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Background: Remifentanil-induced hyperalgesia (RIH) increases the risk of persistent postoperative pain, making early postoperative 
analgesic therapy ineffective and affecting postoperative patient satisfaction. This study aimed to verify the effects of gradual 
withdrawal of remifentanil combined with postoperative pump infusion of remifentanil on postoperative hyperalgesia and pain in 
patients undergoing laparoscopic hysterectomy.
Methods: This trial was a factorial design, double-blind, randomized controlled trial. Patients undergoing laparoscopic hysterectomy 
were randomly allocated to the control group, postoperative pump infusion of remifentanil group, gradual withdrawal of remifentanil 
group, or gradual withdrawal plus postoperative pump infusion of remifentanil group (n = 35 each). The primary outcome was 
postoperative mechanical pain thresholds in the medial forearm. The secondary outcomes included postoperative mechanical pain 
thresholds around the incision, pain numeric rating scale scores, analgesic utilization, awakening agitation or sedation scores, a 15- 
item quality of recovery survey, and postoperative complications.
Results: Gradual withdrawal of remifentanil significantly increased postoperative pain thresholds versus abrupt discontinuation (P < 
0.05), whereas postoperative infusion did not show significant differences compared to the absence of infusion (P > 0.05). The 
combined gradual withdrawal and postoperative infusion group exhibited the highest thresholds and had the lowest postoperative pain 
scores and analgesic requirements as well as the highest quality of recovery scores (P < 0.05). No significant differences were 
observed for agitation scores, sedation scores, or complication rates (P > 0.05).
Conclusion: The novel combined gradual withdrawal and postoperative infusion of remifentanil uniquely attenuates postoperative 
hyperalgesia, pain severity, analgesic necessity, and improves recovery quality after laparoscopic hysterectomy.
Keywords: opioid-induced hyperalgesia, remifentanil-induced hyperalgesia, laparoscopic hysterectomy, mechanical pain thresholds, 
postoperative recovery

Introduction
Opioid-induced hyperalgesia (OIH) represents a paradoxical reduction in pain thresholds following opioid administra
tion, manifesting primarily as hypersensitivity to painful stimuli.1 Proposed OIH mechanisms include increased activa
tion of downstream pain pathways by opioids,2 the induction of long-term potentiation (LTP) at synapses,3 inflammatory 
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responses with spinal glial cell activation,4 the role of endogenous neuropeptides,5 alterations in opioid receptor function 
and number6 and reduced function of inhibitory neurotransmitter receptors7 among others. Studies have shown that 
chronic pain occurs in about 5–32% of hysterectomy patients.8 Inadequate perioperative analgesia and unchecked 
hyperalgesia engender significant risk for the development of intractable postoperative pain syndromes.9 Remifentanil 
possesses unique pharmacokinetic properties, including rapid onset, fleeting half-life, and independence of hepatic and 
renal clearance, allowing for sustained infusion without bioaccumulation. This pharmacologic profile has enabled the 
widespread utilization of remifentanil for both acute and chronic analgesia as well as the maintenance of general 
anesthesia.10 However, investigations have revealed that among opioid analgesics, remifentanil elicits the highest rates 
of OIH.11

In recent years, diverse pharmacological interventions such as ketamine, colistin, non-steroidal anti-inflammatory 
drugs (NSAIDs), nitric oxide, and magnesium sulfate have demonstrated efficacy in attenuating remifentanil-induced 
hyperalgesia (RIH) to varying extents in animal models and clinical trials.12–16 However, supplemental dosing regimens 
introduce the potential for adverse effects. Comelon proposed that gradual withdrawal of remifentanil may confer a non- 
pharmacological approach to preventing OIH.17 One study found that approximately 36% of patients undergoing gradual 
remifentanil cessation required rescue analgesia in the postanesthesia care unit (PACU), but demonstrated that the 
addition of a postoperative remifentanil infusion after tapering significantly reduced rescue analgesia requirements and 
pain numeric rating scale (NRS) scores without increasing side effects compared to tapering alone.18 The efficacy of 
combining gradual withdrawal with postoperative pump infusion of remifentanil in mitigating postoperative hyperalgesia 
and acute pain has not been prospectively evaluated. Therefore, this study aimed to determine the efficacy of this novel 
regimen in attenuating postoperative hyperalgesia and acute pain. We hypothesized that both gradual withdrawal of 
remifentanil and postoperative pump infusion of remifentanil would reduce the incidence and severity of postoperative 
hyperalgesia in patients undergoing laparoscopic hysterectomy. Additionally, we anticipated these methods would 
provide superior analgesia, improve quality of recovery without increasing adverse effects, and that the combination 
of the two methods would be superior to the use of a single agent.

Materials and Methods
Participants
The study was approved by the Ethics Committee of the Affiliated Hospital of Xuzhou Medical University on April 13, 
2023 (no. XYFY2023-KL049-02). The trial was registered before patient enrollment with the Chinese Clinical Trial 
Registry (ChiCTR2300074524). Written informed consent was obtained from all patients.

Patients who underwent laparoscopic hysterectomy under general anesthesia at the Affiliated Hospital of Xuzhou 
Medical University between April 2023 and October 2023 were selected for the study. Inclusion criteria: (1) patients who 
underwent elective laparoscopic hysterectomy; (2) age 18–65 years; (3) ASA I–II; (4) BMI 18–30 kg/m2; (5) voluntary 
provision of informed consent. Exclusion criteria: (1) contraindications to surgery or anesthesia; (2) allergy or contra
indication to remifentanil; (3) neuropsychiatric disorders, drug and alcohol abuse; (4) significant cardiovascular, 
cerebrovascular, gastrointestinal, pulmonary, hematologic, or neurological comorbidity; (5) opioid or analgesic use 
within 48 hours preoperatively; (6) symptoms or history suggestive of peripheral or central neuropathy or chronic pain 
syndromes; (7) the surgical procedure has changed; (8) patients refused to participate in the trial.

Randomization of the Study Participants
A randomized number table was used to divide the patients into the control group (C group), postoperative pump 
infusion of remifentanil group (P group), gradual withdrawal of remifentanil group (G group), and gradual withdrawal 
plus postoperative pump infusion of remifentanil group (GP group). The details of each patient’s remifentanil 
administration method were stored in an opaque, sealed envelope and were opened only by researchers before 
anesthesia induction. All participants, preoperative and postoperative follow-up assessors, and statisticians were 
blinded to group allocation.
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Intraoperative Anesthesia Management
Basal pain thresholds were obtained preoperatively by designated staff not involved in anesthesia or surgery.

After fasting, patients were monitored for peripheral oxygen saturation (SpO2), heart rate (HR), non-invasive blood 
pressure (NIBP), electrocardiogram and partial pressure of end-tidal carbon dioxide (PETCO2), and the range of carbon 
dioxide pneumoperitoneal pressure was maintained at 12–14 mmHg. All patients were given intravenous midazolam 
(0.04 mg/kg), etomidate (0.3 mg/kg), sufentanil (0.4 μg/kg), and rocuronium (1 mg/kg) for induction of anesthesia. 
Following the induction, tracheal intubation was performed using a video laryngoscopy technique. This was achieved 
under careful monitoring, confirmed by bilateral chest auscultation to verify effective mechanical ventilation. Subsequently, 
patients were connected to an anesthesia machine after tracheal intubation and mechanically ventilated. The tidal volume was 
set at 6–8 mL/ kg and the respiratory rate at 12–16 bpm, and the PETCO2 was maintained between 35–45 mmHg. Sevoflurane 
combined with remifentanil was used to maintain anesthesia, the initial end-expiratory concentration of sevoflurane was 
2.0%, and the depth of anesthesia was adjusted to the bispectral index (BIS) value of 40–60. Sevoflurane concentration was 
adjusted according to the BIS, the mean arterial pressure (MAP) and the heart rate, and inotropes were given intermittently 
during the operation. The patients were continuously infused with crystalloid intraoperatively, when the BP was lower than 
20% of the basal value, rapid infusion of fluids was used to expand the volume. Intravenous phenylephrine (40 μg/dose) or 
ephedrine (3 mg/dose) was given if necessary, and when the heart rate was lower than 45 beats/min, intravenous atropine 
(0.3–0.5 mg/dose) was given. At the time of skin suturing, sevoflurane was stopped and intravenous tropisetron (2 mg) was 
given. Remifentanil was stopped at the end of skin suturing. Patients were admitted to PACU after surgery.

In the PACU, any residual neuromuscular blockade was reversed with neostigmine (0.04 mg/kg) and atropine 
(0.01 mg/kg) once the tidal volume of spontaneous ventilation surpassed 200 mL. Patients were continuously monitored 
for the return of consciousness, evidenced by appropriate responses to verbal cueing. Tracheal extubation was performed 
when patients exhibited spontaneous eye opening and a respiratory rate exceeding 10 breaths per minute voluntarily. Pain 
scores were evaluated every 10 minutes post-extubation. Fentanyl (50 μg) was given for pain scores greater than 3 or 
intolerable pain. The patients were reassessed in 10 minutes, and the dose was repeated if needed. Flurbiprofen (50 mg) 
was added if 2 fentanyl doses were ineffective. Patients were discharged to the ward after acceptable pain scores and no 
nausea or vomiting. Flurbiprofen was given for pain scores greater than 4 every 6 hours in the ward.

Methods of Remifentanil Administration
C group (control group): A continuous intraoperative infusion of remifentanil at a rate of 0.3 μg/kg/min was discontinued at the 
end of the suture. Patients were given a pump infusion of 20 mL of saline for 30 minutes immediately after tracheal extubation.

P group (postoperative pump infusion of remifentanil group): Remifentanil was continuously infused at a rate of 0.3 
μg/kg/min intraoperatively, and was stopped at the end of the suture. Immediately after the patient’s tracheal extubation, 
1μg/kg of remifentanil was diluted in 20 mL of saline and pumped continuously for 30 minutes.

G group (gradual withdrawal of remifentanil group): Remifentanil was continuously infused at a rate of 0.3 μg/kg/min 
intraoperatively. The rate was adjusted to 0.2 μg/kg/min 30 minutes before the expected end of the operation, and then to 
0.1 μg/kg/min after 15 minutes, and was discontinued at the end of the suture. The patient was given a pump infusion of 
20 mL of saline for 30 minutes immediately after tracheal extubation.

GP group (gradual withdrawal plus postoperative pump infusion of remifentanil group): Remifentanil was continu
ously infused at a rate of 0.3 μg/kg/min intraoperatively. The rate was adjusted to 0.2 μg/kg/min 30 minutes before the 
expected end of the operation, and then to 0.1 μg/kg/min after 15 minutes, and was discontinued at the end of the suture. 
Immediately after the patient’s tracheal extubation, 1ug/kg of remifentanil was diluted in 20 mL of saline and pumped 
continuously for 30 minutes.

Outcome Measures
Primary Outcomes
The mechanical pain thresholds of the medial forearm were recorded in the four groups of patients at 1, 6, 24, and 48 
hours postoperatively, with an interval of 30 seconds between each measurement, and the average value was taken after 
repeating the measurement five times.
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Secondary Outcomes
The mechanical pain thresholds around the incision (2 cm directly below the umbilical incision) at 1, 6, 24, and 48 hours 
postoperatively in all four groups. The pain NRS scores at rest and during coughing among the four groups of patients 
immediately, at 10 minutes, 20 minutes, 30 minutes after tracheal extubation and at 1, 6, 12, 24, and 48 hours after 
surgery (the highest recorded NRS score was used as the outcome measure). Fentanyl consumption in the PACU, 
flurbiprofen axetil use within 48 hours after surgery, and adverse events were recorded. We compared the patients’ 
Sedation-Agitation Scale (SAS) agitation scores during the awakening period and Ramsay sedation scores of the patients 
immediately, at 10 minutes, 20 minutes, 30 minutes and at 1 hour after tracheal extubation. The 15-item quality of 
recovery (QoR-15) survey was administered at 24 and 48 hours postoperatively (The QoR-15 is a patient-reported 
outcome questionnaire that measures the quality of recovery after surgery and anaesthesia,19 with higher scores 
indicating better quality of recovery for patients). The time to first flatus and the total length of the postoperative 
hospital stay were also documented.

Sample Size
The sample size was calculated based on the primary outcome (the mechanical pain thresholds of the medial forearm at 
1 hour postoperatively in each group). We assumed that there would be no interaction between the two methods. The 
differences in pain thresholds for each group were obtained from the pretest portion of the data. The mean ± SD of the 
mechanical pain thresholds at 1 hour postoperatively was 6.8 ± 4.237 in group C, 8.9 ± 4.321 in group P, 15.7 ± 3.81 in 
group G, and 22.4 ± 3.95 in group GP (10 patients in each group). The sample size was calculated according to a test 
level of 0.05 and a power of 0.80, using the PASS v21.0.3 software (NCSS, LLC, Kaysville, Utah, USA), with a 1:1:1:1 
allocation ratio, resulting in a required sample size of 116 cases (29 cases in each group). Considering a 20% dropout 
rate, 37 patients were included in each group.

Statistical Analysis
The SPSS v25.0 (IBM, Armonk, NY, USA) and Prism v8.0.1 (GraphPad, La Jolla, CA, USA) software programs were 
used for statistical analyses. Data normality was measured with the Shapiro–Wilk test. The Levene test was used to verify 
the homogeneity of variance. Normally distributed data were reported as the mean and standard deviation, and non- 
normally distributed data were presented as the median and interquartile range. Analysis of variance (ANOVA) was 
chosen for normally distributed and variance-aligned data, and the Kruskal–Wallis test (multi-sample rank-sum test) was 
chosen for non-normally distributed data. Repeated-measures data were analyzed using ANOVA for repeated measures, 
and the Bonferroni correction was applied for post hoc comparisons. Non-normally distributed data collected at different 
time points (such as pain NRS scores) were analyzed using a generalized estimating equation. Categorical variables were 
described as numbers (%) and were analyzed with the chi-squared test or Fisher’s exact test. All statistical tests were two- 
sided, and a P value <0.05 was considered statistically significant for the differences tested.

Results
A total of 160 patients were screened and evaluated for enrollment, of whom 12 were excluded (7 not meeting inclusion 
criteria, 3 meeting exclusion criteria, 2 refused participation). A total of 148 were randomized to the four groups with 
37 per group. One patient had intraoperative ovarian cancer conversion to laparotomy, 2 had additional procedures, and 
five withdrew. Finally, 140 patients completed the trial for analysis. The flow chart of patient selection is shown in 
Figure 1.

No significant inter-group differences were discerned with respect to baseline characteristics, intraoperative para
meters including operative duration, anesthesia time, time to awakening, tracheal extubation time, PACU length of stay, 
medication use, or total postoperative hospitalization (all P > 0.05), as delineated in Table 1. Likewise, no hemodynamic 
differences were observed between groups at any timepoint as assessed by MAP and HR (all P > 0.05), as shown in 
Figure 2.
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Analysis of outcomes revealed no significant interaction between gradual cessation of remifentanil and postoperative 
infusion on mechanical pain thresholds of the medial forearm or surgical incision at any postoperative juncture (medial 
forearm threshold: 1 hour, P = 0.473; 6 hours, P = 0.284; 24 hours, P = 0.476; 48 hours, P = 0.843. Incisional threshold: 
1 hour, P = 0.609; 6 hours, P = 0.612; 24 hours, P = 0.909; 48 hours, P = 0.313). Examining the independent effects of 
each intervention, gradual remifentanil discontinuation conferred significant elevations in postoperative pain thresholds 
compared to abrupt cessation (P < 0.05), whereas the effect of postoperative infusion did not differ significantly from 
absence of infusion (P > 0.05), as delineated in Table 2.

The preoperative thresholds did not differ between groups (P > 0.05). With Bonferroni comparison, the G group had higher 
medial forearm thresholds at 1 and 6 hours postoperative versus C group (P < 0.05), and the GP group had higher medial forearm 

Figure 1 Flow diagram of the study.

Table 1 Baseline Patient Characteristics and Anesthetic Management Parameters

Parameter C Group (n=35) P Group (n=35) G Group (n=35) GP Group (n=35) P-value

Baseline data

Age (years) 50.26±1.05 50.61±0.68 50.14±0.93 50.17±1.08 1.000

Height (cm) 160.46±0.67 160.26±0.83 161.94±0.72 160.20±0.78 0.308
Weight (kg) 63.09±1.40 63.29±1.23 64.83±1.55 64.06±1.62 0.272

BMI (kg/m2) 24.51±0.53 24.61±0.37 24.65±0.48 24.90±0.52 0.960

ASA score, n (%) 0.651
1 11 (31.4) 12 (34.3) 16 (45.7) 12 (34.3)

2 24 (68.6) 23 (65.7) 19 (54.3) 23 (65.7)

Comorbidities, n (%)
Hypertension 7 (20.0) 8 (22.9) 4 (11.4) 5 (14.3) 0.628

Diabetes mellitus 4 (11.4) 5 (14.3) 6 (17.1) 4 (11.4) 0.984

(Continued)
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thresholds at all timepoints and higher incisional thresholds at 6, 24, and 48 hours postoperative versus C group (P < 0.05). The GP 
group also had higher medial forearm thresholds at 1 and 6 hours and higher incisional thresholds at 6 hours postoperative versus 
the P group. All groups except GP had significantly decreased thresholds postoperatively versus preoperatively (P < 0.05), with 
the C and P group not recovering by 48 hours after surgery (P < 0.05). The G group recovered medial (P > 0.05) but not incisional 
thresholds (P < 0.05) by 48 hours after surgery, while the GP group maintained medial forearm thresholds with delayed incisional 
recovery, as shown in Table 3, Figure 3A and B.

Post-extubation pain NRS scores differed significantly between groups over time. The P group had lower scores than 
the C group at 10 and 20 minutes after tracheal extubation (P < 0.05). The G group had lower scores than the P group at 
10 minutes after tracheal extubation (P < 0.05). The GP group had lower scores than the C group and the G group from 

Table 1 (Continued). 

Parameter C Group (n=35) P Group (n=35) G Group (n=35) GP Group (n=35) P-value

Fluid management

Crystalloid (mL) 800 (750, 900) 750 (700, 850) 800 (750, 850) 800 (750, 900) 0.611
Blood (mL) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.557

Bleeding (mL) 30 (30, 50) 40 (30, 40) 30 (30, 40) 30 (20, 40) 0.155

Urine (mL) 100 (100, 100) 100 (80, 150) 100 (80, 100) 100 (100, 100) 0.879
Remifentanil (mg) 1.95 (1.55, 2.55) 2.15 (1.60, 2.40) 1.85 (1.40, 2.30) 1.80 (1.55, 2.15) 0.125

Vasoactive drug use, n (%) 23 (65.7) 22 (62.9) 20 (57.1) 25 (71.4) 0.676

Duration of surgery (min) 85.06±5.72 85.34±4.13 88.40±6.11 89.09±5.92 0.190
Duration of anesthesia (min) 115.06±5.99 114.69±4.70 111.06±6.00 110.46±6.40 0.340

Awakening time (min) 8 (5, 13) 8 (5, 9) 10 (6, 23) 9 (4, 15) 0.144

Extubation time (min) 9 (6, 13) 8 (6, 12) 11 (6, 25) 9 (6, 16) 0.136
PACU time (min) 44.11±1.51 46.63±1.32 41.94±1.75 44.89±1.31 0.166

Length of post-operative hospital stay (days) 4 (4, 4) 4 (3, 4) 4 (3, 4) 4 (3, 4) 0.353

First postoperative exhaust time (min) 1700 (1408, 2252) 1660 (1269, 1831) 1490 (1361, 2030) 1205 (960, 2147) 0.178

Notes: Values are presented as number of patients (%), mean ± SD, or median (interquartile range). C group, control group; P group, postoperative pump infusion of 
remifentanil group; G group, gradual withdrawal of remifentanil group; GP group, gradual withdrawal plus postoperative pump infusion of remifentanil group. 
Abbreviations: BMI, body mass index; ASA, American Society of Anesthesiologist.

Figure 2 Perioperative changes of MAP and HR over time. (A) change of MAP. (B) change of HR. C group, control group; P group, postoperative pump infusion of 
remifentanil group; G group, gradual withdrawal of remifentanil group; GP group, gradual withdrawal plus postoperative pump infusion of remifentanil group. 
Abbreviations: MAP, mean arterial pressure; HR, heart rate.
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10 minutes after tracheal extubation through 48 hours postoperatively (P < 0.05). The GP group also had lower scores 
than P group from 30 minutes after tracheal extubation through 48 hours postoperatively (P < 0.05), as shown in Table 3.

More patients in the C, P, and G groups required fentanyl in the PACU versus the GP group (P < 0.05). No patients 
received flurbiprofen axetil in the PACU. All groups used similar flurbiprofen axetil amounts on the ward (P > 0.05). The 
QoR-15 scores were higher for the GP group versus other groups at 24 and 48 hours postoperatively (P < 0.05). No 
differences were seen in awakening agitation or sedation scores (P > 0.05). Adverse reaction rates were similar between 
groups (P > 0.05), as shown in Table 4.

Table 2 Mechanical Pain Thresholds in the Medial Forearm and Around the Incision

Mechanical Pain 
Thresholds

Group Before 
Surgery

1 Hour After 
Surgery

6 Hours After 
Surgery

24 Hours After 
Surgery

24 Hours After 
Surgery

In the medial forearm (g) Without G 26 (15, 26) 8 (6, 15) 8 (6, 15) 15 (8, 26) 15 (8, 26)

With G 26 (15, 26) 15 (10, 26) * 15 (10, 26) * 15 (15, 26) * 26 (15, 26) *

Without P 26 (13.75, 26) 10 (6, 15) 10 (8, 15) 15 (8, 26) 15 (8, 26)

With P 26 (15, 26) 15 (8, 26) 15 (8, 26) 15 (10, 26) 26 (15, 26)

Around the incision (g) Without G 15 (8, 26) 4 (1.85, 8) 4 (2, 8) 8 (6, 15) 15 (8, 26)

With G 26 (15, 26) 6 (2, 10) * 8 (4, 11.25) * 15 (8, 26) * 15 (15, 26) *

Without P 15 (15, 26) 4 (2, 8) 5 (2, 8) 9 (7.5, 15) 15 (8, 26)

With P 26 (15, 26) 4 (2, 8) 6 (4, 10) 10 (8, 26) 15 (9.5, 26)

Notes: Values are presented as median (interquartile range). Without G, control group + postoperative pump infusion of remifentanil group; With G, 
gradual withdrawal of remifentanil group + gradual withdrawal plus postoperative pump infusion of remifentanil group; Without P, control group + gradual 
withdrawal of remifentanil group; With P, postoperative pump infusion of remifentanil group + gradual withdrawal plus postoperative pump infusion of 
remifentanil group. *compared to control group + postoperative pump infusion of remifentanil group, P<0.05.

Table 3 Comparison of Mechanical Pain Thresholds and NRS Scores in Four Groups of Patients

Parameter Time C Group (n=35) P Group (n=35) G Group (n=35) GP Group (n=35) P-value

Mechanical pain thresholds  
in the medial forearm (g)

Before surgery 15 (10, 26) 26 (15, 26) 26 (15, 26) 26 (15, 26) 0.878

1 h 8 (4, 15) # 8 (6, 15) # 15 (10, 26) a, # 15 (10, 26) a, b <0.001

6 h 8 (6, 15) # 10 (6, 15) # 15 (10, 26) a, # 15 (15, 26) a, b <0.001

24 h 8 (8, 26) # 15 (8, 26) # 15 (15, 26) # 26 (15, 26) a 0.006

48 h 15 (8, 26) # 15 (10, 26) # 26 (15, 26) 26 (15, 60) a 0.017

Mechanical pain thresholds  
around the incision (g)

Before surgery 15 (8, 26) 26 (8, 26) 26 (15, 26) 26 (15, 26) 0.733

1 h 2 (1.4, 8) # 4 (2, 8) # 8 (2, 10) # 6 (2, 10) # 0.033

6 h 4 (1.4, 8) # 6 (2, 8) # 8 (4, 10) # 8 (4, 15) a, b, # 0.004

24 h 8 (6, 15) # 8 (6, 15) # 15 (8, 15) # 15 (8, 26) a, # 0.049

48 h 10 (8, 26) # 15 (8, 26) # 15 (15, 26) # 15 (10, 26) a 0.034

NRS scores Before surgery 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.158

Immediately 1 (1, 2) # 1 (1, 1) # 1 (1, 2) # 1 (1, 2) # 0.593

10 min 3 (2, 4) # 2 (2, 3) a, # 3 (2, 3) b, # 1 (1, 3) a, c, # <0.001

20 min 4 (3, 4) # 3 (2, 3) a, # 3 (3, 4) # 2 (1, 3) a, c, # <0.001

30 min 4 (3, 4) # 3 (2, 4) # 3 (3, 4) # 2 (2, 3) a, b, c, # <0.001

1 h 3 (3, 4) # 3 (3, 3) # 3 (2, 3) # 2 (2, 3) a, b, c, # <0.001

6 h 5 (4, 5) # 5 (4, 5) # 4 (4, 5) # 4 (2, 5) a, b, c, # 0.007

12 h 3 (3, 4) # 4 (3, 4) # 3 (3, 4) # 2 (2, 3) a, b, c, # <0.001

24 h 3 (2, 4) # 3 (3, 3) # 3 (2, 3) # 2 (2, 2) a, b, c, # <0.001

48 h 2 (2, 3) # 2 (2, 3) # 2 (2, 2) # 1 (1, 2) a, b, c, # <0.001

Notes: Values are presented as median (interquartile range). C group, control group; P group, postoperative pump infusion of remifentanil group; G group, gradual 
withdrawal of remifentanil group; GP group, gradual withdrawal plus postoperative pump infusion of remifentanil group. 1 h, 1 hour after surgery; 6 h, 6 hours after 
surgery; 24 h, 24 hours after surgery; 48 h, 48 hours after surgery; Immediately, immediately after tracheal extubation; 10 min, 10 minutes after tracheal extubation; 
20 min, 20 minutes after tracheal extubation; 30 min, 30 minutes after tracheal extubation. acompared to C group, P<0.05; bcompared to P group, P<0.05; ccompared 
to G group, P<0.05; #compared to preoperative level, P<0.05 (generalized estimating equation).
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Discussion
The heightened risk of OIH with remifentanil versus other opioids potentially relates to its accelerated onset and 
elimination kinetics.20 Prior reports have documented a 32.7% incidence of RIH in surgeries exceeding 2 hours,21 

escalating to 41.8% with infusions surpassing 30 μg/kg.22 In this prospective randomized controlled trial, diminished 

Figure 3 Mechanical pain thresholds of patients in C, P, G, and GP groups at different time points. (A) mechanical pain thresholds in the medial forearm of patients in C, P, 
G, and GP groups at different time points. (B) mechanical pain thresholds around the incision of patients in C, P, G, and GP groups at different time points. C group, control 
group; P group, postoperative pump infusion of remifentanil group; G group, gradual withdrawal of remifentanil group; GP group, gradual withdrawal plus postoperative 
pump infusion of remifentanil group. acompared to C group, P<0.05; bcompared to P group, P<0.05; #compared to preoperative level, P<0.05 (generalized estimating 
equation).
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postoperative pain thresholds in controls confirm that sustained intraoperative remifentanil elicits postoperative nocicep
tive sensitization, corroborating previous evidence,20 and amplifying the risk of chronic pain.23 Previous studies 
implemented a three-stage slow withdrawal of remifentanil to alleviate RIH from high-dose infusions.17,24 This gradual 
withdrawal protocol was also adopted in our study. However, earlier work found that gradual discontinuation did not 
significantly reduce overall opioid use, pain, sedation, or recovery compared to abrupt discontinuation.25 Enhanced 
recovery after surgery (ERAS) principles advocate combining techniques for synergistic analgesia, reduced side effects, 
and improved experience.26 One retrospective study suggested gradual withdrawal of remifentanil plus postoperative 
infusion reduced rescue analgesia and pain NRS scores versus tapering alone.18 However, randomization was lacking and 
specific quantitative hyperalgesia assessments were not utilized. Instead, pain was documented using NRS scores and 
postoperative analgesic use, which can be influenced by factors such as patient mood, education, cognition, and 
attention.27,28 Therefore, this study prospectively investigated if combining gradual withdrawal of remifentanil and 
postoperative pump infusion of remifentanil, alone and together, relieves RIH in laparoscopic hysterectomy using 
mechanical pain thresholds and pain scores, examining their interaction and adverse effects.

The lack of a significant interaction between remifentanil tapering and pumping for postoperative hypersensitivity 
may relate to their different mechanisms. The use of remifentanil in vivo leads to acute depression of synaptic strength in 
C-fibers; upon withdrawal, synaptic strength not only quickly returns to normal but becomes potentiated for prolonged 
periods of time.29 Abrupt withdrawal induced spinal synaptic LTP whereas tapering did not, suggesting tapering prevents 
RIH.30 In their research, Koppert et al observed that remifentanil significantly decreased pain ratings and puncture 
hyperalgesia only during the period of infusion.15 Post-infusion evaluations revealed an increase in pain scores and areas 
of puncture hyperalgesia around puncture sites, surpassing baseline levels, with the peak analgesic effect noted 
approximately 30 minutes following the cessation of remifentanil administration. Subsequently, a gradual reduction in 
pain was noted, yet it remained elevated compared to the control group figures. Consequently, this study aims to extend 

Table 4 Comparison of Postoperative Conditions Among the Four Groups

Parameter C Group (n=35) P Group (n=35) G Group (n=35) GP Group (n=35) P-value

Analgesic use
Fentanyl, n (%) 20 (57.1) 15 (42.9) 19 (54.3) 6 (17.1) a, b, c 0.003

Flurbiprofen axetil, n (%) 13 (37.1) 10 (28.6) 10 (28.6) 7 (20.0) 0.515

Total flurbiprofen axetil use (mg) 0 (0, 50) 0 (0, 50) 0 (0, 50) 0 (0, 0) 0.449
QoR-15 scores

Before surgery 148.49±2.38 148.74±2.57 149.43±1.27 148.54±2.68 0.295

24 h 126.83±5.27 126.51±5.41 126.80±5.91 132.17±6.09 a, b, c <0.001
48 h 138.14±5.19 138.20±5.82 139.71±4.21 142.86±3.86 a, b, c <0.001

Agitation scores 4 (4, 4) 4 (3, 4) 4 (4, 4) 4 (3, 4) 0.421
Ramsay sedation scores

Immediately 3 (2, 3) 3 (3, 3) 3 (2, 3) 3 (2, 3) 0.080

10 min 2 (2, 3) 2 (2, 3) 2 (2, 2) 2 (2, 3) 0.074
20 min 2 (2, 2) 2 (2, 3) 2 (2, 2) 2 (2, 3) 0.163

30 min 2 (2, 2) 2 (2, 2) 2 (2, 2) 2 (2, 2) 0.306

1 h 2 (2, 2) 2 (2, 2) 2 (2, 2) 2 (2, 2) 0.569
Adverse reactions, n (%)

PONV 16 (45.7) 21 (60.0) 17 (48.6) 14 (40.0) 0.436

Dizziness 4 (11.4) 4 (11.4) 6 (17.1) 3 (8.6) 0.801
Shivering 3 (8.6) 1 (2.9) 5 (14.3) 3 (8.6) 0.448

Else 1 (2.9) 0 (0.0) 0 (0.0) 0 (0.0) 1.000

Notes: Values are presented as number of patients (%), mean ± SD, or median (interquartile range). C group, control group; P group, postoperative pump infusion 
of remifentanil group; G group, gradual withdrawal of remifentanil group; GP group, gradual withdrawal plus postoperative pump infusion of remifentanil group. 24 
h, 24 hours after surgery; 48 h, 48 hours after surgery; Immediately, immediately after tracheal extubation; 10 min, 10 minutes after tracheal extubation; 20 
min, 20 minutes after tracheal extubation; 30 min, 30 minutes after tracheal extubation; 1 h, 1 hour after surgery. QoR-15, 15-item quality of recovery. acompared 
to C group, P<0.05; bcompared to P group, P<0.05; ccompared to G group, P<0.05. 
Abbreviation: PONV, postoperative nausea and vomiting.
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the analgesic duration of remifentanil after surgery by employing a 30-minute pump infusion strategy. This approach 
seeks to not only prolong remifentanil’s pain-relieving effect but also mitigate remifentanil-induced hyperalgesia (RIH), 
thereby building upon the foundational findings of Saxena25 and further exploring the insights from Huang’s study.18 

Postoperative pump infusion of remifentanil may extend analgesia duration and mitigate RIH progression. Analysis of 
outcomes revealed a significant main effect of tapering, which markedly increased postoperative thresholds versus 
controls, supporting the hyperalgesia reduction conferred by gradual withdrawal as aligned with prior reports.24 In 
contrast, postoperative infusion alone did not relieve hypersensitivity. In summary, while postoperative remifentanil 
infusion in isolation did not impact hyperalgesia, the strategy of gradual perioperative withdrawal uniquely attenuated 
postoperative hypersensitivity, potentially by averting LTP of spinal nociceptive circuits.

Tröster noted the emergence of RIH in the PACU following the discontinuation of remifentanil.31 Additionally, the 
significance of RIH appears linked to the initial hour post-surgery in clinical environments.17 A majority of RIH cases 
were observed in the PACU soon after the discontinuation of remifentanil.31 Therefore, in this study, the mechanical pain 
threshold in the first hour after surgery was used as the primary outcome, and the follow-up period was extended to 48 
hours after surgery to observe the duration of postoperative hyperalgesia. Primary hyperalgesia stemming from peripheral 
sensitization occurs at the site of injury (such as surgical trauma), whereas secondary hyperalgesia manifesting in areas 
distant from the lesion represents central sensitization.32 Having a wider area of hyperalgesia increases the likelihood of 
a diagnosis of RIH.33 In this context, decreased medial forearm thresholds distal to the incision imply centrally-mediated 
sensitization. In this study, the difference between postoperative and preoperative mechanical pain thresholds in the 
medial forearm in the combined group was not significant, and the duration of hyperalgesia around the incision was 
significantly shorter, suggesting that peripheral and central sensitization can be well relieved. The gradual withdrawal of 
remifentanil in combination with postoperative pump infusion group exhibited increased postoperative thresholds 
compared to controls or either intervention alone, averted declines versus baseline, and abbreviated incisional hyper
algesia duration, consistent with concurrent central and peripheral hyperalgesia relief. The mechanism of gradual 
withdrawal of remifentanil may involve the gradual reversion of μ-opioid receptors from intracellular to membrane 
locations upon discontinuation, preventing sudden concentrated membrane exposure and hyperalgesia.34,35 Prolonged 
postoperative pump infusion of remifentanil may extend analgesia duration. However, the precise mechanisms require 
deeper investigation.

Lower postoperative pain NRS scores in the postoperative pump infusion of remifentanil group and gradual with
drawal of remifentanil group versus control group suggest attenuated pain. This demonstrates that remifentanil tapering 
and postoperative pump infusion of remifentanil significantly reduces postoperative pain compared to patients in the 
control group, which is consistent with previous study reports.24,36 In this study, there was a continued requirement for 
postoperative analgesic intervention, evidenced by a prevalence of 15% in P group and 19% in G group. This outcome, 
which showed no substantial deviation from the results of the control group, implies the necessity of exploring different 
analgesic techniques. The combined tapering and postoperative pump infusion group exhibited the nadir pain scores and 
rescue analgesic utilization postoperatively, underscoring the synergistic analgesia afforded by this multimodal approach. 
This finding concurs with previous findings.18 Similarly, the quality of recovery was the highest with the combination 
approach, aligning with the hyperalgesia and pain effects. In summation, coupling perioperative remifentanil tapering 
with postoperative low-dose pump infusion confers maximal amelioration of postoperative hyperalgesia, pain, and 
analgesic requirements. The convergence of results across quantitative sensory thresholds, patient-reported pain scores, 
analgesic consumption, and recovery quality indicates that this novel therapeutic paradigm meaningfully improves 
multiple clinically relevant postoperative outcomes.

Fading of anesthesia causing negative reactions is a primary cause of emergence agitation. This study discerned no 
significant differences between cohorts in time to awakening, duration of tracheal extubation, PACU length of stay, or 
validated agitation and sedation scale scores, suggesting the gradual withdrawal of remifentanil will not lead to 
a weakening of the anesthetic effect. There were no statistically significant differences between the four groups in 
terms of MAP and HR at any time point, indicating that the gradual withdrawal of remifentanil combined with 
postoperative pump infusion did not affect patients’ hemodynamics. The drugs commonly used in clinical practice to 
prevent agitation during the awakening period of general anesthesia (such as colistin, propofol, midazolam, tramadol) 
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have drawbacks like prolonged awakening and respiratory issues.37 In our study, patients underwent gradual withdrawal 
of remifentanil and received postoperative pump infusion did not experience respiratory depression agitation during 
awakening, or prolonged awakening time both in the PACU and on the ward postoperatively. This result was consistent 
with previous reports25,38 with continuous infusion of remifentanil persistently in the PACU after thyroid surgery and 
laparoscopic-assisted vaginal hysterectomy. Gradual withdrawal of remifentanil combined with postoperative pump 
infusion showed no hemodynamic differences, allowing smooth emergence without agitation.

This study conducted an exhaustive assessment of postoperative adverse events, which occurred in all groups. The 
incidence of postoperative nausea and vomiting (PONV) aligned with established rates following laparoscopic surgery of 
approximately 50–70%.39 Relative to other groups, the combined gradual withdrawal and postoperative pump infusion 
group exhibited moderately lower rates of nausea, vomiting, as well as dizziness. This group also demonstrated the most 
expeditious return of postoperative bowel function, as measured by time to first flatus. However, no statistically 
significant differences were discerned, potentially owing to insufficient statistical power from the modest sample size. 
The addition of postoperative remifentanil pump infusion to gradual intraoperative tapering did not heighten the 
incidence of adverse reactions and may confer modest benefits in select measures of postoperative recovery.

This study represents the inaugural investigation of a novel perioperative analgesic paradigm that integrates gradual with
drawal of remifentanil with low-dose postoperative infusion. This first-in-field study examined the efficacy and safety of this 
unique dual-phase technique. It elucidates a promising alternative strategy to remifentanil monotherapy for attenuating post
operative hyperalgesia. Additionally, this work characterized the effects on postoperative pain and functional recovery, providing 
an early evidence base that can guide potential clinical implementation. The duration and extent of RIH may be associated with 
factors such as extended administration, high infusion rates, or high doses of remifentanil.40 In cases of prolonged surgery and 
anesthesia (such as musculoskeletal, thoracic, and abdominal surgeries), efforts to gradually discontinue remifentanil, combined 
with a postoperative infusion, are also necessary to prevent postoperative hyperalgesia.

Nevertheless, the limitations of this single-center study with a modest sample size exclusively undergoing laparoscopic 
hysterectomy necessitate acknowledgment. Broader validation via large multicenter trials across heterogeneous surgical popula
tions is imperative to corroborate generalizability. Moreover, the exclusive focus on acute postoperative pain fails to illuminate the 
long-term risks or benefits of this protocol. Extended follow-up in expansive cohorts is essential to ascertain the durability and 
safety of treatment effects. Moreover, in order to meet the analgesic needs of the patients, analgesics were administered 
postoperatively. The inclusion of these patients could have introduced a confounding factor in our study, potentially impacting 
the results. And we did not conduct patient satisfaction surveys, which may have compromised our results. Finally, some evidence 
implicates certain hormones and inflammatory cytokines in postoperative hyperalgesia,41 but these were not evaluated here.

Conclusion
The combination of gradually withdrawal of remifentanil and postoperative pump infusion, as a unique method of 
remifentanil administration, can significantly reduce the incidence of postoperative hyperalgesia in patients undergoing 
laparoscopic hysterectomy. It also diminishes the intensity of postoperative pain and the need for analgesia, and enhance 
the quality of postoperative recovery. This combination approach is superior to using a single agent and does not increase 
the number of adverse effects, making it a valuable addition to clinical practice.
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