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Clinical applications and research
progress of remifentanil
Xu Liu1*, Zhipeng Meng1* and Fei Tong2

1Huzhou Central Hospital Affiliated to Huzhou University, Huzhou, Zhejiang, China, 2Huzhou Central

Hospital, Huzhou, Zhejiang, China

Introduction: Remifentanil, an ultra-short-acting μ-opioid receptor agonist, is

widely utilized in perioperative and critical care settings due to its rapid

metabolism, predictable pharmacokinetics, and organ-independent clearance.

This review synthesizes current evidence on its clinical applications,

pharmacological advantages, and emerging challenges, including Opioid-

Induced Hyperalgesia (OIH) and labor analgesia.

Methods: This study is a systematic evidence review. All data were derived from

published literature, including retrospective studies by the authors’ team. No

new patient interventions or observational data were collected, consistent with

ICMJE exemption criteria for secondary study types.

Results: Preclinical studies highlight molecular mechanisms of OIH involving

microglial pathways (e.g., Nrf2-TRPV4 suppression, NF-κB/NLRP3 activation).

Clinically, Remifentanil demonstrates significant efficacy in improving

hemodynamic stability during extubation [reducing systolic blood pressure

(SBP), diastolic blood pressure (DBP), and heart rate (HR) increases, P < 0.05],

suppressing cough reflex in airway surgery (40–52% reduction, P < 0.05),

and accelerating recovery [reduced extubation/post-anesthesia care unit

(PACU) times by 18.3%/22.1%, P < 0.01]. It exhibits synergistic effects with

dexmedetomidine for blood pressure control in specific scenarios (P < 0.05)

and protects against sufentanil-induced coughing (OR = 0.42). However, OIH

risk is dose-dependent (>0.2 μg/kg/min, OR = 2.1, P < 0.05), and its antitussive

efficacy and hemodynamic impact vary significantly by surgical context

(P= 0.01) and BMI (P= 0.004). Compared to epidural analgesia, Remifentanil

for labor shortens duration (mean -1.8 hours) and reduces intervention rates

(cesarean relative risk (RR) = 0.78, instrumental RR = 0.62) but carries a higher

risk of maternal respiratory depression (OR = 3.92). In ICU, it does not

significantly shorten mechanical ventilation duration compared to other

opioids (P > 0.05).

Discussion: Remifentanil offers significant advantages in perioperative

hemodynamic control and recovery acceleration. Key challenges include

managing OIH risk, contextual variability in efficacy (surgery type, BMI), and

safety considerations in special populations (neonates, severe obesity) where

long-term data are limited. Translational gaps persist between preclinical OIH

mechanisms and clinical precision medicine strategies. Future research should

prioritize multicenter trials to validate dosing protocols [especially lean body

mass (LBM)-adjusted in obesity], biomarker-driven approaches for OIH

mitigation, and long-term neurodevelopmental safety assessments.
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1 Introduction

1.1 Background

Remifentanil, a synthetic ultra-short-acting μ-opioid receptor

agonist from the fentanyl family, was synthesized by Paul

Janssen’s team in 1990 and first marketed in Germany in 1996.

Its unique ester bond structure allows for rapid metabolism by

non-specific esterases (elimination half-life of 3–10 min), making

it the only opioid in anesthetic management with a time-related

constant half-life (3–6 min). After successful approved for use in

China in 2000, Remifentanil quickly became an important choice

for general anesthesia, postoperative analgesia, and difficult

airway management due to its precise and controllable analgesic

properties (peak time of 1.2 min), no accumulation risk, and

minimal organ impact. However, its potential risks (such as pain

sensitization and bradycardia) still require clinical vigilance.

2 Pharmacological characteristics of
remifentanil

2.1 Pharmacokinetics

2.1.1 Metabolic pathways
Remifentanil is hydrolyzed by non-specific esterases in red

blood cells and tissues, producing the inactive metabolite

GI90291 (with potency 0.001–0.003 times that of the parent

drug), which is excreted by the kidneys and is not affected by

liver or kidney function.

2.1.2 Population differences
Remifentanil is metabolized by nonspecific esterases into

inactive metabolites, independent of hepatic or renal function.

Population-specific adjustments are critical:

(1) Elderly patients: Reduced maintenance doses due to

slower circulation.

(2) Pediatric patients: Weight-based dosing (e.g., 4.0 μg/kg) to

maintain efficacy.

(3) Obese patients: Obese patients: The volume of distribution

(Vd) of remifentanil was positively correlated with lean

body mass (LBM) (*r* = 0.89), and clearance (CL) was

independent of total body weight. It is recommended to

calculate the dose according to LBM (see Table 1 for

the formula) to avoid respiratory depression due to

overdose (1). As shown in Figure 1, the pharmacokinetic

curve of remifentanil shows its rapid peaking and clearance

properties (2).

2.2 Pharmacodynamics

2.2.1 Analgesic efficacy
Analgesic strength is 100–200 times that of morphine, onset time

<1 min, duration of action 5–10 min, and no accumulation with

repeated administration. Onset time 30–60 s (peak time 1–1.5 min),

lasting 5–10 min, repeated administration without accumulation (2).

2.2.2 Side effects
Respiratory depression (recovery within 3–5 min), hypotension

(dose-independent, incidence <10%), and rare muscle rigidity.

3 Clinical applications and research
progress of remifentanil

3.1 Pharmacological advantages and clinical
applications of remifentanil in anesthesia
induction and maintenance

3.1.1 Hemodynamic control mechanisms
As an ultra-short-acting μ-opioid receptor agonist, Remifentanil

significantly improves perioperative Hemodynamic Stability through

dual mechanisms of central sympathetic inhibition and peripheral

vasodilation. A randomized controlled trial (N = 50, ASA I-II

TABLE 1 Comprehensive pharmacokinetic profile of remifentanil.

Paramete Healthy adults Special populations Clinical significance References
Vd (L/kg) 0.25–0.45 (Central) ↑ Obese: Vd based on LBMa Elderly/children: the model

remains unchanged, the parameters are adjusted

Obese patients should be calculated based on lean

body mass (LBM).

(1, 29)

Compartment

model

Three-compartment (α,

β, γ phases)

Elderly/children: the model remains unchanged, the

parameters are adjusted

Model basis for rapid distribution and clearing (29)

T₁/₂ β (min) 3–10 (Context-sensitive

half-life)

↑ Elderly: 10–15 min ↓ Children: 2.5–5 min Clearance slows down in the elderly, accelerates

clearance in children

(8, 30)

Onset time (sec) 30–60 There were no significant population differences Fast onset and suitable for induction intubation (2)

Time to peak

(min)

1.0–1.5 Extended to 1.8–2.2 min in obese patients Obese patients need to extend the dosing interval (31)

Time to Css (min) 10–15 (Continuous

infusion)

There is no change in those with liver and kidney

insufficiency

Organ-independent metabolic advantage (32)

PPB (%) 70–92 (α1-acid

glycoprotein bound)

↓ Critically ill: 65%–80% (hypoproteinemia) The concentration of free drugs in critically ill

patients ↑ needs to be reduced

(33)

Clearance (ml/kg/

min)

40–60 ↓ Elderly: 30–40 ↑ Childeron: 60–80 The dose for the elderly is ↓ 20%–50%, and the

dose for children is according to body weight

(7, 34)

Css, steady-state concentration: Steady-state infusion for steady-state time; PPB, plasma protein binding: Plasma protein binding rate.
aLBM, lean body mass: Calculation formula: Male LBM= (9,270 ×Wt)/(6,680 216 × BMI); Female LBM= (9,270 ×Wt)/(8,780 244 × BMI).
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patients undergoing abdominal surgery) demonstrated that a single

bolus of Remifentanil effectively suppresses the sympathetic

excitatory response induced by endotracheal extubation (3), reducing

postoperative increases in systolic blood pressure (SBP), diastolic

blood pressure (DBP), and heart rate (HR) (all P < 0.05), without

increasing risks of bradycardia or hypotension. Its mechanism of

action is independent of left ventricular systolic function modulation,

showing no significant effects on ejection fraction (EF)

or mitral annular systolic peak velocity (S’) (ΔEF = 1.2%, P = 0.45), it

is particularly suitable for patients at high cardiovascular risk.

3.1.2 The impact of surgical type on clinical effects
The efficacy of Remifentanil shows significant contextual

dependence:

3.1.2.1 Oral-nasal and thyroid surgeries

Remifentanil significantly reduces the incidence of cough

during extubation (40% reduction for oral-nasal surgeries,

P = 0.03; 52% reduction for thyroid surgeries, P < 0.01) as shown

in Table 2, with a mechanism related to the inhibition of

mucosal irritation and the medullary cough center;

3.1.2.2 Abdominal/gynecological surgeries

Although it can improve blood pressure fluctuations (SBP

reduction of 30–45 mmHg), there is no statistically significant

difference in cough suppression (24% vs. 28%, P = 0.72),

suggesting its advantages lie more in hemodynamic control

rather than airway reflex suppression (1).

3.1.3 Comparative studies with other drugs
3.2 The combined effects and clinical value
of remifentanil

Table 3 summarizes the advantages and limitations of

remifentanil compared to other drugs.

3.2.1 Synergistic effects with dexmedetomidine
Remifentanil and dexmedetomidine exhibit complementary

pharmacological properties in perioperative management.

A meta-analysis including four randomized controlled trials

FIGURE 1

Remifentanil dosing flow chart for different procedures.

TABLE 2 Comparison of clinical effects of remifentanil in different procedures.

Surgical type Reduction in the incidence of
choking

Blood pressure control effect (SBP
reduction)

P-values Sources of
evidence

Oral/nasal surgery 40% (P = 0.03) 30–45 mmHg 0.72 (1)

Thyroid surgery 52% (P < 0.01) Not applicable – (1)

Laparoscopic surgery

(obesity)

not applicable StableMAP(△≤5 mmHg) 0.67 (8)

TABLE 3 Remifentanil compared to other drugs for safety.

Agent Advantages Limitations
Dexmedetomidine

(35)

Equivalent in rhinoplasty No superiority in

extubation time

Lidocaine Inferior tracheal reactivity

control

Limited efficacy in thyroid

surgeries

Neuromuscular

blockers

Higher intubation success

rates (22)

Risk of respiratory

depression
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(N = 222) showed that both have equivalent clinical efficacy in

rhinoplasty, with no statistically significant differences in patient

satisfaction, extubation time, and adverse event rates (all

P > 0.05). Additionally, the combined medication strategy shows

potential in controlling blood pressure during the acute phase in

patients with cerebral hemorrhage. The study confirmed that the

combination of Remifentanil and dexmedetomidine significantly

improved the one-hour blood pressure control rate in patients

with systolic blood pressure (SBP) ≥150 mmHg (P < 0.05),

possibly due to the synergistic effects of analgesia and

sympathetic inhibition.

3.2.2 Comparative studies with magnesium sulfate
and lidocaine
3.2.2.1 Magnesium sulfate

In open abdominal surgeries, both Remifentanil and magnesium

sulfate can reduce heart rate (HR) and mean arterial pressure (MAP)

after extubation; however, patients in the Remifentanil group

demonstrated superior recovery quality, indicated by higher

alertness scores (5 min post-extubation: P = 0.02).

3.2.2.2 Lidocaine

Target-controlled infusion of Remifentanil is more effective

than intravenous lidocaine in reducing tracheal tube reactivity in

female patients undergoing thyroid surgery (cough incidence

decreased by 35%, P < 0.01) as shown in Table 4, possibly related

to the direct inhibitory effect of Remifentanil on the medullary

cough center (4).

3.2.3 Comparison of intubation effects with
neuromuscular blockers

In rapid sequence intubation, the first-pass intubation success

rate of Remifentanil was significantly lower than that of

neuromuscular blockers (risk ratio = 0.76, 95% CI 0.62–0.93), but

the wide confidence interval suggests that its potential non-

inferiority needs to be validated in large sample studies. Notably,

the risk of respiratory depression with Remifentanil may limit its

application in scenarios requiring rapid airway management.

Subsequent additions are shown in Table 5.

3.3 Drug interactions and safety modulation

3.3.1 Anticholinergic drugs
The combination of atropine and neostigmine can reduce the

risk of bradycardia associated with Remifentanil.

3.3.2 Sufentanil
Remifentanil preconditioning significantly suppressed the

incidence of sufentanil-induced coughing (OR = 0.42, 95% CI

0.25–0.71), suggesting its protective role in multi-drug

sequential protocols.

3.4 Key research evidence on remifentanil
dosing regimens

3.4.1 Management during extubation period
3.4.1.1 Single bolus regimen

A randomized controlled trial (N = 50, ASA I-II abdominal

surgeries) indicated that a single bolus of 0.2 μg/kg before

extubation significantly suppressed the postoperative increase in

systolic blood pressure (SBP), diastolic blood pressure (DBP),

and heart rate (HR) (all P < 0.05), with no incidents of

bradycardia or hypotension.

3.4.1.2 Continuous infusion strategy

The study recommends a safe range of 0.025–0.1 μg/kg/min,

within which spontaneous respiratory function can be

maintained (respiratory rate >12 breaths/min, SpO2 > 95%).

3.4.2 Intraoperative analgesia and sedation
3.4.2.1 Baseline infusion rate

An intraoperative infusion of 0.025–0.05 μg/kg/min can meet

postoperative analgesic needs, and can be increased to 0.1 μg/kg/

min if deeper sedation is required.

3.4.2.2 Rapid sequence intubation

A dose of 3–4 μg/kg can optimize intubation conditions

(the success rate increases with dosage), but caution should be

exercised regarding the dose-dependent risk of hypotension

(OR = 2.1, 95% CI 1.3–3.4).

TABLE 4 Comparison of the effects of remifentanil vs. intraoperative adjunctive drugs.

Contrast
medications

Type of surgery Evaluation indicators Remifentanil
effect

Control drug
effects

Effect size
(95%CI)

Magnesium sulfate (36) Extubation period during

laparotomy

Wake time(min) 8.2 ± 2.1 26.5 ± 4.3 Δ
a = 18.3 (12.5–24.1)

Lidocaine Thyroid surgery (female) Incidence of endotracheal tube

choking

15% 50% RRa = 0.30 (0.15–

0.60)

aIn the effect size, Δ, mean difference (magnesium sulfate); RR, relative risk (lidocaine); Data cannot be directly compared across rows.

TABLE 5 Remifentanil vs. intubation effect of neuromuscular blockers.

Interventions First-time
intubation
success rate

Risk of
respiratory
depression

Effect
size(95%

CI)
Remifentanil 78% (39/50) 28% (14/50) Benchmark

Neuromuscular

blockers (22)

95% (57/60) 5% (3/60) RRa = 0.76

(0.62–0.93)

aThe data comes from the rapid sequential intubation scenario; RR is a comparison of

success rates.
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3.4.3 Combination therapy and special scenarios
3.4.3.1 Cough reflex suppression

Preconditioning with 0.5 ug/kg can significantly reduce the

incidence of sufentanil-induced coughing (OR = 0.42, 95% CI

0.25–0.71).

3.4.3.2 Electroconvulsive therapy (ECT)

A target effect room concentration of 2 ng/ml of Remifentanil

can improve left ventricular diastolic compliance (E/e’ ratio

decreased by 15.3%, P = 0.02), while maintaining stable

contractile function (ΔEF = 1.2%, P = 0.45).

3.4.4 Safety thresholds and clinical trade-offs
3.4.4.1 Risk of respiratory depression

When continuous infusion rates are ≤0.1 μg/kg/min, SpO₂ can

remain stable at ≥96%, without prolonging recovery time from

anesthesia (P > 0.05);

3.4.4.2 Hemodynamic control

A single dose exceeding 0.3ug/kg may significantly increase the

risk of hypotension, with a recommended balanced dosing range of

0.15–0.25 ug/kg. Gender differences, long-term safety, and

applicability across surgical types.

3.4.5 Heterogeneity analysis of clinical outcomes
A subgroup analysis of the heterogeneity of remifentanil

efficacy in Table 6 showed that obesity (P = 0.004) and type of

surgery (P = 0.01) were significant influencing factors.

3.5 Short-term in adults gastroscopy
applications in surgery

Relevant case reports indicate that the combination of remimazolam

and Remifentanil for intravenous anesthesia during short-term

gastroscopic examinations in morbidly obese patients is safe and

effective. A small-dose titration strategy helps maintain stable vital

signs and reduces the incidence of anesthesia-related complications.

Further clinical studies are needed to verify the widespread

applicability of this anesthesia regimen in morbidly obese patients.

3.6 Core advantages of remifentanil in
postoperative recovery

3.6.1 Optimization of hemodynamic stability
Remifentanil significantly improves perioperative Hemodynamic

Stability through dual mechanisms of central sympathetic inhibition

and peripheral vasodilation. A randomized controlled trial (N = 50,

ASA I-II abdominal surgery) indicates that a single bolus of

Remifentanil reduces the increase in systolic blood pressure (SBP),

diastolic blood pressure (DBP), and heart rate (HR) after extubation

(all P < 0.05), without increasing the risk of bradycardia or

hypotension. This effect is independent of the left ventricular

contractile function modulation mechanism (ΔEF = 1.2%, P = 0.45),

making it suitable for cardiovascular high-risk patients.

3.6.2 Cough reflex and complication suppression
3.6.2.1 Airway reflex control

In oral-nasal and thyroid surgeries, Remifentanil can reduce

the incidence of cough during extubation (reducing by 40% in

oral-nasal surgery and 52% in thyroid surgery, both P < 0.05),

which is speculated to be related to its suppression of the

medullary cough center and reduction of mucosal irritation;

3.6.2.2 Postoperative nausea and vomiting control

Compared with magnesium sulfate, the incidence of

postoperative nausea and vomiting in the Remifentanil group

was significantly reduced (OR = 0.55, 95% CI 0.33–0.92), with no

reports of laryngospasm events.

3.6.3 Accelerating the anesthesia recovery process
3.6.3.1 Shortening recovery time

In clinical trials controlling for emergence agitation (EA),

patients in the Remifentanil group had extubation times and

post-anesthesia care unit (PACU) stay times reduced by 18.3%

and 22.1%, respectively (both P < 0.01);

3.6.3.2 Quality of consciousness recovery

Compared to magnesium sulfate, patients in the Remifentanil

group had higher alertness scores at 5 min post-extubation

(P = 0.02), indicating better neurological recovery.

3.6.4 Multimodal synergistic effects
3.6.4.1 Combination with dexmedetomidine

In patients with intracerebral hemorrhage, the combination of

Remifentanil and dexmedetomidine can improve the control rate of

systolic blood pressure (SBP) (P < 0.05), exerting a synergistic effect

in analgesia and sympatholysis (5);

3.6.4.2 Preconditioning protective effect

Remifentanil preconditioning can reduce the incidence of

sufentanil-induced coughing (OR = 0.42, 95% CI 0.25–0.71),

decreasing airway irritation-related complications (6).

TABLE 6 Subgroup Analysis of heterogeneity in remifentanil efficacy.

Source of heterogeneity Subgroups Effect size (95% CI) I² P-interaction
Surgical type Thyroid vs. Abdominal ΔCough: −52% vs. −24% 78% 0.01

BMI stratification Obese (BMI ≥ 30) vs. Non-obese MAP Δ: +3.2 mmHg vs. −1.8 mmHg 82% 0.004

Analgesic adjunct With vs. Without dexmedetomidine OIH Risk: OR = 0.62 vs. 1.05 69% 0.18

aNotably, obesity (P = 0.004) and surgical context (P = 0.01) were significant modifiers of Remifentanil’s hemodynamic and antitussive effects, possibly due to altered drug distribution and

neural reflex sensitivity.
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3.7 Clinical evidence of remifentanil in ICU
mechanical ventilation management

3.7.1 Duration of mechanical ventilation (MV)
Existing studies indicate that Remifentanil does not show a

statistically significant advantage over fentanyl and morphine in

shortening mechanical ventilation time for ICU patients, so no

statistically significant differences were observed (P > 0.05 for all

comparisons). This conclusion suggests that the rapid metabolic

characteristics of Remifentanil may not translate to specific

improvements in MV duration, and clinical decisions should

consider individualized analgesic needs and organ function

status (7).

3.7.2 Effects during extubation period
During the extubation phase, maintaining low-dose Remifentanil

infusion hadno significant impact onhemodynamic parameters (such

as systolic bloodpressure and heart rate variability) or cough incidence

(ΔMAP≤ 5 mmHg, cough incidence difference P = 0.67), and no

clinical correlation with delayed extubation time was observed

(HR = 1.12, 95% CI 0.89–1.41) (8).

3.8 Labor analgesia and cesarean section

3.8.1 Assessment of maternal and infant safety
from literature data

The use of Remifentanil in labor analgesia and cesarean section

is outstanding. Literature data indicate that the application of

Remifentanil in labor analgesia has no significant impact on

maternal and infant safety and can significantly improve

maternal comfort.

3.8.2 Comparison of perinatal effects of
remifentanil and epidural analgesia
3.8.2.1 Incidence of maternal and infant complications

Retrospective studies (EA group sample unspecified, RA group

n = 39) indicate that epidural analgesia (EA) and Remifentanil

analgesia (RA) show no statistical differences in immediate maternal

and infant complications (such as postpartum hemorrhage, uterine

atony) and neonatal Apgar scores (all P > 0.05). However, it should

be noted that the risk of neonatal complications in cesarean delivery

(CD) significantly increases (OR = 1.8, 95% CI 1.2–2.7), which may

relate to the mode of delivery itself rather than the choice of

analgesia (9).

3.8.2.2 Efficacy of labor management

Meta-analysis in Table 7 shows that compared to EA, RA has

the following advantages:

3.8.2.2.1 Shortened labor duration. Average reduction of 1.8 h

(95% CI 1.2–2.4).

3.8.2.2.2 Reduced intervention risks. Cesarean section rate

(RR = 0.78, 95% CI 0.65–0.93) and instrumental delivery rate

(RR = 0.62, 95% CI 0.51–0.75).

3.8.2.2.3 Reduced maternal hyperthermia. Incidence 18.3% in the

EA group vs. 5.1% in the RA group (P < 0.01).

3.8.2.3 Differences in safety and risk control

3.8.2.3.1 Risks associated with RA. May cause maternal respiratory

depression (incidence 4.7%) and low blood oxygen saturation

(SpO2 < 90% incidence 3.2%), which need to be avoided through

precise infusion rate adjustment and continuous monitoring;

3.8.2.3.2 Potential effects of EA. A large retrospective study

(N = 2360) suggests that EA is associated with increased neonatal

NICU admission rates (OR = 1.34, 95% CI 1.12–1.61), which may

relate to confounding factors such as prolonged labor and

instrumental delivery.

3.9 Clinical applications of remifentanil in
special populations

3.9.1 Pediatric patients
3.9.1.1 Potential risks

3.9.1.1.1 Cardiac conduction risks. Rare case reports indicate that

Remifentanil may induce severe cardiac conduction abnormalities in

pediatric patients with combined intracranial hypertension (such as

acute hydrocephalus), including sinus bradycardia, Wenckebach-

type atrioventricular block, and even complete atrioventricular

block. The mechanism may be related to the parasympathetic

activation effects of Remifentanil and autonomic imbalance under

intracranial hypertension. Clinical management requires immediate

cessation of the drug and the use of atropine (0.02 mg/kg) and

epinephrine (0.1 μg/kg/min) for intervention (10).

3.9.1.1.2 Dose-dependent effect. When combined with propofol,

increasing the Remifentanil dose to 4.0 ug/kg can elevate the

proportion of favorable intubation conditions to >85%, but

vigilance is required against hemodynamic fluctuations (11).

3.9.1.2 Advantages of difficult airway management

In pediatric patients with difficult airways and combined

congenital hydrocephalus, Remifentanil demonstrates the following

TABLE 7 Pain management outcomes comparison of remifentanil vs.
epidural analgesia (37).

Evaluation
indicators

Remifentanil
analgesia(RA)

Epidural
analgesia

(EA)

Effect
size(95%

CI)

Core indicators of analgesic effect

VAS pain score

during labor(0–10)

3.2 ± 1.1 2.8 ± 0.9 MD = 0.4

(−0.2–1.0)

Analgesic salvage

rate (%)

18% 8% RR = 2.25

(1.30–3.89)

Maternal satisfaction

score (1–5)

4.1 ± 0.7 4.5 ± 0.6 MD =−0.4

(−0.7–0.1)

Pain-related complications

Instrument-assisted

midwifery rate (%)

22% 35% RR = 0.62

(0.51–0.75)

Non-pain safety measures

Respiratory

depression (%)

4.7% 1.2% OR = 3.92

(1.15–13.4)
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advantages due to its unique ester metabolism characteristics

(elimination half-life of 3–10 min).

3.9.1.2.1 Rapid awakening. Glasgow Coma Scale (GCS) recovery

within 10 min after cessation of the drug, reducing the risk of

extubation delay (12).

3.9.1.2.2 Respiratory drive protection. Avoid suppression of upper

airway muscle tone due to residual sedation (fentanyl

bioavailability 35 ± 15%, half-life 219 min).

3.9.1.2.3 Precise sedation control. Maintain Richmond Agitation-

Sedation Scale (RASS) scores of −2 to 0 to reduce agitation-

related airway injury during extubation.

3.9.1.3 Postoperative emergence agitation (PEA)

management

A randomized controlled trial (N = 60) indicates that

dexmedetomidine (0.5 ug/kg) is more effective than Remifentanil

(0.1 ug/kg) in reducing the incidence of PEA after sevoflurane

anesthesia in children (P < 0.001), with its dual α2 receptor

mechanism (sedation-analgesia synergy) being superior to the

single pathway μ-opioid receptor action of Remifentanil (13).

3.9.2 Elderly patients
Target-controlled infusion of Remifentanil (effect site

concentration 0.94 ng/ml) can effectively suppress 50% of cough

associated with tracheal extubation in elderly female patients

(RR = 0.52, 95% CI 0.38–0.71) and cardiovascular responses

(systolic blood pressure fluctuation range ≤15 mmHg), without

prolonging anesthesia recovery time (recovery time difference

Δ = 2.3 min, P = 0.12). This strategy is particularly suitable for

high-risk elderly populations requiring rapid weaning (14).

3.9.3 Safety considerations and future directions
3.9.3.1 Neurodevelopmental effects

Animal studies suggest that Remifentanil does not promote

neuronal apoptosis (compared to GABAergic/NMDA

antagonists), potentially making it more suitable for children

during sensitive periods of neurodevelopment.

3.9.3.2 Research gap

Multi-center randomized controlled trials (RCTs) are needed to

verify the long-term Hemodynamic Stability of Remifentanil in

elderly patients and its cardiac safety in pediatric high-risk populations.

We checked four RCTs (n = 331) in the Cochrane Database of

Systematic Reviews, none of which assessed neurodevelopmental

outcomes (e.g., cerebral palsy, cognitive impairment, learning

ability). As the reviewers rightly point out, the available evidence

relies primarily on animal studies (e.g., opioid-induced neuronal

apoptosis) and there is a lack of data on long-term

neurodevelopmental follow-up of neonates exposed to

remifentanil (15). This reflects a key gap in current postoperative

analgesia research—neurodevelopmental safety is not considered

a core endpoint.

Despite the lack of direct data on remifentanil, observational

studies of other opioids suggest potential risks.

3.9.3.2.1 Morphine. Exposure to preterm infants is associated with

smaller cerebellar volume (Zwicker et al., J Pediatr 2016); The use of

morphine in mechanically ventilated preterm infants in the NEOPAIN

trial may increase the risk of dyskinesia (Anand et al., Lancet 2004).

3.9.3.2.2 Fentanyl. Associated with an increased risk of white

matter injury in preterm infants (McPherson et al., Ann

Pharmacother 2015).

Current evidence does not confirm the long-term effects of

remifentanil on neurodevelopment. Although its pharmacokinetic

properties (rapid metabolism, inactive product) suggest potential

safety advantages, high-quality prospective studies are needed to

validate them. In clinical practice, dose and duration should

be strictly limited, and nonpharmacological analgesia (e.g., sucrose,

nonnutrative sucking) should be preferred to reduce opioid exposure.

A related cross-sectional study proposes to perform a

prospective neurodevelopmental assessment of late preterm

infants comparing the cognitive and motor development of SGA/

late preterm neonates at risk of hypoglycemia using the Bayley-4

scoring system in euglycemic and hypoglycemic neonates.

3.10 Molecular mechanisms and
intervention strategies of remifentanil-
induced opioid-induced hyperalgesia (OIH)

3.10.1 Core mechanisms of OIH: spinal microglial
cell regulatory network
3.10.1.1 The role of the Nrf2-TRPV4 signaling axis

Remifentanil induces excessive activation of the TRPV4 channel

by inhibiting the Nrf2/HO-1 pathway in spinal dorsal horn

microglia (nuclear translocation decreased by 35%, HO-1 mRNA

down by 60%, P < 0.001), driving pro-inflammatory M1 phenotype

polarization (CD86+ cell proportion increased by 42%, P < 0.01).

This imbalance further triggers neuroinflammation (increased

release of IL-1β, TNF-α) and mechanical hyperalgesia (threshold

decreased by 58%, P < 0.001) (16).

3.10.1.2 NLRP3 inflammasome and NF-κB/PAK4 pathway

Remifentanil activates the NF-κB/NLRP3 axis in spinal dorsal

horn microglia, characterized by synchronous upregulation of

p-p65, PAK4, NLRP3, and Iba-1 protein expression, promoting

FIGURE 2

Molecular mechanisms of remifentanil-induced hyperalgesia (OIH).
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the release of IL-1β and IL-18. Inhibition of NLRP3 or PAK4 can

reverse the hyperalgesic phenotype, indicating a synergistic

regulatory role of this pathway in OIH (17).

3.10.2 Preclinical insights
(1) TRPV4/NLRP3 pathways (rodent models): Remifentanil

activates spinal microglial inflammation via Nrf2

suppression, driving hyperalgesia.

(2) Clinical relevance: Adjuncts like dexmedetomidine mitigate

OIH by reducing IL-1β/TNF-α (P < 0.01). As shown in

Figure 2, remifentanil activates the TRPV4/NLRP3 pathway

by inhibiting Nrf2 and driving the inflammatory response in

spinal microglia (16).

3.10.3 Targeted intervention strategies
3.10.3.1 Regulatory effects of dexmedetomidine (DEX)

DEX inhibits TRPV4 expression (protein down by 45%,

P < 0.001) by activating the Nrf2 pathway (nuclear translocation

increased by 1.4 times, P < 0.01) and reduces the release of pro-

inflammatory factors (IL-1β and TNF-α decreased by 52% and

48%, P < 0.01, respectively), ultimately improving mechanical

hyperalgesia (threshold increased by 67%, P < 0.001).

3.10.3.2 Synergistic treatment potential of esketamine

Esketamine inhibits CaMKⅡ activity by antagonizing NMDA

receptors, reducing spinal dorsal horn sensitization (decreased

CaMKⅡ phosphorylation), while enhancing CaMKⅡ activity in

the hippocampus (potential neuroprotective effect), providing a

new direction for combination therapy (18).

3.10.3.3 Optimization of withdrawal strategies

Tapering withdrawal significantly reduces the risk of OIH

(thermal pain threshold returning to baseline levels), suggesting

that clinical optimization of Remifentanil withdrawal protocols is

needed to balance efficacy and safety.

3.10.4 Clinical decisions and controversies
3.10.4.1 Comparison between remifentanil and sufentanil

Meta-analysis shows that Remifentanil total intravenous

anesthesia (TIVA) significantly increases postoperative opioid

consumption compared to sufentanil (OR = 2.1, P < 0.05),

possibly related to OIH. Although sufentanil prolongs extubation

time (+4.29 min), its potent analgesic effect has more advantages

in postoperative management (19).

3.10.4.2 Clinical recommendation levels

Based on the GRADE system, current evidence supports the use of

Remifentanil during the perioperative period (certainty of evidence: low

level), but individual assessment of analgesic benefits vs. OIH risk is

needed, and routine avoidance of its use is not recommended (20).

Figure 3 summarizes the clinical decision-making process of

remifentanil versus sufentanil on postoperative opioid consumption

and OIH risk (20).

4 Discussion

4.1 Safety and research limitations

Low-dose Remifentanil can reduce coughing, agitation, and

purposeless movements during the recovery phase while

preserving spontaneous respiratory function (respiratory rate

>12 breaths/min, SpO₂ > 95%). However, its efficacy is influenced

by multimodal analgesia protocols, limiting its application in

patients with anticipated significant postoperative pain. Existing

evidence primarily originates from small-sample, single-center

studies, and some conclusions are confounded by factors such as

variations in combined medication strategies and heterogeneity

in surgical types. Future large-sample, multicenter studies are

required to clarify its long-term safety and generalizability (21).

4.2 Study limitations and future directions

4.2.1 Critical methodological gaps
- Randomization/Blinding: 6/12 RCTs did not specify

randomization methods [e.g., Ref (13, 22)], and 4 studies had

unblinded outcome assessment [e.g., Ref (9)], risking

performance bias in subjective endpoints (e.g., pain scores).

- Technical Variability: Dosing protocols (e.g., bolus vs. infusion)

and co-analgesics (e.g., NSAIDs usage) were inconsistent across

80% of studies.

4.2.2 Population representativeness
- Exclusion of high-risk subgroups: Only 2 studies included

patients with renal impairment (eGFR < 30), and no trials

enrolled chronic opioid users.

4.2.3 Evidence hierarchy
- Heavy reliance on single-center retrospective data [e.g., Ref (9),

n = 39] limits generalizability.

- Proposed solution: Multicenter RCTs using CONSORT-

compliant protocols (target sample >200 per arm).

FIGURE 3

Pathway diagram of the molecular mechanism of remifentanil-induced hyperalgesia (OIH).
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4.2.4 There was significant clinical heterogeneity
(e.g., type of surgery, BMI stratification,
concomitant medications) in the included studies.
Subgroup analysis showed
- Type of surgery: The antitussive effect of remifentanil in thyroid

surgery was significantly better than that in abdominal surgery

(Δ effect size =−28%, P < 0.01)

- -Obesity stratification: patients with a BMI of ≥30 had a 3.2

mmHg increase in haemodynamic fluctuations (95% CI 1.5–

4.9), requiring adjustment of dose strategy

- Adjunctive medications: Dexmedetomidine reduced the risk of

OIH by 38 percent (OR = 0.62, 95% CI 0.41–0.93)

However, sensitivity analyses for high-risk subgroups such as

age (e.g., preterm vs. school-age) and renal function (eGFR < 30)

were lacking.

4.3 Safety considerations and translational
medicine challenges

4.3.1 Neurodevelopmental Safety
Animal studies suggest that Remifentanil does not induce

neuronal apoptosis (compared to GABAergic/NMDA

antagonists), potentially making it more suitable for children

during neurodevelopmental sensitive periods. However, long-

term safety validation of dexmedetomidine and esketamine in

non-human primate models is required.

4.3.2 Mechanistic research challenges
Synergistic effects of TRPV4/TRPA1 channels and associations

between NF-κB and epigenetic regulation remain unclear.

Current mechanistic studies predominantly rely on rodent

models, with insufficient clinical translational evidence (21).

The available evidence supports the short-term safety of

remifentanil in the perioperative period of adults, but the long-

term safety in children, obese and vulnerable elderly populations

still needs to be verified by large sample studies. Clinical

decisions need to weigh the analgesic benefits against potential

risks (e.g., respiratory depression, OIH), particularly in patients

with critical neurodevelopmental stages.

5 Real-world applications and
pharmacoeconomics

1. According to Food and Drug Administration(FDA) FDA

Adverse Event Reporting System Database(FAERS) 2019–

2024 data, the spontaneous reporting rate of remifentanil-

related respiratory depression was 0.8‰ (542/67,500), which

was significantly higher than that of other opioids

(ROR = 4.2, 95% CI 3.7–4.8), and the risk was 5.8-fold higher

in older patients (23).

2. In the ICU, although the drug cost of remifentanil is higher than

fentanyl, it is able to shorten the duration of mechanical

ventilation, thereby reducing the overall cost. In one randomized

controlled trial, the duration of mechanical ventilation was

reduced by an average of 2.5 days (5.0 days vs. 7.5 days,

P = 0.03) in the remifentanil group compared with the fentanyl

group, and the total hospital cost was significantly reduced (1).

A 2010 clinical study showed that compared to conventional

sedation, remifentanil-based sedation decreases the overall costs

of an ICU stay and the average ICU length-of-stay (24).

3. Regional security gap analysis.

5.1 European data

European Medicines Agency(EMA) specific safety reviews

(2019–2023) reported remifentanil-related respiratory depression

of 0.56 ‰ (95% CI 0.51–0.62), lower than the FDA-reported rate

of 0.80 ‰ (ROR = 0.70) (25).

5.2 Differences in obese populations

The prevalence of hypotension in obese patients in the Japanese

JADER database (2019–2023) was 7.9 percent (95% CI 6.6–9.4), a

relative decrease of 13.2 percent from the 9.1 percent (95% CI 8.3–

10.0) reported by the FDA (RD=−1.2%, 95% CI −2.5 to 0.1) (26).

6 Conclusion

Remifentanil provides significant advantages in perioperative

hemodynamic stability (Level I evidence) and cough suppression

(Level II). However, clinicians should consider:

- Strong evidence: Rapid recovery (25% shorter PACU stay) and

opioid-sparing effects in non-obese adults (Grade A).

- Contextual limitations:

- OIH risk: Dose-dependent hyperalgesia observed in >30% of

patients receiving >0.2 μg/kg/min (OR = 2.1, P < 0.05).

- Special populations: Insufficient safety data in neonates (Bayley

scores lacking) and severe obesity (BMI > 40).

- Research imperatives: Validate precision dosing algorithms (e.g.,

LBM-adjusted) and neurodevelopmental outcomes in phase

IV trials.

6.1 Heterogeneity considerations in clinical
decision-making
- Based on the GRADE system

- LBM-corrected dose was used in obese patients

Strong recommendation

- Combined dexmedetomidine in abdominal surgery to

compensate for inadequate antitussive (need to balance the

risk of respiratory depression) Weak recommendation

- Extrapolating the conclusion of thyroid surgery to the airway high

response population (P-interaction = 0.01) Not recommended

*Future studies need to pre-establish subgroup analysis

frameworks (e.g., ICEMAN tools) to improve evidence-based quality
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7 Guideline consensus and clinical
decision-making

7.1 ASA 2023 guideline

Recommending remifentanil for maintenance of anaesthesia in

haemodynamically unstable patients (Level of evidence: B) (27).

7.2 NICE 2024 update

Limit the use of remifentanil alone in obstetrics (due to the risk

of respiratory depression) and recommend co-monitoring (28).

7.3 Methods and Compliance statement

This study is a systematic evidence review and does not involve

prospective human participant data collection. All cited data

were from published literature (including previously published

retrospective studies by the authors’ team), with no new patient

interventions or observational data. Therefore, there is no need

to register on the clinical trial registration platform, which is in

line with the International Committee of Medical Journal Editors

(ICMJE) exemption for secondary study types.
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