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Background: Insufficient pain relief during knee joint replacement surgery can have adverse effects on the postoperative recovery of
the patient. In this study, we evaluated the analgesic effect of intravenous infusion of low-dose S(+)-ketamine in patients following
knee joint replacement surgery.

Methods: This study was a randomized, single-blind, placebo-controlled trial involving 144 patients who underwent knee joint
replacement. Patients were randomly assigned to receive an intravenous infusion of S(+)-ketamine (0.3 mg/kg/h) or 0.9% sodium
chloride solution. The primary efficacy endpoint was evaluated based on NRS scores at 2 h, 24 h, and 48 h after surgery. Additionally,
the intraoperative doses of sufentanil, propofol, and remifentanil were investigated. The number of patients who required analgesic
rescue and the number of patients who experienced adverse reactions within 48 h postoperatively were recorded.

Results: S(+)-ketamine reduced NRS scores for movement pain at 2 h [2.36 + 0.66 vs 3.1 = 0.65, P < 0.001], 24 h [2.15 + 0.62 vs
2.79 + 0.85, P < 0.001], and 48 h [1.81 + 0.6 vs 2.29 + 0.76, P < 0.001] postoperatively. Administering S(+)-ketamine reduced the
dose of sufentanil [30 (30, 35) vs 40 (35, 40), P < 0.001] but not propofol [333.68 £ 75.02 vs 323.06 + 79.94, P = 0.412] or
remifentanil [1.8 (1.4, 2.2) vs 1.6 (1.325, 2), P = 0.131]. The use of intraoperative S(+)-ketamine significantly reduced the patient
proportion of requiring additional analgesics postoperatively (4.2% vs 19.4%, P = 0.004). A lower incidence of dizziness (1.4% vs
12.5%, P = 0.009), nausea (11.1% vs 29.2%, P < 0.001), and vomiting (8.3% vs 29.2%, P = 0.001) was found in patients treated with
S(+)-ketamine (P < 0.05).

Conclusion: Intravenous infusion of S(+)-ketamine during surgery of elderly patients undergoing knee joint replacement can alleviate
postoperative acute pain, providing research support for the application of S(+)-ketamine in multimodal analgesia.

Trial Registration: NCT05289050.
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Introduction

As the aging population and obesity rates keep increasing, the number of patients opting for total knee arthroplasty (TKA) is
increasing worldwide.' TKA is regarded as the safest and most effective method for treating patients with end-stage knee
osteoarthritis.® Analgesic strategies, including nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, and nerve blocks, are
commonly used to alleviate acute postoperative pain following knee joint replacement.”” However, about 50% of patients
experience severe postoperative acute pain.'® Inadequate analgesia adversely affects postoperative recovery, and the extensive
use of opioids can lead to side effects such as nausea and vomiting.!" Postoperative pain can prolong the patient’s
hospitalization time, affect their recovery, and increase the burden of medical expenses. Therefore, exploring more effective

pain management strategies is crucial for postoperative rehabilitation of patients underwent TKA.
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S(+)-ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist rapidly alleviates depression and anxiety in
patients.'*!? Additionally, as part of a multimodal analgesia approach, S(+)-ketamine is safe and reliable. It can stabilize
hemodynamic fluctuations during the perioperative period, reduce inflammatory responses, and has neuroprotective
effects.'® At present, S(+)-ketamine is widely utilized as an adjunct to general anesthesia for managing acute pain during
the perioperative period.'>”'” Hireno Guara Sobrinho et al found that the lowest dose of intra-articular S(+)-ketamine
(0.25mg.kg) resulted in better pain scores and less rescue analgesia, with longer time to first request.'® However, Touil
et al found that an anti-hyperalgesic dose of ketamine failed to prevent the development of rebound pain.'® While a study
of Li et al found S(+)-ketamine effectively reduces the risk of rebound pain and early pain levels, improves patient
satisfaction, and enhances recovery quality.”’ The efficacy and safety of S(+)-ketamine in relieving pain and reducing
analgesic consumption in surgical patients are still uncertain. Some studies have shown that low-dose S(+)-ketamine can
reduce the incidence of side effects (such as induced hypotension) of high-dose opioids by stimulating the sympathetic
nervous system, providing analgesia, and exerting an antagonistic effect on NMDA receptors.'> Although low-dose S(+)-
ketamine has been shown to be beneficial in pain management after various surgeries, there is no consensus regarding the
effectiveness of an S(+)-ketamine analgesic combined with opioids in older patients with knee arthroplasty. In addition,
the appropriate administration duration and dose of S(+)-ketamine to achieve pain relief in older patients are unknown.
A double-blind, randomized, placebo-controlled trial showed that continuous S(+)-ketamine infusion (0.3 mg/kg/h)
during laparoscopic cholecystectomy under target-controlled intravenous anesthesia provided better postoperative pain
control than placebo, reducing morphine requirement.”' Therefore, we conducted a randomized, single-blind, placebo-
controlled trial to investigate the effects of intraoperative administration of S(+)-ketamine on early postoperative pain in
elderly patients undergoing knee joint replacement.

Material and Methods

Study Design

This study was a single-center, single-blind, randomized controlled trial.** This clinical study was conducted at the First
Affiliated Hospital of Shandong First Medical University. This study was approved by the Ethics Committee of The First
Affiliated Hospital of Shandong First Medical University (YXLL-KY-2021(077)) and was registered at https://clinicaltrials.gov
(NCT05289050). All patients signed an informed consent document before participating in the study. The study was conducted in

accordance with the Declaration of Helsinki.?>

Participants

The participants included elderly patients who underwent knee joint replacement surgery under general anesthesia at The
First Affiliated Hospital of Shandong First Medical University from April 2022 to September 2022. The inclusion criteria
were as follows: (1) Patients who underwent unilateral total knee joint replacement surgery under general anesthesia; (2)
Elderly patients (aged > 65 years), regardless of sex; (3) BMI between 18 kg/m® and 30 kg/m?; (4) No psychiatric
disorders, normal consciousness, or ability to communicate effectively; (5) American Society of Anesthesiologists (ASA)
classification I-1II; (6) All patients had the entire surface of the femur, tibia, and patella of the knee joint replaced, and
the prosthesis was fixed to the bone with bone cement. The exclusion criteria were as follows: (1) Untreated or poorly
controlled hypertension, hyperthyroidism, or neurological or psychiatric disorders; (2) Patients had severe respiratory
diseases and abnormal liver or kidney function; (3) Patients had allergies to the study drugs, including S(+)-ketamine and
propofol; (4) Patients had a history of opioid or S(+)-ketamine addiction; (5) Patients who withdraw midway or are
unable to complete the entire trial process; (6) Patients with incomplete information.

Power Analysis

NRS scores at different postoperative time points as the primary outcome. Based on previous studies, the difference in
postoperative pain scores between the experimental group and the control group was at least 1.5. Using Power Analysis
and Sample Size (PASS; NCSS, LLC, USA) 15 software. The sample size was calculated by comparing the mean values
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between the two groups: assuming a sample ratio of 1:1, a bilateral test, a = 0.05, and B = 0.20; with a standard deviation
of 3. Considering a 10% loss to follow-up, the required number of cases for each group was 72, ie, 144 cases in total.

Randomization and Allocation Concealment

Using SPSS software, this study generated a random allocation sequence based on a preset 1:1 allocation ratio. Each
patient’s allocation result was encoded as a unique identification code, printed and sealed in an unmarked, opaque
envelope to achieve strict allocation concealment. After the patients were confirmed that they meet the inclusion criteria,
independent third-party assistants who did not participate in the trial design, intervention implementation, or outcome
evaluation will open the corresponding numbered envelopes in the order of inclusion. Based on the allocation code inside
the envelopes, patients will be randomly assigned to the treatment group or control group in a 1:1 ratio.

Blinding

The day before the surgery, an anesthesiologist who has received clinical trial training will conduct a preoperative visit.
He will determine the patients as the experimental group or control group based on a random list and provide a detailed
explanation that “the trial will adopt a single blind design”, meaning patients may be assigned to the experimental group
or control group, but the specific grouping will not be known. At the same time, patients should be informed of the
purpose, process, risks, and benefits of the trial. Patients can choose to refuse this experiment without any concealment.
Data management: Researchers’ records, such as case report forms, are regularly checked by a monitoring officer (CRA)
to ensure that there are no suggestive language or group information leaks. Blinding rule: Establish clear conditions for
blinding, and if a subject experiences serious adverse reactions, they must be immediately informed of the grouping for
further treatment. After unblinding, the reason should be recorded and the subject should be excluded from the main
analysis (if unblinding affects the results).

Interference

In the S(+)-ketamine group, an adductor canal block was performed with 0.375% ropivacaine (20 mL) under ultrasound
guidance before anesthesia induction, followed by standard anesthesia induction. During anesthesia maintenance, an
intravenous infusion of S(+)-ketamine (0.3 mg/kg/h) was administered.** In the control group, an adductor canal block
was also performed with 0.375% ropivacaine (20 mL) under ultrasound guidance before anesthesia induction, followed
by standard anesthesia induction. During anesthesia maintenance, an intravenous infusion of an equivalent dose of 0.9%
sodium chloride was administered. The successful sign of nerve block is: under ultrasound, the saphenous nerve can be
seen located on the outer or inner side of the femoral artery, forming a spindle shaped or elliptical high echo structure,
and the surrounding muscles can be seen as sartorius muscle, medial thigh muscle, and adductor magnus muscle. The
nerve stimulation needle breaks through the adductor muscle membrane, and after the breakthrough, the medication
spreads in an elliptical shape around the artery.

Upon entering the operating room, routine monitoring of electrocardiogram, blood pressure, and anesthesia depth was
conducted. The anesthesia method adopted was general anesthesia with a laryngeal mask. Induction involved administering
dexamethasone (10 mg), midazolam (0.01-0.05 mg/kg), sufentanil (0.2-0.4 pg/kg), etomidate (0.15-0.3 mg/kg), and
atracurium (0.3—0.6 mg/kg). After complete muscle relaxation occurred, a laryngeal mask was inserted (with different models
selected based on body weight). General intravenous anesthesia maintenance was adopted. In the experimental group, 0.3 mg/
kg/h S(+)-ketamine, propofol (4—12 mg/kg/h), and remifentanil (0.15-0.3 pg/kg/min) were administered using an intravenous
pump. In the control group, an equivalent dose of 0.9% sodium chloride injection, propofol (4—12 mg/kg/h), and remifentanil
(0.15-0.3 pg/kg/min) were also administered using an intravenous pump. Both groups received 8 mg of ondansetron
hydrochloride intravenously during anesthesia induction to prevent postoperative nausea and vomiting. The pumping time
of two groups started after anesthesia induction and stopped when the commencement of the final layer of skin closure. After
the laryngeal mask was inserted, mechanical ventilation was adjusted, and respiratory parameters were set as follows: the tidal
volume for the subject was 6-10 mL/kg, the respiratory rate was 1014 breaths/min, and the PaCO, was maintained at
30-35 mmHg. To ensure cerebral blood flow balance, the mean arterial pressure was maintained above 70 mmHg. If
noninvasive blood pressure exceeded the baseline value of the participant by 10%, urapidil was administered for treatment.
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If the pressure was below 70 mmHg, norepinephrine was provided. All participants received a cocktail (1:1000 adrenaline
0.5 mg (0.5 mL) + 0.75% ropivacaine 10 mL + compounded betamethasone injection 7 mg (1 mL) + 0.9% sodium chloride
28.5 mL) for additional analgesia around the knee joint cavity after placement of the knee prosthesis. Drug infusion was
stopped 15 min before the end of the surgery in both groups.

All patients underwent surgery under anesthesia by the same surgical anesthesia team. The general surgical procedure
is as follows: (1) Disinfect and lay a cloth after anesthesia, make an incision along the front of the knee, separate soft
tissue, and expose the knee joint capsule; (2) Cut open the cyst wall, dislocate the knee joint, remove the damaged
meniscus, hypertrophic synovium, and osteophyte; (3) Accurately remove the diseased bone in the distal femur and
proximal tibia according to the prosthesis model, and repair the joint surface; (4) Install femoral and tibial prostheses and
pads, adjust force lines and tightness; (5) After rinsing, suture the incision layer by layer and cover it with dressing to
complete the surgery. Starting from 24 hours after surgery, the patient will undergo functional training. (1) Ankle pump
exercise: hook and extend the foot, repeat activities to promote blood circulation. (2) Raise straight legs: Lie flat, lift
straight legs off the bed, hold for a few seconds, then lower them to strengthen the quadriceps. (3) Knee bending
exercise: Sitting beside the bed, slowly bend the knee to a tolerable angle, then straighten and gradually increase the
curvature. (4) Walking: Short distance slow walking in the early postoperative period, gradually increasing the duration
and distance according to the recovery situation.

Observation Indicators

Primary Observation Indicators

At 2 h, 24 h, and 48 h postoperatively, the resting and movement numerical rating scale (NRS) scores were evaluated.?
Resting pain is defined as a rating of the patient’s supine position without exercise, while exercise pain refers to the pain
state of full ankle extension, mild knee flexion exercise (sitting by the bed, with the lower leg naturally drooping and
bending using gravity), and early use of walking aids to walk for 10 minutes in a single session. The NRS score
quantifies the degree of pain based on self-reported numbers from patients, making it easier for healthcare professionals
to accurately understand the pain conditions of patients. The NRS score divides pain levels into 0—10 points. A score of 0
points indicates no pain, and the patient does not feel any pain or discomfort. A score of 1-3 points indicates mild pain,
the patient can tolerate it, and it has negligible effects on daily life and sleep. A score of 4—6 points indicates moderate
pain, with a greater degree of pain. The patient may feel uncomfortable and may sleep, but it is usually tolerable. A score
of 7-9 points indicates severe pain, characterized by the inability of the patient to tolerate it, serious effects on their daily
life and sleep, and the need for emergency intervention. A score of 10 points indicates severe pain, with the patient
experiencing extremely severe pain.

Secondary Observation Indicators

(1) Number of patients requiring analgesic rescue within 48 h postoperatively. According to the patient’s reported pain,
the doctor provides corresponding treatment. Patients with moderate pain should be given 100 mg of tramadol
hydrochloride sustained-release tablets orally or 40 mg of parecoxib sodium for intravenous injection. After relief, the
administration time and dose should be recorded. If relief is not achieved, a single dose of 0.3 mg/kg of pethidine
hydrochloride injection should be added and recorded. The total dose of tramadol hydrochloride sustained-release tablets
within 24 hours should not exceed 400mg, the total dose of parecoxib sodium for injection within 24 hours should not
exceed 80 mg, and the total dose of pethidine hydrochloride injection within 24 hours should not exceed 5 mg/kg.
Patients who exceed the maximum dose of use are considered dropouts. Patients with severe pain should receive
intravenous injection of 0.3 mg/kg pethidine hydrochloride, and the total dose should not exceed 5 mg/kg within
24 hours. Patients who exceed the maximum dosage will be considered as dropouts. If the patient experiences repeated
pain, even worsening, and the use of the above drugs does not provide significant relief, we will promptly organize
a consultation with anesthesiologists, associate chief orthopedic surgeons, and above to summarize and analyze, and
provide the optimal analgesic plan. Simultaneously recorded as a dropped case. During our entire trial period, there were
no patients who used the maximum dose of analgesics to relieve pain within 24 hours, or whose pain could not be
relieved or even worsened after the maximum dose of medication.

5818 s Journal of Pain Research 2025:18



Deng et al

(2) Incidence of adverse reactions (nausea, vomiting, nystagmus, dizziness, nightmares, hallucinations, and skin
itching) within 48 h after the operation. Hallucination: defined as perceptual abnormalities (such as visual and auditory
hallucinations); Nightmare: Abnormal dream content (such as terrifying scenes) accompanied by strong negative
emotions; Nausea: discomfort in the upper abdomen; Vomiting: Forced expulsion of stomach contents. Once a serious
adverse event occurs during the follow-up process, the researcher will take necessary treatment measures as soon as
possible. If the type of medication needs to be specified for treatment, the emergency letter will be opened with the
approval of the main researcher. After unblinding, the subject will be treated as a dropout case, and will be followed up
until the Serious Adverse Event (SAE) is completely relieved, stabilized, or restored to baseline status.

Statistical Analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences 27.0 software (SPSS, Chicago, IL,
USA) and R software (http://www.r-project.org/). For normally distributed quantitative data determined by the Kolmogorov—

Smirnov test, statistical descriptions are presented as the mean + standard deviation; differences between the two groups were
determined by conducting the independent sample #-test. For non-normally distributed quantitative data, the median (inter-
quartile range) was used for statistical description; differences between the two groups were determined by conducting the
Mann—Whitney U-test. Categorical data were presented as frequencies and percentages, with differences determined by
conducting the Chi-square test or Fisher’s exact probability method. The NRS scores at different time points between two
groups were analyzed via Scheirer-Ray-Hare test. The changes of NRS scores at different time points were evaluated using
Friedman test. Mann—Whitney U-test was performed to evaluate the difference of NRS scores at one point. The changes in
continuous variables before and after surgery were assessed by paired rank-sum tests. Changes in categorical variables before
and after surgery were evaluated by conducting paired Chi-square tests or Fisher’s exact probability tests. For all statistical
analyses, bilateral tests were performed, with P < 0.05 considered to be statistically significant.

Results

Baseline Characteristics of the Patients

Between April 2022 and September 2022, 144 participants were recruited and analyzed for study outcomes. The flow
chart of the recruitment of participants is presented in Figure 1. A total of 144 eligible participants were randomly
divided into two groups: 72 patients in the S(+)-ketamine group and 72 patients in the control group. The baseline
characteristics of these participants are shown in Table 1. The mean ages of the participants in the S(+)-ketamine and
control groups were similar (68.22 £3.003 for the S(+)-ketamine group vs 69.24 + 3.282 for the control group). However,
no significant differences were found in the average BMI (P > 0.05). Additionally, male-to-female ratios of 18:54 in the S
(+)-ketamine group and 13:59 in the control group were found, but the differences were not significant (P > 0.05). No
significant difference in height, time for anesthesia to dissipate, history of hypertension, history of diabetes, history of
hyperthyroidism, and preoperative opioid was found between the S(+)-ketamine group and the control group (P > 0.05).

Comparison of NRS Scores at Rest and During Movement at 2 h, 24 h, and
48 h Postoperatively

We investigated the changes in NRS scores at rest and during movement before the operation and at 2 hours, 24 hours and
48 hours after the operation. At baseline, the NRS scores for rest of the two groups of patients were similar (P > 0.05). After
the operation, the NRS scores of the two groups of patients continued to decrease over time (P < 0.05). However, the trend
of decreasing NRS scores for the two groups was similar (H=1.331, P=0.722). At 24 h and 48 h postoperatively, the NRS
scores of the two groups of patients were similar, while the patients in the S(+)-ketamine group had significantly lower NRS
scores at 2 h postoperatively than those in the control group (Table 2 and Figure 2A; P < 0.05).

At baseline, we found that the NRS scores for movement of the two groups of patients were similar (P > 0.05). The NRS
score for movement pain in the two groups continued to decrease at 2 h, 24 h, and 48 h postoperatively (Table 2 and Figure 2B;
P <0.05). While S(+)-ketamine group showed a more significant decrease (H = 11.570, P = 0.009). The S(+)-ketamine group
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Excluded (n=27)

Enroliment Assessed for eligibility (n=171)
Not meeting inclusuion criteria (n=11)

A 4 Meeting one of the exclusion criteria (n=16)
Randomised (n=144)

|

| [Fiion | |

v

Allocated to S-ketamine group (n=72) ; Allocated to Control group (n=72);
Anaesthesia will be maintained with S(+)- Anaesthesia will be maintained with sodium
ketamine infusion (0.3 mg/kg/h) chloride (NaCl; 0.9%) infusion(0.3 mg/kg/h)
l | Follow-up | l
Lost to follow-up (n=0) Lost to follow-up (n=0)
l | Analysis | l
Analyzed (n=72) Analyzed (n=72)

Figure | Flow diagram of the CONSORT trial. CONSORT, consolidated standards of reporting trials.

had significantly lower NRS scores for movement pain than the control group at 2 h postoperatively (Table 2 and Figure 2B;
P < 0.05). Similar patterns were also found at 24 h and 48 h postoperatively (Table 2 and Figure 2B; P < 0.05).

Differences in Intraoperative Dosages of Sufentanil, Remifentanil, and Propofol
Between the Two Groups

The quantitative results related to the intraoperative dosages of sufentanil, remifentanil, and propofol are presented in
Table 3. The Mann—Whitney U-test revealed that patients in the S(+)-ketamine group required significantly lower doses
of sufentanil (P < 0.001). However, no significant differences were found in the intraoperative dosages of remifentanil
between the two groups (P > 0.05). Similar patterns were also found for propofol (P > 0.05).

Table | Baseline Characteristics of the Patients

Indicator S(+)-ketamine (n=72) | Control (n=72) | Zitly* | P
Age (years) 68.22+3.003 69.24+3.282 —1.934 | 0.055
Sex (male/female) 18/54 13/59 1.03 0.311
Height (cm) 162.74+6.63 161.10+6.24 1.527 0.129
Weight (kg) 69.58+7.782 67.33+7.795 1.733 0.085
BMI (kg/m?) 25.31%2.10 25.96+2.37 0.931 0.354
Time for anesthesia to dissipate (min) | 24.81%7.25 27.50+6.15 2.468 0.014
The duration of infusion (min) 105.17+9.33 108.14+12.24 1.278 0.201
History of hypertension [N (%)] 32 (44.44) 32 (44.44) 0 |
History of diabetes [N (%)] Il (15.28) Il (15.28) 0 [
History of hyperthyroidism [N (%)] 0 0 / /
Preoperative opioid [N (%)] 0 0 / /

Note: Data are presented as mean * standard deviation or number.
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Table 2 Comparison of NRS Scores at Rest and During Movement at 2 h, 24 h, and 48 h Postoperatively

NRS Score Group Enroliment | Before Operation 2h 24 h 48 h 1 P
Pain score at rest S(+)-ketamine 72 1.29+0.49 1.06+0.37 1+0.24 0.93+0.26 | 40.476 | <0.001
Control 72 1.33£0.53 1.24+0.57 | 1.1%0.56 1+£0.41 27.890 | <0.001
z 0.561 —2.246 —-1.176 =1.177
P 0.575 0.025 0.24 0.239
Pain score at movement S-ketamine 72 6.44%1.19 2.36+0.66 | 2.15+0.62 | 1.81+0.6 | 178.926 | <0.001
Control 72 6.29%1.13 3.1+0.65 | 2.79+0.85 | 2.29+0.76 | 172.094 | <0.00I
z 0.758 —6.334 -5.014 —4.022
P 0.449 < 0.001 < 0.001 < 0.001

Note: Data are presented as mean * standard deviation.
Abbreviation: NRS, numerical rating scale.

Comparison of the Incidence of Postoperative Adverse Reactions Between the Two
Groups

No chills, agitation, nystagmus, hallucinations, or skin itching were found in the recruited patients after surgery. In the S
(+)-ketamine group, one patient experienced dizziness, with an incidence rate of 1.4%, 11.1% of patients (8/72)
experienced nausea, and six patients (8.3%) experienced vomiting. In the control group, the incidence rates of dizziness,
nausea, and vomiting were 12.5% (9/72), 29.2% (21/72), and 29.2% (21/72), respectively. The incidences of dizziness,
nausea, and vomiting in the S(+)-ketamine group were significantly lower than those in the control group (P < 0.05).
However, no significant difference in agitation, nystagmus, hallucinations, or skin itching was found between the S(+)-
ketamine group and the control group (Table 4, P > 0.05).

The Number of Patients Requiring Additional Analgesics Postoperatively in the Two
Groups
We compared the number of patients who required additional analgesics postoperatively between the two groups

(Table 5). Compared to the control group (19.4%, 14/72), three patients (4.2%) in the study group needed additional
analgesics postoperatively, and the difference was significant (P < 0.05).

>
W

- S(+)-ketamine - S(+)-ketamine

-=- control -=- control
2.01 10-
2 2
Z  15- z5 8
8, o2 6
S5 S g 4 LT .
n n
o 0.54 09O o
e ey
[ [
00 1 1 1 1 O | | | |
Before 2h 24h 48h Before 2h 24h 48h
operation operation

Figure 2 The NRS scores. The changes of NRS scores for rest (A) and movement (B) before the operation and at 2 hours, 24 hours and 48 hours after the operation. “*”
indicates a significant difference when S(+)-ketamine group compared with the control group at the different time point. Statistical significance was set at *P < 0.05, **P < 0.001.
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Table 3 Differences in Intraoperative Dosages of Sufentanil, Remifentanil, and Propofol Between the Two Groups

Group Enrollment | Sufentanil [ug, M (Q;, Q3;)] | Remifentanil [mg, M (Q,, Qs)] | Propofol (mg, x )
S(+)-ketamine 72 30 (30, 35) 1.8 (1.4, 2.2) 333.68+75.02
Control 72 40 (35, 40) 1.6 (1.325, 2) 323.06+£79.94

ZIt —8.189 —1.511 0.822

P <0.001 0.131 0412

Note: Data are presented as M (Q,, Q3) or mean * standard deviation.

Table 4 Comparison of the Incidence of Postoperative Adverse Reactions Between the Two Groups

Group Enrollment | Dizziness | Irritability Nausea Vomiting | Nystagmus | Hallucinations | Itchy skin
S(+)-ketamine 72 I (1.4%) 0 8 (11.1%) 6 (8.3%) 0 0 0
Control 72 9 (12.5%) 0 21 (29.2%) | 21 (29.2%) 0 0 0

$ 6.878 0.000 16.04 10.256 0.000 0.000 0.000

P 0.009 1.000 < 0.001 0.001 1.000 1.000 1.000

Note: Data are presented as number (%).

Table 5 The Number of Patients Requiring Additional Analgesics
Postoperatively in the Two Groups

Group Enrollment | Additional Postoperative Analgesics
S(+)-ketamine 72 3 (4.2%)

Control 72 14 (19.4%)

e 8.070

P 0.004

Note: Data are presented as number (%).

Discussion

Owing to the release of many inflammatory substances, knee joint replacement surgery increases pain sensitivity in the
central and peripheral nervous systems, with about 60% of patients experiencing severe postoperative pain and 30%
experiencing moderate pain.”®?® Severe pain can hinder the willingness of patients to engage in early rehabilitation
training, thereby affecting surgical outcomes. Inadequate management of postoperative pain may also lead to complica-
tions such as atelectasis, hypoxemia, and cardiovascular diseases.””® Although commonly used opioid analgesics can
alleviate postoperative pain, using them in high doses may result in side effects such as nausea and vomiting, which can
delay patient recovery.®’ The multimodal analgesia approach developed under the ERAS concept provides new avenues
for managing acute postoperative pain, playing an important role in reducing the dosage of opioids and their adverse
effects on postoperative analgesia.*®> We conducted a randomized, controlled, single-blind study to evaluate the effect of
continuous infusion of low-dose S(+)-ketamine during surgery on postoperative pain in elderly patients who underwent
knee joint replacement. This study demonstrated that continuous infusion of low-dose S(+)-ketamine during surgery
contributed to a decrease in NRS scores for movement pain at 2 h, 24 h, and 48 h postoperatively. We also noted that the
amount of sufentanil was reduced for patients who received S(+)-ketamine. The incidence of dizziness, nausea, and
vomiting and the incidence of requiring additional analgesics postoperatively decreased significantly.

Compared to the racemic mixture of ketamine, the dextrorotatory isomer of ketamine (S(+)-ketamine) has about twice
the affinity for N-methyl-D-aspartate receptors. Many recent studies have used S(+)-ketamine for treating acute and
chronic pain. For example, Nielsen et al found that the intraoperative use of S(+)-ketamine can reduce analgesic
consumption and postoperative pain.*> However, large-scale, prospective, randomized controlled trials are needed to
verify the effect of S(+)-ketamine on postoperative pain after knee joint replacement. Therefore, we evaluated the
efficacy of S(+)-ketamine in alleviating postoperative pain after knee joint replacement. The intravenous infusion of S
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(+)-ketamine during knee joint replacement surgery significantly alleviated acute movement pain in elderly patients for
2 h postoperatively while also reducing movement pain at 24 h and 48 h postoperatively, enabling patients to engage in
knee joint functional exercises earlier; these findings are similar to those of another study.>* These findings highlight the
potential of S(+)-ketamine as a valuable adjunct within a multimodal analgesia regimen, offering effective management
of postoperative pain and facilitating improved clinical outcomes in TKA procedures. However, the effect of S(+)-
ketamine on postoperative acute resting pain in elderly patients is not significant. This differs from Wang’s research
findings.*® This suggests that in the future, it is still necessary to expand the sample for in-depth research. Early
ambulation in postoperative patients is a critical indicator of enhanced recovery after surgery (ERAS), and S(+)-
ketamine is metabolized in the body to produce the pharmacologically active metabolite norketamine via hepatic
microsomal enzymes. Norketamine has an anesthetic potency equivalent to one-fifth to one-third of the potency of S(+)-
ketamine, but its elimination half-life is longer. Consequently, S(+)-ketamine provides a certain degree of analgesic effect
after the patient awakens.’®*” Among the patients who received S(+)-ketamine during surgery, fewer patients required
additional pain relief within 48 h postoperatively. Xu et al showed that compared to placebo, intravenous ketamine was
effective for pain relief during 0-8 h but not during 8-24 h after the operation.*® Based on our research findings and
literature reports, we speculate that the analgesic effect of S(+)-ketamine lasted longer than that of ketamine, which is
better than the analgesic effect of ketamine. This prospective study provided evidence supporting the usefulness of S(+)-
ketamine in patients who undergo knee joint replacement surgery.

Tan et al showed that intraoperative ketamine in TKA does not decrease narcotic consumption.*” However, the effect of S(+)-
ketamine on intraoperative anesthesia consumption in patients undergoing knee joint replacement surgery is uncertain. This study
revealed a possible opioid-sparing effect of S(+)-ketamine. In this study, the intraoperative infusion of subanaesthetic doses of S
(+)-ketamine significantly reduced the use of intraoperative sufentanil, but not propofol or remifentanil. These findings are

similar to the meta-analysis results reported by Wang et al.*>

The analgesic mechanism of S(+)-ketamine is quite complex. The
antagonistic effect on NMDA receptors is the basis for S(+)-ketamine’s various pharmacological properties, such as dissociative
anesthesia and analgesia. S(+)-ketamine also interacts with other receptors or channels to exert various pharmacological
properties. S(+)-ketamine primarily acts on the GIluN2B subunit as part of the analgesic process. To produce analgesic effects,
S(+)-ketamine can also activate opioid receptors. S(+)-ketamine also excites sympathetic nerves and causes the release of
norepinephrine (NA) by blocking sodium channels, inhibiting nitric oxide (NO) release, and inhibiting muscarinic acetylcholine
receptors. This, in turn, promotes the release of endogenous opioids and activates opioid receptors, which produce further
analgesic effects upon binding to receptors. Additionally, the increase in NA and serotonin also enhances the analgesic effect by
activating the descending analgesic pathway. Inhibiting excessive Ca2+ permeability reduces thalamocortical signaling, leading
to loss of consciousness and analgesic effectsS(+)-ketamineS(+)-ketamine.*® Therefore, patients who are administered S(+)-
ketamine during surgery require lower doses of sufentanil.

Although S(+)-ketamine plays a significant role in clinical anesthesia, its use may trigger a wide range of adverse effects,
including dizziness, nausea, vomiting, greater airway secretions, and an increase in heart rate and blood pressure. In this study, we
found that the incidence of dizziness, nausea, and vomiting in patients who received continuous infusions of low-dose S(+)-
ketamine during knee joint replacement surgery was lower. Consistent with these findings, intravenous ketamine administered
during the perioperative period not only alleviated acute postoperative pain but also reduced the incidence of postoperative
nausea and vomiting.*' This may be attributed to the lower intraoperative use of sufentanil and the lower usage of additional
analgesics after surgery. These findings provide evidence for the clinical use of S(+)-ketamine.

This study had certain limitations. First, this was a single-center study with a relatively small sample size, and it
included only elderly patients who underwent TKA, which limited the generalizability of our findings. Second, our
follow-up concluded at 48 h postoperatively. Longer follow-up periods are necessary to establish the long-term effects
and safety of S(+)-ketamine. This study also lacked comprehensive data to demonstrate the effect of S(+)-ketamine on
patient rehabilitation, which may be investigated in future studies.

Conclusions
To summarize, intravenous administration of low-dose S(+)-ketamine during knee joint replacement surgery can
effectively alleviate acute pain following surgery in elderly patients, reduce the need for rescue analgesics, and decrease
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the side effects associated with opioids, including dizziness, nausea, and vomiting. Therefore, our study provides

a reference for the application of S(+)-ketamine in multimodal short-term analgesia during the perioperative period.

Abbreviations
NRS, Numerical Rating Scale; NSAID, Nonsteroidal Anti-inflammatory Drugs; TKA, Total Knee Arthroplasty; NMDA,
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