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Abstract \
Recent literature suggests that the withdrawal of remifentanil (RF) infusion can be associated with hyperalgesia in clinical and
nonclinical settings. We performed a systematic review and a meta-analysis of randomized controlled trials with cross-over design,
to assess the effect of discontinuing RF infusion on pain intensity and areas of hyperalgesia and allodynia in healthy volunteers. Nine
studies were included. The intervention treatment consisted in RF infusion that was compared with placebo (saline solution). The
primary outcome was pain intensity assessment at 30 = 15 minutes after RF or placebo discontinuation, assessed by any pain scale
and using any quantitative sensory testing. Moreover, postwithdrawal pain scores were compared with baseline scores in each
treatment. Secondary outcomes included the areas (% of basal values) of hyperalgesia and allodynia. Subjects during RF treatment
reported higher pain scores after discontinuation than during treatment with placebo [standardized mean difference (SMD): 0.50,
95% confidence interval (Cl): 0.03-0.97; P = 0.04, I = 71%]. A significant decrease in pain scores, compared with baseline values,
was found in the placebo treatment (SMD: —0.87, 95% Cl: —1.61 to —0.13; P = 0.02, [° = 87%), but not in the RF treatment (SMD:
—0.28,95% Cl: —1.1810 0.62; P = 0.54, > = 91%). The area of hyperalgesia was larger after RF withdrawal (SMD: 0.55; 95% Cl:
0.27-0.84; P = 0.001; I = 0%). The area of allodynia did not vary between treatments. These findings suggest that the withdrawal of
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RF induces a mild but nonclinically relevant degree of hyperalgesia in HVs, likely linked to a reduced pain threshold.
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1. Introduction

Remifentanil (RF) is a widely used short-acting opioid agonist
because of its pharmacodynamic and pharmacokinetic proper-
ties."2® The lack of accumulation with prolonged infusions provides
hemodynamic stability during surgery and a low risk of respiratory
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depression and/or delayed awakening after withdrawal.# However,

intraoperative RF use may be limited by the occurrence of opioid-
induced hyperalgesia (OIH).2%4:52 To the best of our knowledge,
4 meta-analyses of randomized control trials (RCTs) have been
conducted in surgical settings.2'??3%%" |n the meta-analysis by
Fletcher and Martinez,2! the authors concluded that administering
high doses of RF during surgery is associated with a clinically small
but statistically significant increase in pain perception. The other
meta-analyses explored the effectiveness of NMDA receptor
antagonists or ketamine in reducing pain intensity scores and
morphine consumption after RF-based general anesthesia.?3°"
Two studies showed that ketamine significantly reduced post-
operative pain and total morphine consumption,?>® whereas
another study did not reveal significant evidence that NMDA
antagonists prevented RF-induced hyperalgesia.®' However, it has
been recently emphasized that, in clinical settings, OIH assessment
is challenging, due to the lack of standardized approaches to its
diagnosis. Therefore, the incidence and prevalence of OIH remain
unclear and may indeed be low.® Although studies in healthy
volunteers (HVs) do not mirror clinical pain, especially when artificial
stimuli are used, they allow for consistently measuring the areas of
hyperalgesia and allodynia. Therefore, in this study, we sought to
determine whether there is evidence supporting the occurrence of
OIH after RF withdrawal in HVs, considering that pain assessment
and hyperalgesia in human experimental models outside the surgical
setting have not been systematically investigated yet.

The primary aim of this study was to evaluate the impact of RF
infusion withdrawal on increasing pain intensity, assessed through
any scale (eg, Numerical Rating Scale and Visual Analogue Scale)
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using quantitative sensory testing (QST) modality (eg, electrical and
thermal) in HVs. The magnitude of hyperalgesia was quantified by
calculating the average difference in postinfusion pain scores
between RF and placebo treatments. The secondary aims were to
evaluate whether the withdrawal of RF infusion could expand the
areas of hyperalgesia and allodynia compared with placebo.

2. Methods
2.1. Search strategy

This systematic review and the meta-analysis were performed in
accordance with a registered protocol on PROSPERO (ID:
CRD42022345693) and reported following the Preferred Report-
ing ltems for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines.®” The Cochrane Central Library, PubMed/MEDLINE,
Embase, and Scopus were searched up to January 27, 2023
(Fig. 1). Supplementary retrieval of additional studies and
upcoming trials was also performed in Google Scholar and
ClinicalTrials.gov, respectively. The search strategy, which also
included MeSH terms, was based on the following search
components: “remifentanil” and “hyperalgesia” [refer to search
strategy details in Appendix 1 in the Online Supplementary
Content (OSC), available at http://links.lww.com/PAIN/B959]. In
addition, reference lists from eligible trials and related reviews
were searched for additional citations that met our inclusion
criteria. Studies published from the date of database inception to
the last update were sought. Neither date nor language
restrictions were applied. As detailed in the registered protocol,
by the time of submission, the following stages had already been
accomplished according to PROSPERO policy: preliminary
searches, piloting of the study selection process, and formal
screening of search results against eligibility criteria.

2.2. Study selection

All randomized controlled trials (RCTs), with cross-over design,
comparing pain intensity after withdrawal of RF vs placebo infusion in
HVs were considered eligible for inclusion in the systematic review
and meta-analysis. In a randomized cross-over trial, each participant
undergoes all treatments, serving as their own control. Washout
periods between different treatments are planned to avoid a carryover
effect. The “randomized” term, in the context of cross-over studies,
refers to the randomly assigned order of treatments for each
participant, mitigating potential biases. We excluded studies that did
not compare RF vs placebo (control); studies that examined the
effects of RF combined with other drugs; and studies on the pediatric
population, review articles, observational studies, editorials or letters,
comments, case reports/case series, and preclinical studies (both in
vivo and in vitro). Titles or abstracts of studies retrieved using the
search strategy and those from additional sources were screened
independently by 2 reviewers (C.D.R. and V.D.F.) to identify those
studies that could potentially meet the inclusion criteria. The full texts
of potentially eligible studies were then retrieved and independently
assessed for eligibility by 2 review team members (C.D.R. and V.D.F.).
Any disagreement between them over the eligibility of specific studies
was resolved by discussion, with the involvement of a third review
author (P.A. or F.R.) when necessary.

2.3. Data extraction and quality assessment

A standardized form was used to extract data from the included
studies. The following data were extracted for each study:
bibliographic details such as author and year of publication, as
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well as data on specific study characteristics such as the first
author, year of publication, country, study design, sample size (n),
age (years), weight (kg), height (cm), male sex (n,%), RF infusion
description, QST modality, type of scale used for pain assess-
ment, primary outcome, and secondary outcomes ( Tables 1
and 2).

Two review authors (C.D.R. and V.D.F.) independently
extracted data. Discrepancies were identified and resolved
through discussion, involving a third author when necessary.
Original investigators were contacted to request missing data, if
necessary. If the authors did not reply, one additional request was
sent. Back calculation of the necessary data was allowed and
performed using Plot Digitizer (https://plotdigitizer.source-
forge.net).

Quality assessment of the included studies was performed
using Version 2 of the Cochrane risk-of-bias tool for randomized
trials (RoB 2).** The certainty of evidence (Grading of Recom-
mendations, Assessment, Development, and Evaluations
[GRADE]) was conducted by 2 authors independently (C.D.R.
and V.D.F.). Several domains, namely, the risk of bias, in-
consistency, imprecision, indirectness, and publication bias,
were assessed for all included outcomes. Any conflicts were
discussed with a third author (P.A. or F.R.).

2.4. Preplanned group analysis and sensitivity analyses

Studies using low and intermediate doses of RF infusion and
studies using electrical stimulation were analysed separately.
Sensitivity analyses were performed to evaluate the possible
confounding effect of sex and duration of infusion greater than 30
minutes. An additional sensitivity analysis was performed for
studies using controlled infusion (Cl) vs target-controlled in-
fusion (TCI).

2.5. Data synthesis and meta-analysis

We compared the pain intensity (primary outcome) assessed by
any pain scale, eg, Numerical Rating Scale (NRS) and Visual
Analogue Scale (VAS), at 30 = 15 minutes after discontinuation
of the infusion between RF and placebo treatments. If more than
one dose was used in the same study, we considered the higher
one. To quantify the magnitude of the RF-induced analgesic
hypersensitivity effect, the primary outcome was also described
by comparing postwithdrawal vs baseline pain scores in each
treatment (placebo and RF). For these analyses, we used
standardized mean difference (SMD) instead of weighted
average to further describe the primary outcome by comparing
postwithdrawal vs basal pain scores in the single treatments
(placebo and RF) to adjust values for baseline differences
(please refer to the postprotocol change in the updated version
at Prospero Website). The SMD expresses the intervention
effect in standard units rather than the original units of
measurement. In this study, the SMD allowed us to combine
results from studies that used different pain scales, ensuring a
more comprehensive analysis. However, as overall SMD
depends on both effect size and standard deviation of the
outcomes, its reading is difficult to interpret. Normally, an
SMD < 0.4 indicates small effect size, an SMD 0.4 to 0.7
represents a moderate effect size, and an SMD > 0.7 means
large effect size. On the other hand, calculation of weighted (on
n participants) average of pain scores would have provided
separate estimates for each treatment at the 2 time points.
Despite being easier to interpret, this method only gives a rough
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indication of the effect size, does not take into account the
spread of data, and needs data conversion.

We compared the areas of hyperalgesia and allodynia
(expressed as % of basal value) between the 2 treatments
(secondary outcomes). Standardized mean differences with the
associated 95% confidence interval (Cl) were calculated. Data
were combined using a random-effect model with the Mantel
Haenszel method. Heterogeneity was described as the I? test.
Data were analysed using Review Manager software (RevMan
Version 5.4; the Nordic Cochrane Centre, Copenhagen: the
Cochrane Collaboration, 2020) and STATA 16.1 (StataCorp.
2019. Stata Statistical Software: Release 16. College Station, TX:
StataCorp LLC).

Publication bias was measured by funnel plots if enough
studies (at least 10) were available, as test power is usually too low
to distinguish chance from real asymmetry.®” The level of
significance was set at P = 0.05.

3. Results
3.1. Studies selection

Based on the initial search results, 996 titles and abstracts were
examined after duplicate removal (Fig. 1). As detailed in the figure,
948 reports were rejected because they did not meet the
inclusion criteria or were irrelevant to our study focus. Thirty-nine
of the remaining 48 full-text articles assessed for eligibility did not
meet the inclusion criteria, and 2 were duplicates. Checking
reference lists of identified articles and documents did not
produce any additional results. Consequently, 9 studies were
included in the systematic review and were used for the
quantitative analysis.

3.2. Study characteristics

The main characteristics of the studies are shown in Table 1. The
studies selected for the systematic review (n = 9) involved 122
participants and were conducted with a randomized, double-
blind, and placebo-controlled design. The mean age was
30.2 + 1.82 (SD) years, and the total number of female patients
was 8, representing 6.6% of the population. Pain intensity was
evaluated on healthy skin in 2 studies, whereas it was performed
at 30 minutes after RF discontinuation in 7 studies (Table 2).
Table 2 provides a summary of the data extracted from the
selected studies. Pain intensity was evaluated using NRS (0-10) in
6 studies, whereas 3 studies used VAS ranging between 0 and
100 mm or O to 10 cm.

3.3. Primary outcome

Remifentanil withdrawal produced significantly higher pain scores
than placebo discontinuation (SMD: 0.50, 95% ClI: 0.03-0.97;
P = 0.04, > = 71%) (Fig. 2A). Pre—post analyses revealed a
significant decrease in pain scores only in the placebo treatment
(SMD: —0.87, 95% Cl: —1.61 to —0.13; P = 0.02, I> = 87%)
(Fig. 2B), whereas no significant changes were detected in the RF
treatment (SMD: —0.28, 95% ClI: —1.18 to 0.62; P = 0.54,
1> = 91%) (Fig. 2C).

3.4. Secondary outcomes

The area of hyperalgesia (expressed as % of basal value) was
more extended after RF compared with placebo withdrawal
(SMD: 0.55; 95% Cl: 0.27-0.84; P = 0.001; 12 = 0%) (Fig. 2D).

PAIN®

The area of allodynia (expressed as % of basal value) did not
change between the RF and control treatments (SMD: 0.33; 95%
Cl: —0.2110 0.88; P = 0.23; 12 = 7.5%) (Fig. 2E).

3.4.1. Subgroup analyses (primary outcome)

Pain intensity reduction did not persist as significant when studies
were separated into those using low RF (=0.1 pg/kg/min) and
intermediate (>0.1 pg/kg/min) doses (see OSC, Appendix 2,
Figures |, I, available at http://links.lww.com/PAIN/B959).

The subgroup analysis, including only studies on electrical
stimulation, confirmed a significant increase in pain intensity after
RF discontinuation (SMD: 0.79, 95% Cl: 0.21-1.38; P = 0.008,
1> = 63%) (OSC, Appendix 2, Figures lll, available at http://links.
ww.com/PAIN/B959). Conversely, the analysis considering
studies on nonelectrical stimulations (heat pain test and cold
pain test) showed no significant results (see OSC, Appendix 2,
Figures IV, V, available at http://links.lww.com/PAIN/B959).

3.4.2. Subgroup analyses (secondary outcomes)

The increase of hyperalgesia area persisted even if studies were
distinguished in low (SMD: 0.42, 95% CI: 0.07-0.76; P = 0.02,
1> = 0%) and intermediate RF doses (SMD: 0.94, 95% Cl: 0.30-
1.57; P = 0.004, I = 13%) (see OSC, Appendix 3, Figures VI, VII,
available at http://links.lww.com/PAIN/B959).

An insufficient number of studies were available to perform
subgroup analyses for allodynia.

3.5 Sensitivity analyses on primary outcome

Sensitivity analysis including only studies performed with TCI
showed a significant increase in pain intensity after RF withdrawal
with no heterogeneity (SMD: 0.61, 95% Cl: 0.16-1.05; P = 0.007,
> = 0%). On the contrary, the analysis including studies
performed without TCI did not show any significant result (see
OSC, Appendix 4, Figures VI, X, available at http://links.lww.
com/PAIN/B959).

The sensitivity analysis on sex differences was not performed
as the percentage of male subjects was too high (93.4%).

Sensitivity analysis including studies in which the duration of RF
infusion was 30 minutes confirmed the greater pain intensity after
RF withdrawal with a similar heterogeneity (SMD: 0.76, 95% Cl:
0.23-1.29; P = 0.005, 1> = 66%). Meanwhile, the analysis
including studies with RF infusion duration >30 minutes was not
significant (see OSC, Appendix 4, Figures X, Xl, available at http://
links.lww.com/PAIN/B959).

3.6. Risk of bias and Grading of Recommendations,
Assessment, Development, and Evaluations assessment

The assessment of the methodological quality of included studies
is reported in Figure 3 (and in OSC, Appendix 5, available at
http://links.lww.com/PAIN/B959). The overall risk for many
studies was in the middle category, labeled as “some concerns.”
The concerns were typically related to the randomization
process® 72981384347 gnq the selection of the reported
results.817:2988:47 |l studies were double blind, except one® in
which it was specifically stated that only the participants were
blinded. However, most studies did not detail the blinding
process leading to the risk of functional unblinding due to saline
solution control. Regarding the primary outcome, 4 stud-
ies® 161743 showed an overall high risk of bias, due to the

ies
randomization process, '® selection of reported results,® 1542 or
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c
.© Records identified through database
w® searching Duplicates among PubMed/Medline
:f*_, n=1671 —> and the other databases:
'*E' (PubMed/Medline: n = 290 n =675
% CENTRAL: n = 247
= Scopus: n =540
EMBASE: n = 594)
Records excluded or abstract irrelevant
Records screened for titles and abstract
20 after removing duplicates n =948
‘c n =996 (n=9 meta-analyses; n=278 reviews; n=15
8 —> case reports; n=47 conf papers; n=23
S (PubMed/Medline: n = 290 comments; n=2 erratum; n=45 editorials,
(2} CENTRAL: n =115 n=51 letters, n=2 Expert opinion, n=2
Scopus: n = 302 guidelines, n=134 preclinical studies in vivo
EMBASE: n = 289) or in vitro; n=337 surgical settings; n=1
chronic pain; n=1 methadone users; n=1
severe burn)
)
Full-text articles assessed for eligibility Full-text articles excluded
2 n=48 n=39
o) PubMed/Medline (n = 27 full articles) —> (n=18 lack of data of interest; n=6 lack of
=) CENTRAL (n=12 full articles) placebo; n=5 RF in association with other
w Scopus (n=2 full articles) drugs; n=1 no cross-over design; n=1 no RF
EMBASE (n=2 full articles; n=5 testing; n=1 Duplicate of the same cohort of
conference papers) patients; n=2 Duplicates; n=5 conference
papers)
—

n = 9 full articles included

=
el
7
=)
v}
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Figure 1. PRISMA flow diagram of the study selection process. PRISMA, Preferred Reporting ltems for Systematic Reviews and Meta-Analyses.

deviation from the intended interventions'” (Fig. 3, and OSC,
Appendix 5, available at http://links.lww.com/PAIN/B959). All
trials had alow risk of bias for bias arising from the washout period
and subsequent carry over effect, missing data, and outcome
measurement (Fig. 3). It was uncommon that the participants did
not adhere to the assigned treatment. Only in one study, 3 HVs
were excluded from the analysis for side effects, data error, and
compliance problems."” In one study,'® some of the details of
randomization or random sequence generation and allocation
concealment were unclear. Last, tests for the funnel plot
asymmetry were not used as fewer than 10 studies were included
in the meta-analysis. The certainty of evidence ranged from
moderate to low (Fig. 4).

4. Discussion

This was the first systematic review, based on 9 RCTs with cross-
over design (all published from 2001 onwards) including 122 HVs,
aimed at investigating the occurrence of OIH after RF withdrawal in

a nonclinical setting. This evidence-based review revealed that,
even if RF withdrawal was associated with higher absolute pain
scores, No changes were detected compared with baseline values.
Interestingly, when analysed separately, we found reduced pain
scores in the placebo treatment after withdrawal—compared with
baseline—whereas this effect did not occur in the RF treatment. To
interpret the findings of pre—post analyses, we should consider that
SMDs for postwithdrawal pain intensity suggested small differences
between treatments to an extent of being considered insignificant if
applied to any clinical setting and research arena. These
considerations arise from a previous analysis of the clinical
significance of differences in pain intensity. Indeed, for patients
with moderate pain, a decrease of 1.3 units for NRS corresponds to
a minimal improvement and a meaningful change in pain intensity
rises as the severity of baseline pain increases.'® Reduction of pain
scores in the placebo treatment was mainly observed in studies that
used intradermal electrical stimulation.®2%3"4347 |n this human
experimental model of pain, the electrical stimulation promotes the
activation of a mechano-insensitive class of C no-ciceptors, which
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Main characteristics of the studies selected for the metanalysis, including study design, experimental model, and patients’
demographics.

First author Country Study Control Remifentanili  Human Mean Subjects, Males, Mean age, Mean Mean
(year of (ethics design group  group experimental current, n n (%) years = SD weight, height,
publication) committee (duration of  pain model mA = SD kg = SD cm = SD
approval) i.v. infusion
and dose)
Petersen  USA Randomized Saline 40 min: Long thermal None 14* 9 (64.3) 34 (range, NR NR
(2001) Cross-over 5minat0.05  stimulation 22-56)
Double-blind wg/kg/ (LTS, healthy
min + 35 min  skin)/heat-
at 0.10 wg/kg/  capsaicin
min sensitization
model
Angst Germany Randomized Saline 90 minat 0.1  Heat paintest 50 = 15 10 10 28 (range, 77 (range, 180 (range,
(2003) Cross-over g/kg/min (healthy skin)/ (100)  20-35) 68-97) 169-190)
Double-blind intradermal
electrical
stimulation
Koppert ~ Germany Randomized Saline 30 min at 0.05 Intradermal 67.3 =16.8 13 13 31253 NR NR
(2003) Cross-over or 0.1 wo/kg/  electrical (during the (100) (range,
Double-blind min stimulation first 15 min) 20-40)
Troster Germany Randomized Saline 30 minat0.1  Intradermal 321 =12 15 15 29 +8 76 £ 10 181 + 8
(2006) Cross-over wg/kg/min electrical (during the (100) (range,
Double-blind stimulation first 15 min) 20-45)
Singler Germany Randomized Saline 30 min at 0.05 Intradermal 38 + 14 15 15 27 + 4 74 £ 10 178 =7
(2007) Cross-over .g/kg/min electrical (during the (100) (range,
Double-blind stimulation first 15 min) 22-35)
Chu USA Randomized  Saline 90 min at 3 Intradermal NA 9t 10 303 +88 783+118 1779 +45
(2011) Cross-over ng/mL by electrical (100) (range,
Double-blind computer- stimulation 22-45)
controlled
infusion
Lenz Norway Randomized Saline 30 minat 1.0  Intradermal 312 =53 16 16 29 £ 2 83 + 3.4 183 +=1.8
(2011) Cross-over ng/mL for 2 electrical (SEM) (100)  (SEM) (SEM) (SEM)
Double-blind min + 2.5 stimulation (during the
ng/mL for first 15 min)
28 min via TCIE
Comelon  Norway Randomized Saline§ 30 minat2.5  Heat pain test/  None 161l 16 30 (range, 79 (range, 184 (range,
(2016)§ Cross-over ng/mL target cold pressor test (100) 18-40) 54-100) 165-199)
Double-blind dose
Ander Sweden Randomized Saline 30 minat0.2  Cold pressor None 14 11 233 75+ 14 178 + 9
(2018)9 Cross-over .g/kg/min test (78.6)
Double-blind

The total number of subjects analyzed in these studies was 122.

* In this study, 16 subjects were originally enrolled. However, 2 patients did not complete the study sessions, after the first infusion. One volunteer withdrew consent and the other for family reasons. Demographic data refer to
14 subjects that completed the study.

1 In this study, only 9 patients completed both sessions. Demographic data refer to 10 subjects screened for the study.

1+ Fora 70 kg man the total dose of remifentanil administered was as it follows: 18 g in 2 minutes, 52 g in 3 minutes, and 212 g in 25 minutes. The authors stated that “ 4y #1e end of the test perioa, that s, between 25 and
30 minutes after start, the lypical infusion rate was 0.09 pg/kg/imin for an effect target of 2.5 ng/ml.”

§ This study is registered in www.clinicaltrials.gov (ID: NCT 01702389) and EudraCT (ref: 2011-002734-39), sponsored by Oslo University Hospital. However, no results were posted in these databases (databases accessed on
April 17, 2023). The main objective of the study was to evaluate the effect of a gradual withdrawal of remifentanil vs the abrupt discontinuation of the drug on the development of hyperalgesia in healthy volunteers. Gradual
withdrawal was obtained by 0.6 ng/mL dose reductions every 5 minutes over 15 minutes. Only one set of data is reported in the article for the placebo group, despite both gradual and abrupt withdrawals of saline were
performed.

Il In this study, 19 subjects were originally enrolled, although 3 were excluded due to the following reasons: side-effects (n = 1), data error (n = 1), and compliance problems (n = 1). Demographic data refer to 16 subjects that
completed the study.

€ This study is registered in EudraCT (ref: 2011-005780-24), although we could not find it in the database, accessed on April 17, 2023.

CG, control group; NR, not reported; RF, remifentanil; TCl, effect site target—controlled infusion.

is followed by the induction of stable areas of secondary
hyperalgesia and allodynia. The stimulation current is gradually

significant area of hyperalgesia, likely because the pain threshold
decreases from baseline after opioid withdrawal accordingly to

increased within the first 15 minutes to target a pain rating of 5 to 6
onan 11-point NRS, but the pain rating tends to be reduced during
ongoing electrical stimulation. The pain score did not change from
baseline in the RF treatment, despite the development of a

previous preclinical and clinical studies performing QST.*® There-
fore, findings suggest that RF-induced analgesic hypersensitivity
seems to have little influence on pain perception in HVs. Clearly, in
clinical practice, we need to consider that the degree of pain
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Main results from the studies selected for the meta-analysis.

First author Outcome evaluation (min PAIN Pain assessment on Primary outcome: pain Hyperalgesia Secondary outcome: area of Allodynia Secondary outcome: area of
(year of after RF discontinuation) assessment healthy skin (yes/no) intensity (mean assessment secondary hyperalgesia assessment  secondary allodynia (mean
publication) scale values + SD) (mean values = SD) values + SD)
Petersen 30 VAS (0-100) Yes Baseline von Frey hair stimulation  Baseline (cm?) Brush Baseline (cm?)
(2001) Both: 28 = 12 (20.9 g) CG: 132 = 71 stimulation CG: 122 = 54
RF: 125 + 59 RF: 103 * 46
After discontinuation* After discontinuation (% of After discontinuation (% of
CG: 25.8 = 8.4 baseline) baseline)
RF: 28.8 = 10.5 CG: 82 = 23 CG: 75 *= 27
RF: 101 = 29 RF: 96 + 39
AngstMS 30 VAS (0-100) Yes Baseline Punctuate probe (force  Baseline (cm?) Not performed  Not performed
(2003) Both: CG: 47 = 5 160 mN; 16.3 g) CG: 44 + 29
RF: 49 + 11 RF: 28 += 15
After discontinuation After discontinuation (cm? % of
CG: 47 £ 6 baseline)t
RF: 42 + 8 CG: 38 = 24
(86.36 =+ 54.54)
RF: 62 + 61
(221.43 + 217.85)
Koppert W 30 NRS (0-10) No Baseline§ von Frey hair stimulation  Baseline (cm?)t§ Cotton-wool tip Baselinet§
(2003) Both: 5.5 = 1.8 (force 450 mN) CG: 36.7 = 27.76 CG: 29.05 =+ 27.47
RF (0.05 pg/kg/min): RF (0.05 pg/kg/min):
36.7 = 27.76 29.05 = 27.47
RF (0.1 wg/kg/min): RF (0.1 wg/kg/min):
39.5 + 38.22 33.33 = 34.40
After discontinuation$§ After discontinuation (cm? % of After discontinuation (cm? % of
CG:36 = 1.8 baseline)§ baseling)+§
RF (0.05 pg/kg/min): CG: 46.75 + 19.54; CG: 30 = 27.40;
47 =1.08 127.38 = 53.25 103.27 = 94.32
RF (0.1 wa/kg/min): RF (0.05 .g/kg/min): RF (0.05 pg/kg/min):
54 +1.44 43.8 = 44.56 28.1 £ 27.40
RF (0.1 wa/kg/min): RF (0.1 wg/kg/min):
64.05 = 35.4; 36.2 + 34.61;
162.15 = 89.63 108.61 + 103.83
Troster A 30 NRS (0-10) No Baseline§ von Frey hair stimulation  Baseline (cm?) Not performed  Not performed
(2006) CG: 54 =155 (force 256 mN) (CG: 33.8 (range 11.2-49.0)
RF: 5.6 = 1.16 RF: 18.8 (range 13.6-37.1)
After discontinuationt§ After discontinuationt§ (% of
CG: 4.4 =116 baseline)
RF: 4.8 = 1.16 CG: 101.23 + 180.09
RF: 133.53 = 194.04
Singler B 30 NRS (0-10) No Baselinet§ von Frey hair stimulation  Baseline (cm?) Not performed  Not performed
(2007) CG: 55+ 0.2 (force 450 mN) Both: 32 + 58.09
RF: 5.4 = 0.5 After discontinuation (% of

After discontinuationt§

baseline)£§

(continued on next page)
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Table 2 (continued)

First author Outcome evaluation (min PAIN Pain assessment on Primary outcome: pain Hyperalgesia Secondary outcome: area of Allodynia Secondary outcome: area of
(year of after RF discontinuation) assessment healthy skin (yes/no) intensity (mean assessment secondary hyperalgesia assessment  secondary allodynia (mean
publication) scale values + SD) (mean values = SD) values + SD)
CG:4.7 =04 CG: 100.1 = 25.52
RF: 5.6 = 0.5 RF: 105.77 = 47.63
Chu LF 30 VAS (0-10) No Baselinet Punctuate probe (force  Baseline (cm?) Not performed  Not performed
(2011) CG:38 +1.3 160 mN; 16.3 g) Both: NR
RF. 2.3 = 1.1 After discontinuation
After discontinuationt (% of baseline)t
CG: 2.6 = 1.6 CG: 100.58 = 10.34
RF. 2.8 = 1.5 RF:123.86 = 20.69
Lenz H 30 NRS (0-10) No Baselinet§ von Frey hair stimulation Baseline cm?)3§lI: Not performed  Not performed
(2011) CG:52 =04 (26 g) CG: 44.1 = 20.8
RF: 5.4 = 0.2 RF: 50.1 = 17.6
After discontinuationt§ After discontinuation (% of
CG: 4.24 = 0.2 baseline)§
RF: 4.4 = 0.3 CG: 93.4 = 47.76
RF: 143.71 = 88.08
Comelon M 45 NRS (0-10) No HPT baselinet Not performed Not performed Not performed  Not performed
(2016) Placebo: 2.71 + 0.5
Gradual: 2.82 = 0.5
Abrupt: 2.66 = 0.5
After discontinuations
CG: 292 =05
Gradual RF: 2.91 = 0.5
Abrupt RF: 3.4 = 0.5
50 NRS (0-10) No CPTY
Baselinet
CG: 4.56 = 0.5
Gradual RF: 4.6 = 0.5
Abrupt RF: 4.55 = 0.5
After discontinuationt
CG: 4.58 = 0.5
Gradual: 5.05 = 0.55
Abrupt: 5,27 = 0.5
Ander F 20 NRS (0-10) No Baseline Not performed Not performed Not performed  Not performed
(2018) CG: 8.6 = 1.3
RF: 82 =15
After discontinuation
CG: 8.6 + 1.3
RF: 84 =15

* Absolute pain values were calculated from the % of baseline provided in the text and the SD was obtained through the graphs, using the following software: https://plotdigitizer.sourceforge.net.
t % of baseline was manually calculated from the values of the area in cm? reported in the table.

¥ Values were obtained through the graphs, using the following software: https://plotdigitizer.sourceforge.net.
§ Standard deviation (SD) was calculated trough Review Manager software (RevMan Version 5.4) from the standard error of the mean (SEM) reported either in the text or in the graph.
|l Data are mean values between 15 to 30 minutes of electrical stimulation.
€ Data were not used for the meta-analysis since the evaluation was performed 50 minutes after remifentanil withdrawal and therefore outside the limits of the inclusion criteria.
CG, control group; CPT, cold pressure test; HPT, heat pressure test; NRS, Numerical Rating Scale; RF, remifentanil; VAS, Visual Analog Scale.
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A Pain intensity

Weight
(%)

Study SMD SE 95% ClI

Angst 2003 -0.68 0.44 [-1.54, 0.19]
Ander 2018 -0.14 0.37 [-0.86, 0.58]
Chu 2011 0.12 0.43 [-0.72, 0.96]
Petersen 2001 0.31 0.37 [-0.42, 1.03]
Troster 2006 0.34 0.36 [-0.37, 1.04]
Lenz 2011 0.61 0.35 [-0.08, 1.30]
Comelon 2016 0.94 0.36 [ 0.22, 1.65]
Koppert 2003 1.07 0.41 [ 0.27, 1.87]
Singler 2007 1.93 0.43 [ 1.08, 2.79]
Overall 0.50 0.24 [ 0.03, 0.97]

Heterogeneity: T2 = 0.37, 12 = 70.84%, H? = 3.43

Testof 8 =0:z=2.08, p=0.04

B Pain score change (post- vs preinfusion) in placebo group

Weight
Study Hedges'sg SE 95% Cl (%)
Lenz 2011 296 051 [-395 -1.97] 1046 —l—
Singler 2007 246 048 [-340, -1.53] 1068 ——
Koppert 2003 1.4 0.43 [-2.25, -0.57] 11.05 ——
Chu 2011 078 047 [-1.70, 0.13] 10.75 ——
Troster 2006 -0.71 0.37 [-1.43, 0.01] 11.47 ——
Petersen 2001 021 037 [-093, 052 11.47 ——
Angst 2003 0.00 0.43 [-0.84, 0.84] 11.04 —
Ander 2018 0.00 037 [-0.72, 0.72] 11.47 -~
Comelon 2016 041 035 [-0.27, 1.09] 11.60 -
Overall -0.87 038 [-1.61, -0.13] —~
Heterogeneity: 12 = 1.12, I? = 86.99%, H? = 7.69
Testof 8 =0:z=-2.30, p = 0.02
4 2 0 2
D Hyperalgesia
Weight
Study SMD SE 95% CI (%)
Singler 2007 0.14 0.36 [-0.55, 0.84] 16.89 :“..:
Troster 2006 0.17 0.36 [-0.53, 0.87] 16.88
Koppert 2003 0.46 0.39 [-0.30, 1.21] 14.42 ——
Lenz 2011 0.69 0.36 [-0.00, 1.39] 16.93 ——
Petersen 2001 0.70 0.38 [-0.04, 1.45] 14.90 ——
Angst 2003 0.81 0.45 [-0.06, 1.69] 10.69 ——
Chu 2011 1.36 0.48 [ 0.42, 2.30] 9.30 ——
Overall 0.55 0.15 [ 0.27, 0.84] >
Heterogeneity: 2 = 0.00, 12 = 0.00%, H? = 1.00
Testof 8 =0:z=23.79, p =0.00
A 0 1 2

10.28
11.51
10.49
11.48
11.67
11.76
1.57
10.84
10.40

4at o ++++

¢

M)
o
[° R
IS

Pain score change (post- vs preinfusion) in remifentanil group

Weight
Study Hedges'sg SE 95% Cl (%)
Lenz 2011 -3.82 0.59 [-4.98, -2.67] 10.17 —— ‘
Angst 2003 -0.70  0.44 [-1.56, 0.17] 10.98 —
Troster 2006 -0.67 0.37 [-1.39, 0.05] 11.35 ﬂ
Koppert 2003 -0.06 0.38 [-0.80, 0.69] 11.28 —-—
Petersen 2001 0.07 0.37 [-0.65, 0.79] 11.34 ::
Ander 2018 013 037 [-059, 0.85] 11.34 :
Chu 2011 0.36 0.45 [-0.53, 1.25] 10.92 TF
Singler 2007 039  0.36 [-0.31, 1.09] 11.38 i
Comelon 2016 1.44 0.39 [ 0.68, 221] 11.24 —-
Overall 028 046 [-1.18, 0.62]
Heterogeneity: 12 = 1.72, |2 = 91.44%, H? = 11.69
Testof 6=0:z2=-0.61, p=0.54
R
Allodynia
Weight
Study SMD SE 95% Cl (%)
I
Koppert 2003  0.05 0.38 [-0.69, 0.80] 49.50 —Jl——
Petersen 2001 0.61 0.38 [-0.13, 1.34] 50.50 ——
Overall 0.33 0.28 [-0.21, 0.88] e

Heterogeneity: 12 = 0.01, 1> = 7.53%, H2 = 1.08
Testof 6 =0:z=1.20, p=0.23

Figure 2. Forest plots reporting pain intensity after remifentanil withdrawal (A), pain score change (postinfusion vs preinfusion) in placebo treatment (B), pain score
change (postinfusion vs preinfusion) in remifentanil treatment (C), area (expressed as % of basal value) of hyperalgesia (D), and allodynia (E) after remifentanil
withdrawal. The effect size is calculated as standardized mean difference (SMD) and corresponding 95% confidence interval (95% Cl). Data suggest higher pain
score in RF treatment (A) and stability of pain intensity in the postinfusion vs preinfusion analysis in the RF treatment (C). RF, remifentanil.

perception may be also affected by other variables, including
demographic, lifestyle, genetic, and psychological factors or
specific characteristics of a certain surgical population.®>3? Pain
perception may be biased by patients’ expectations, previous pain
experiences, and placebo or nocebo conditioning, with already little
known mechanisms. '° For this reason, the detection of OIH is very
difficult to perform even if it has been overcome by implementing a
balanced multimodal analgesic regimen with opioids limited to the
minimum necessary for the shortest period possible.*2°

QOur results do not align with a meta-analysis of RCT in which
intraoperative RF infusion is associated with a small but significant
increase in acute pain after surgery.?’ The occurrence of OIH in
humans has been previously advocated in patients undergoing
surgery and in HVs.2° Preclinical and clinical data generally support

the development of OIH after RF withdrawal in specific settings, such
as acute postsurgical pain ones, when RF was infused at = 0.1 g/
kg/min either alone or with inhalation anaesthetics.”'??" In
particular, previous clinical studies have underlined the development
of hyperalgesia after high-dose RF anesthesia®'; this dose-
dependent phenomenon was not fully explored by our meta-
analysis as high doses of RF (eg, =0.3 wg/kg/min) are not used in
HVs likely due to possible respiratory side effects. Therefore, in these
conditions, clinicians need to be cautious about the possible
occurrence of acute opioid tolerance®?%“® and OIH, which may
impair pain treatment or even worsen pre-existing pain. According to
the previously reported results, coadministration of anaesthetic
drugs, such as propofol,**“® nitrous oxide,*® magnesium,*? ket-
amine,®>® and dexmedetomidine,®® seem to be helpful to modulate
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980 C. Dello Russo et al. ® 165 (2024) 972-982 PAIN®
Intention-to-
treat Unique ID Study ID Experimental Comparator Outcome Weight D1 DS D2 D3 D4 D5 Overall
Petersen KL, 2001 11135717 Remifentanil Placebo Pain intensity 1 L . . . . ! (!) ' Low risk
Angst MS, 2003 14581110 Remifentanil Placebo Pain intensity 1 ! . . . . ! :';\‘ ! Some concerns
Koppert W, 2003 14581115 Remifentanil Placebo Pain intensity 1 ! . . . . ! \CI/\\ ‘ High risk
TrosterA, 2006 17065897 Remifentanil Placebo Pain Intensity 1 " 90006 : O
Singler B, 2007 17513631 Remifentanil Placebo Pain Intensity 1 ! . ‘ ‘ . . . D1  Randomisation process
Chu, 2011 20864417 Remifentanil Placebo Pain Intensity 1 . . . . . . . DS  Bias arising from period and carryover effects
Lenz H, 2011 21396775 Remifentanil Placebo Pain Intensity 1 L ' ‘ . . . \( !)\ D2  Deviations from the intended interventions
Comelon M, 2016 26934941 Remifentanil Placebo Pain Intensity 1 ! . . . . ! . D3 Missing outcome data
AnderF, 2018 28922338 Remifentanil Placebo Pain Intensuty 1 . . . . . . . D4  Measurement of the outcome
Petersen KL, 2001 11135717 Remifentanil Placebo Hyperalgesia 1 L . . . . 4 (';‘ D5  Selection of the reported result
Angst MS, 2003 1458110 Remifentanil Placebo Hyperalgesia 1 ! ‘ ‘ ‘ ' 1 \/ l)
KoppertW, 2003 14581115 Remifentanil Placebo Hyperalgesia 1 ! . . . . ! \l ;w
Singler B, 2007 17513631 Remifentanil Placebo Hyperalgesia 1 g . . . . . .
Lenz H, 2011 21396775 Remifentanil Placebo Hyperalgesia 1 1 . . . ‘ . \(I/\\
PetersenKL, 2001 11135717 Remifentanil Placebo Allodynia 1 . . . . . ! .
KoppertW, 2003 14581115 Remifentanil Placebo Allodynia 1 ' 9000 : (O

Figure 3. Review authors’ judgment of each of the risk-of-bias items across the included studies evaluated using the Cochrane Risk of Bias 2 tool (Rob 2).

the development of OIH, even if their modulatory effect needs to be
further explored. However, there is a lack of validated approaches to
diagnose OIH, which may limit the relevance of these results.®

For what concerns hyperalgesia, we found that RF infusion
induces an enlargement of the area of hyperalgesia after
withdrawal compared with basal values, which seems mainly
linked to a reduced pain threshold. Some investigators observed a
significant enlargement of the area of mechanical hyperalgesia
induced by transdermal electrical stimulation after exposure to RF
in HVs, and this effect was not dose dependent.?162%3" These
data are in line with previous studies on animal models, showing
that even acute exposures to opioids may induce a decrease in
pain threshold and hyperalgesia.®C In preclinical studies as well as
inHV research investigating OIH, RF is the most extensively studied
opioid. However, there are also data suggesting a common
hyperalgesic phenomenon for all opioids.%® The impact of RF on
allodynia was not as clear in our analysis due to limited data.

Regarding possible pathogenic mechanisms underlying OIH, it
seems that both peripheral and central mechanisms of neuronal
sensitization are involved.*" In addition, a crucial role of glial cell
activation, particularly microglia, has also been hypothesized in
promoting neuroinflammation and sustaining neuronal sensitiza-
tion. In a preliminary study on the human microglial C20 cell line,'®
we showed a potential pronociceptive action of RF, through brain-
derived neurotrophic factor secretion pathway.'* However, when
we further expanded these initial observations, focusing on
proinflammatory mediators, we demonstrated that RF, at clinically
relevant concentrations, is not able to directly modulate the
immune activation of human microglia.'®

This meta-analysis is burdened by several limitations. First, the
methodology was heterogeneous among the studies, and the
number of patients included did not reach the optimal size leading
to type Il error. Regarding QST modalities, the lack of difference in
RF impact on nociception based on the type of stimulus (ie,

Author(s): Valeria DI Franco

Question: Remifentanil compared to placebo for pain
Setting:

Bibliography: Remifentanil for pain.

Certainty assessment

Ne of . " . . " et . . . T Relative Absolute
S et onereonsentons fenterent B (s

Ne of patients

Certainty Importance
Pain intensity after discontinuation
9 randomised serious® serious® not serious not serious none 122 122 SMD 0.5 CRITICAL
trials higher ®®OO
(0.03 higher Low
10097
higher)
Hyperalgesia
7 randomised serious? not serious not serious not serious none 92 68 SMD 0.55 CRITICAL
trials higher eaeae) O
(0.27 higher Moderate
100.84
higher)
Allodynia
2 randomised serious® not serious not serious serious® none 27 27 SMD 0.33 IMPORTANT
trials higher ®®OO
(0.21 lower to Low
0.88 higher)

Cl: confidence interval; SMD: standardised mean difference

Explanations

a. Most information is at unclear risk of bias which may limit the confidence in the effect estimate
b. Heterogeneity: 12 = 71%
c. Confidence intervals include the null hypothesis with great variability

Figure 4. Certainty of evidence assessment for the randomised controlled trials with cross-over design included in the meta-analysis.
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electrical vs thermal) was likely due to the low number of included
studies. However, it should be noted that electrical stimulation was
the only QST modality with a quite standardized protocol across
the different studies. Second, the results are driven by RCTs with
cross-over design in most cases without an explicit description of
the blinding process, introducing the risk of functional unblinding.
Notably, we found a RCT with a parallel group design that
confirmed increased pain perception during a repetitive cold test in
HVs treated with RF in a model of transcranial direct current
stimulation," in line with the results of our meta-analysis. Third, in
the studies included in our systematic review, only 6.6% of the total
patient population was female individuals. Even if women have a
known higher pain threshold, '® this issue probably did not affect
our findings as the comparability of the cohorts was achieved in
most studies. Finally, the heterogeneity of the data we collected
was often high (1> > 50%) probably because of the variety of pain
models and protocols of RF administration. It should be noted that
studies were performed using different sensory modalities to elicit
hyperalgesia, such as transdermal electrical  stimula-
tion, 1629314347 ¢o|d pressor pain,®'” and heat pain test.%'7%8
Moreover, washout time varied from 3 days up to 2 weeks among
session trials and the infusion time of RF ranged from 30 to 90
minutes. The rate of RF infusion also varied among the studies
between 0.05 mcg/kg/min to 0.2 meg/kg/min.

For the primary outcome, heterogeneity was lowered, in-
cluding only studies using TCl models that allow keeping the
effect site or plasmatic concentrations constant, to the detriment
of variable rates during RF infusion, which may impair compar-
isons with Cl modality. Different infusion modalities can influence
the development of acute tolerance and hyperalgesia, although
they have an equipotential effect on pain control. Interestingly,
Richebé et al.*® demonstrated that using the TCI model,
compared with the CI mode, can decrease hyperalgesia in the
early postoperative period after cardiac surgery. The conclusion
of the study was supported by the difference in intraoperative
infused total RF dose, which was greater in the Cl than in the TCI
group.®* In this regard, the role of abrupt RF withdrawal is a
clinically interesting but poorly explored issue.?® Unfortunately, in
our analysis, all included studies used this modality and only
Comelon et al.'” demonstrated that heat-induced pain scores
were higher than baseline after abrupt RF withdrawal and not
after gradual withdrawal concluding that the gradual RF
withdrawal may protect from the development of OIH.

Finally, our meta-analysis was essentially based on small trials
(sample size ranging from 9 to 19 HVs). Moreover, even if our
sensitivity analyses clearly showed that trials with low risks of
biases strengthened our results, our quality assessment,
performed using the newest and strict RoB 2 tool,** found that
publication biases might lead to an overestimation of OIH.

In conclusion, RF induces a mild degree of hyperalgesia in HVs,
likely linked to a reduced pain threshold. However, the increased
pain perception does not reach enough clinical relevance
requiring prevention. If applied to clinical practice, these findings,
due to the limited confidence in the effect estimate, do not
suggest avoiding RF to overcome the concern for the de-
velopment of OIH. We do believe that the findings of this
systematic review and meta-analysis on HVs would help to
understand the mechanisms of hyperalgesia and thus design
effective interventions for pain patients.

Conflict of interest statement

V.D.F. is an employee of Angelini Pharma since April 2023. The
other authors declare no conflict of interest.

www.painjournalonline.com 981

Acknowledgements

The authors thank Denis Mariano, a native English speaking
teacher for the careful language revision of the article. This review
received no financial support. Data are available on request to the
authors.

Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PAIN/B959.

Article history:

Received 4 July 2023

Received in revised form 8 October 2023
Accepted 10 October 2023

Available online 30 November 2023

References

[1] Aceto P, Dello Russo C, Lai C, Perilli V, Fucci N, De Giovanni N, Piras A,
Navarra P, Sollazzi L. Relationship between blood remifentanil
concentration and stress hormone levels during pneumoperitoneum in
patients undergoing laparoscopic cholecystectomy. Eur Rev Med
Pharmacol Sci 2017;21:4419-22.

[2] Aceto P, Dello Russo C, Punzo G, Luca E, Crea MA, Modesti C,
Sacco T, De Cicco R, Tosi A, Ceaichisciuc |, Marusco |, Schipa C,
D’Angelo F, Perilli V, Sollazzi L. Success of fast-track anesthesia. In:
Bernhardt LV, editor. Advances in medicine and biology.
Hauppauge, NY: Nova Science Publishers, 2019. p. 88-122.

[3] Aceto P, Lai C, Perili V, Sacco T, Modesti C, Raffaelli M, Sollazzi L.
Factors affecting acute pain perception and analgesics consumption in
patients undergoing bariatric surgery. Physiol Behav 2016;163:1-6.

[4] Adams TJ, Aliohani DM, Forget P. Perioperative opioids: a narrative

review contextualising new avenues to improve prescribing. Br J Anaesth

2023;130:709-18.

Aguado D, Abreu M, Benito J, Garcia-Fernandez J, Gomez de Segura IA.

Ketamine and remifentanil interactions on the sevoflurane minimum

alveolar concentration and acute opioid tolerance in the rat. Anesth Analg

2011;113:505-12.

[6] Ander F, Magnuson A, de Leon A, Ahistrand R. Does the B-receptor
antagonist esmolol have analgesic effects?: a randomised placebo-
controlled cross-over study on healthy volunteers undergoing the cold
pressor test. Eur J Anaesthesiol 2018;35:165-72.

[7] Angst MS. Intraoperative use of remifentanil for TIVA: postoperative pain,
acute tolerance, and opioid-induced hyperalgesia. J Cardiothorac Vasc
Anesth 2015;29(suppl 1):S16-22.

[8] Angst MS, Koppert W, Pahl |, Clark DJ, Schmelz M. Short-term infusion of
the mu-opioid agonist remifentanil in humans causes hyperalgesia during
withdrawal. PAIN 2003;106:49-57.

[9] Angst MS. Meeting of the anesthetic and analgesic drug products
advisory committee, 2023. Available at: https://www.fda.gov/media/
167256/download. Accessed 10 May 2023.

[10] Bajcar EA, Wiercioch-Kuzianik K, Farley D, Buglewicz E, Paulewicz B,
Babel P. Order does matter: the combined effects of classical
conditioning and verbal suggestions on placebo hypoalgesia and
nocebo hyperalgesia. PAIN 2021;162:2237-45.

[11] Braulio G, Passos SC, Leite F, Schwertner A, Stefani LC, Palmer ACS,
Torres ILS, Fregni F, Caumo W. Effects of transcranial direct current
stimulation block remifentanil-induced hyperalgesia: a randomized,
double-blind clinical trial. Front Pharmacol 2018;9:94.

[12] Cabariero D, Campillo A, Célérier E, Romero A, Puig MM. Pronociceptive
effects of remifentanil in a mouse model postsurgical pain: effect of a
second surgery. Anesthesiology 2009;111:1334-45.

[13] CappoliN, Aceto P, Tabolacci E, Mezzogori D, Sollazzi L, Navarra P, Dello
Russo C. Effects of remifentanil on human C20 microglial pro-
inflammatory activation. Eur Rev Med Pharmacol Sci 2021;25:5268-74.

[14] Cappoli N, Tabolacci E, Aceto P, Dello Russo C. The emerging role of the
BDNF-TrkB signaling pathway in the modulation of pain perception.
J Neuroimmunol 2020;349:577406.

[15] Cepeda MS, Africano JM, Polo R, Alcala R, Carr DB. What decline in pain
intensity is meaningful to patients with acute pain? PAIN 2003;105:151-7.

[16] Chu LF, Dairmont J, Zamora AK, Young CA, Angst MS. The endogenous
opioid system is not involved in modulation of opioid-induced
hyperalgesia. J Pain 2011;12:108-15.

[5


http://links.lww.com/PAIN/B959
https://www.fda.gov/media/167256/download
https://www.fda.gov/media/167256/download
www.painjournalonline.com

SMIAGZUMIPXZOBBAROATOAEIOYIASALLIKIPOOAEIEAHIOI/AO AU

MY TXOMADYOINXYOHISABZIY TN+ NIOITWNOIZTARY HGRSHNAYE AQ ured/woo mm| sjeulnol//:dny woly pspeojumod

¥202/90/50 uo

982 C. Dello Russo et al. ® 165 (2024) 972-982

[17] Comelon M, Raeder J, Stubhaug A, Nielsen CS, Draegni T, Lenz H.
Gradual withdrawal of remifentanil infusion may prevent opioid-induced
hyperalgesia. Br J Anaesth 2016;116:524-30.

[18] De Cosmo G, Congedo E, Lai C, Primieri P, Dottarelli A, Aceto P.
Preoperative psychologic and demographic predictors of pain perception
and tramadol consumption using intravenous patient-controlled
analgesia. Clin J Pain 2008;24:399-405.

[19] Dello Russo C, Cappoli N, Tabolacci E, Sollazzi L, Navarra P, Aceto P.
Remifentanil does not affect human microglial immune activation in
response to pro-inflammatory cytokines. EXCLI J 2023;22:295-309.

[20] Fishbain DA, Cole B, Lewis JE, Gao J, Rosomoff RS. Do opioids induce
hyperalgesia in humans? An evidence-based structured review. Pain
Med 2009;10:829-39.

[21] Fletcher D, Martinez V. Opioid-induced hyperalgesia in patients after
surgery: a systematic review and a meta-analysis. Br J Anaesth 2014;
112:991-1004.

[22] Garcia-Henares JF, Moral-Munoz JA, Salazar A, Del Pozo E. Effects of
ketamine on postoperative pain after remifentanil-based anesthesia for
major and minor surgery in adults: a systematic review and meta-analysis.
Front Pharmacol 2018;9:921.

[23] Glass PS, Gan TJ, Howell S. A review of the pharmacokinetics and
pharmacodynamics of remifentanil. Anesth Analg 1999;89:57-14.

[24] Guignard B, Bossard AE, Coste C, Sessler DI, Lebrault C, Alfonsi P,
Fletcher D, Chauvin M. Acute opioid tolerance: intraoperative remifentanil
increases postoperative pain and morphine requirement. Anesthesiology
2000;93:409-17.

[25] Gustorff B, Nahlik G, Hoerauf KH, Kress HG. The absence of acute

tolerance during remifentanil infusion in volunteers. Anesth Analg 2002;

94:1223-8, table of contents.

Han SS, Do SH, Kim TH, Choi WJ, Yun JS, Ryu JH. Stepwise tapering of

remifentanil at the end of surgery decreased postoperative pain and the

need of rescue analgesics after thyroidectomy. BMC Anesthesiol 2015;

15:46.

[27] Joly V, Richebe P, Guignard B, Fletcher D, Maurette P, Sessler DI,
Chauvin M. Remifentanil-induced postoperative hyperalgesia and its
prevention with smalldose ketamine. Anesthesiology 2005;103:147-55.

[28] Kim SH, Stoicea N, Soghomonyan S, Bergese SD. Intraoperative use of
remifentanil and opioid induced hyperalgesia/acute opioid tolerance:
systematic review. Front Pharmacol 2014;5:108.

[29] Koppert W, Angst M, Alsheimer M, Sittl R, Albrecht S, Schuttler J,
Schmelz M. Naloxone provokes similar pain facilitation as observed after
short-term infusion of remifentanil in humans. PAIN 2003;106:91-9.

[30] Lavand’homme P, Steyaert A. Opioid-free anesthesia opioid side effects:
tolerance and hyperalgesia. Best Pract Res Clin Anaesthesiol 2017;31:
487-98.

[31] Lenz H, Raeder J, Draegni T, Heyerdahl F, Schmelz M, Stubhaug A.

Effects of COX inhibition on experimental pain and hyperalgesia during

and after remifentanil infusion in humans. PAIN 2011;152:1289-97.

Li S, Brimmers A, van Boekel RLM, Vissers KCP, Coenen MJH. A

systematic review of genome-wide association studies for pain,

nociception, neuropathy, and pain treatment responses. PAIN 2023;

164:1891-911.

Liu'Y, Zheng Y, Gu X, Ma Z. The efficacy of NMDA receptor antagonists

for preventing remifentanil-induced increase in postoperative pain and

analgesic requirement: a meta-analysis. Minerva Anestesiol 2012;78:

653-67.

Minto CF, Schnider TW, Egan TD, Youngs E, Lemmens HJ, Gambus PL,

Billard V, Hoke JF, Moore KH, Hermann DJ, Muir KT, Mandema JW,

Shafer SL. Influence of age and gender on the pharmacokinetics and

pharmacodynamics  of remifentanil. I.  Model development.

Anesthesiology 1997;86:10-23.

Niedermayer S, Heyn J, Guenther F, Kuichenhoff H, Luchting B.

Remifentanil for abdominal surgery is associated with unexpectedly

unfavorable outcomes. PAIN 2020;161:266-73.

[36] O’Neill A, Lirk P. Multimodal analgesia. Anesthesiol Clin 2022;40:455-68.

(26]

(32]

(33]

(34]

(39]

PAIN®

[387] Page MJ, Moher D, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD,
Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J,
Grimshaw JM, Hrébjartsson A, Lalu MM, Li T, Loder EW, Mayo-Wilson E,
McDonald S, McGuinness LA, Stewart LA, Thomas J, Tricco AC, Welch

VA, Whiting P, McKenzie JE. PRISMA 2020 explanation and elaboration:

updated guidance and exemplars for reporting systematic reviews. BMJ

2021;372:n160.

Petersen KL, Jones B, Segredo V, Dahl JB, Rowbotham MC. Effect of

remifentanil on pain and secondary hyperalgesia associated with the

heat-capsaicin sensitization model in healthy volunteers. Anesthesiology
2001;94:15-20.

[39] QiF, LiuT, Zhang X, Gao X, LiZ, Chen L, Lin C, Wang L, Wang ZJ, Tang

H, Chen Z. Ketamine reduces remifentanil-induced postoperative

hyperalgesia mediated by CaMKI-NMDAR in the primary

somatosensory cerebral cortex region in mice. Neuropharmacology

2020;162:107783.

Richebé P, Pouquet O, Jelacic S, Mehta S, Calderon J, Picard W, Rivat C,

Cahana A, Janvier G. Target-controlled dosing of remifentanil during

cardiac surgery reduces postoperative hyperalgesia. J Cardiothorac

Vasc Anesth 2011;25:917-25.

[41] Santonocito C, Noto A, Crimi C, Sanfilippo F. Remifentanil-induced
postoperative hyperalgesia: current perspectives on mechanisms and
therapeutic strategies. Local Reg Anesth 2018;11:15-23.

[42] Silva Filho SE, Sandes CS, Vieira JE, Cavalcanti IL. Analgesic effect of
magnesium sulfate during total intravenous anesthesia: randomized
clinical study. Braz J Anesthesiol 2021;71:550-7.

[43] Singler B, Troster A, Manering N, Schuttler J, Koppert W. Modulation of
remifentanil-induced postinfusion hyperalgesia by propofol. Anesth Analg
2007;104:1397-403.

[44] Sterne JAC, Savovi¢ J, Page MJ, Elbers RG, Blencowe NS, Boutron I,
Cates CJ, Cheng HY, Corbett MS, Eldridge SM, Emberson JR, Hernan
MA, Hopewell S, Hrébjartsson A, Junqueira DR, Juni P, Kirkham JJ,
Lasserson T, Li T, McAleenan A, Reeves BC, Shepperd S, Shrier |,
Stewart LA, Tilling K, White IR, Whiting PF, Higgins JPT. RoB 2: a revised
tool for assessing risk of bias in randomised trials. BMJ 2019;366:14898.

[45] SuX,ZhuW, TianY, Tan L, Wu H, Wu L. Regulatory effects of propofol on
high-dose remifentanil-induced hyperalgesia. Physiol Res 2020;69:
157-64.

[46] Tompkins DA, Campbell CM. Opioid-induced hyperalgesia: clinically
relevant or extraneous research phenomenon? Curr Pain Headache Rep
2011;15:129-36.

[47] Troster A, Sittl R, Singler B, Schmelz M, Schuttler J, Koppert W.
Modulation of remifentanil-induced analgesia and postinfusion
hyperalgesia by parecoxib in humans. Anesthesiology 2006;105:
1016-23.

[48] Vinik HR, Kissin I. Rapid development of tolerance to analgesia during
remifentanil infusion in humans. Anesth Analg 1998;86:1307-11.

[49] Wehrfritz A, Bauer M, Noel N, Ramirez-Gil JF, lIhmsen H, Prottengeier J,
Schuttler J, Bessiere B. Evaluation of antihyperalgesic and analgesic
effects of 35% nitrous oxide when combined with remifentanil: a
randomised phase 1 trial in volunteers. Eur J Anaesthesiol 2021;38:
1230-41.

[50] Wu Z, Yu J, Lin Q, Li H, Zhang T, Tan H, Lin W, Cao L. Effects of an
intraoperative intravenous bolus dose of dexmedetomidine on
remifentanil-induced postinfusion hyperalgesia in patients undergoing
thyroidectomy: a double-blind randomized controlled trial. Anesth Analg
2021;132:320-8.

[51] Wu L, Huang X, Sun L. The efficacy of N-methyl-D-aspartate receptor
antagonists on improving the postoperative pain intensity and satisfaction
after remifentanil-based anesthesia in adults: a meta-analysis. J Clin
Anesth 2015;27:311-24.

[52] Yu EH, Tran DH, Lam SW, Irwin MG. Remifentanil tolerance and
hyperalgesia: short-term gain, long- term pain? Anaesthesia 2016;71:
1347-62.

(38]

[40]



