intervention for POD in older patients.

Data Sharing Statement
All data generated or analyzed during this study were included in the published article. Further inquiries about the
datasets can be directed to the corresponding author on reasonable request.
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