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Abstract

Purpose: Dexmedetomidine combined with opioids has been extensively used to blunt cardiovascular responses to en-
dotracheal intubation. To determine their interaction, we aimed to develop a response surface model between dexmede-
tomidine and sufentanil.

Methods:One hundred and twenty patients undergoing scheduled gynaecological surgery were recruited. According to a
simulation of slice design, patients received different dose pairs of dexmedetomidine (0 to 1.1 μg/kg) and sufentanil (.1 to
.5 μg/kg). The mean arterial blood pressure and heart rate of patients were recorded just before endotracheal intubation,
immediately after intubation, and during the first 3 min after intubation. The primary outcomes were haemodynamic
changes. The full dose–response relationship between dexmedetomidine and sufentanil was analysed using a logit model.

Results: This response surface model revealed that the interaction between dexmedetomidine and sufentanil was additive. The
dose pairs that could effectively attenuate the haemodynamic response to endotracheal intubation primarily ranged from .3 to
.4 μg/kg and .5 to 1.1 μg/kg for sufentanil and dexmedetomidine, respectively.

Conclusion:When used propofol as the main hypnotic drug during anaesthesia induction, dexmedetomidine could effectively
reduce the requirement of sufentanil in an additive manner. However, it is not an effective drug for ablating the cardiovascular
response to endotracheal intubation when used alone. The clinical trial registry. The trial registry name: Chinese Clinical Trial
Registry. Registration number: ChiCTR1800015273. URL:http://www.chictr.org.cn
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Introduction

Laryngoscopy and endotracheal intubation remain the gold
standard for ensuring a secure airway in general anaesthesia.
However, the sympathetic response of increased blood
pressure and heart rate caused by endotracheal intubation may
lead to dysrhythmia in some cases.1 Moreover, it may be
dangerous, sometimes even fatal, in patients susceptible to
coronary artery disease, hypertension or cerebrovascular
diseases.2,3 During anaesthesia induction, opioids are the most
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commonly used drugs to inhibit the haemodynamic response.4

However, opioid-based anaesthesia is associated with post-
operative nausea and vomiting, drowsiness, respiratory de-
pression and increased analgesic requirements. Currently,
there has been a trend to reduce perioperative usage of opioids
through various methods, such as regional blockage, ketamine
and dexmedetomidine.

Dexmedetomidine is a highly selective α2-adrenergic ag-
onist with analgesic, sedative and sympatholytic properties, as
well as minimal respiratory depression. Previous studies have
reported that dexmedetomidine combined with opioids could
effectively attenuate haemodynamic responses to endotra-
cheal intubation.5,6 When co-administered with two or more
drugs, it is necessary to consider their interaction to accurately
predict the dose–response relationship. However, the phar-
macodynamic interaction between opioids and dexmedeto-
midine has not been well-investigated.

Response surface models are powerful representations
for evaluating drug–drug interactions. They allow the
complete characterisation of pharmacodynamic interactions
over the entire spectrum of possible dose pairs. In addition,
this three-dimensional model provides a comprehensive
description of the dose–response relationship in the pres-
ence of multiple drugs,7,8 which is helpful for guiding
anaesthesiologists in more effective drug-dosing practice.
In this prospective, double-blind, randomised study, we
developed a response surface model to investigate the in-
teraction between dexmedetomidine and sufentanil for at-
tenuating the haemodynamic response to endotracheal
intubation.

Material and Methods

Study Design and Participants

This study was approved by the Institutional Review Board of
Tongji Medical College, Huazhong University of Science and
Technology. Written informed consent was obtained from all
participants. The trial was registered prior to patient enrolment
at the Chinese Clinical Trail Registry (ChiCTR1800015273).
The study was conducted at Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology,
Wuhan, China.

Patients aged 18 to 60 years, American Society of Anes-
thesiologists status I or II, deviating from ideal body weight by
no more than 25%, and undergoing scheduled gynaecological
surgery were eligible to be included in this study. Patients were
excluded if they met one of the following criteria: anticipated
difficult airway, alcohol or drug addiction, allergy to opioids or
dexmedetomidine, severe cardiovascular disease (preoperative
left ventricular ejection fraction less than 30%), hypertension,
sick sinus syndrome, sinus bradycardia (<60 beats per min),
second degree or greater atrioventricular block, serious he-
patic dysfunction (Child–Pugh class C), already receiving
medicines with cardiovascular effects or serious renal

dysfunction (undergoing dialysis before surgery). Demo-
graphic information and clinical characteristics of the pa-
tients were recorded.

Study Protocol

We adopted a design that was a simulation of the ‘slices’ type,
as previously described.7 As shown in Table 1, we designed 24
drug pairs, with 5 patients for each pair.9 Each patient ran-
domly received a prespecified combination of sufentanil (.1 to
.5 μg/kg) and dexmedetomidine (0 to 1.1 μg/kg).

Randomisation and Blinding

Randomisation was performed through a computer-generated
random number table, which was generated by SPSS 14.0
software (SPSS Inc., Chicago, IL). The group assignment
numbers were sealed in opaque envelopes and kept by the
study supervisor. After written consent was obtained, the
envelope was unsealed to determine which drug pair would be
used. Dexmedetomidine (Hengrui Medicine Co., Ltd.
Jiangsu, China), labelled Drug A, was diluted in 40 mL of
normal saline, and sufentanil (Humanwell Health care (Group)
Co., Ltd. Yichang, China), labelled Drug B, was diluted in
5 mL of normal saline. The random sequence generation and
preparation of the drugs were completed by an investigator
who did not participate in general anaesthesia management.
The drugs were administered by another investigator who
was blinded to the group assignment of patients. Endotra-
cheal intubation was performed by a faculty anaesthesiol-
ogist for all patients. The haemodynamic parameters of
patients during anaesthesia induction were recorded by the
third investigator who was unaware of the study design. All
the data were analysed by a research member who was not
involved in the clinical care of patients. Study personnel and
patients were blinded to group assignment throughout the
study period.

General Anaesthesia

None of the patients was premedicated. After patients arrived
at the operating theatre, 18-gauge IV cannulas were placed in
forearm veins, and 10 mL kg�1 Ringer’s lactate solution was

Table 1. Dose Grid of Study Design.

Patients (n) Dex (μg/kg) Suf (μg/kg [n])

20 0 .2 (5), .3 (5), .4 (5), .5 (5)
20 0.3 .1 (5), .2 (5), .3 (5), .4 (5)
20 0.5 .1 (5), .2 (5), .3 (5), .4 (5)
20 0.7 .1 (5), .2 (5), .3 (5), .4 (5)
20 0.9 .1 (5), .2 (5), .3 (5), .4 (5)
20 1.1 .1 (5), .15 (5), .2 (5), .3 (5)

Dex: dexmedetomidine. Suf: sufentanil.
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infused. Patients were monitored with non-invasive blood
pressure, electrocardiography and pulse oxygen saturation.
The mean arterial blood pressure (MAP) and heart rate (HR)
were recorded every 5 min 3 times, and the averages were
considered the baseline values.

Patients received 100% oxygen at a flow rate of 5 L min�1

via a mask during continuous administration of dexmedeto-
midine, which lasted 15 min and was completed 10 min before
endotracheal intubation.10 Target-controlled infusion (TCI) of
propofol with a Graseby 3500 Anaesthesia Pump (Smiths
Medical MD, Inc. USA) was used for anaesthesia induction.
The targeted plasma concentration of propofol was set to 4 μg
ml�1 and was maintained for at least 12 min before intuba-
tion.11 Sufentanil was administered 5 min before intubation.12

Rocuronium (.6 mg kg�1) was administered to provide muscle
relaxation. The peak effects of drugs for anaesthesia induction
were achieved when an endotracheal tube was inserted.

General anaesthesia was maintained with sevoflurane in a
mixture fresh gas at a flow rate of 1 L min�1 oxygen and 1 L
min�1 medical air. Remifentanil was continuously infused to
maintain perioperative changes in MAP and HR within 20%
of baseline values. Muscle relaxants were administered when
needed. Tramadol (1.5 mg kg�1) and tropisetron (2 mg) were
administered 30 min prior to the end of surgery. The va-
pourizer was switched off, and the concentration of oxygen
was increased to 100% with oxygen flow at 6 L min�1 at the
end of surgery. The endotracheal tube was removed when the
patient demonstrated purposeful movement and spontaneous
and regular breathing. The patients were transferred to the
post-anaesthesia care unit and discharged after a modified
Aldrete score of 9 was attained.

Outcomes

The primary outcome was haemodynamic changes. The MAP
and HR of patients were recorded before endotracheal intu-
bation, immediately after intubation, and at 1-min intervals
during the first 3 min after intubation. If the changes in MAP
and HR at all time points after intubation were within 15% of
pre-stimulation values, the patient was considered to have no
haemodynamic response, and the measurement of drug effect
was labelled 1; otherwise, the patient was labelled .13 If hy-
potension (MAP ≤50 mm Hg) or bradycardia (HR ≤ 45 beats
per min) occurred during anaesthesia induction, 5 mg of
ephedrine or .5 mg of atropine was intravenously administered,
respectively. Patients who experienced hypotension or brady-
cardia were excluded from this study. Patients with unantici-
pated difficult airways who required multiple attempts or
prolonged endotracheal intubation (>30 s) were also excluded.

Response Surface Model

A logit response surface model, which allowed data analysis
with different baseline responses to endotracheal intubation,
was used to minimise the influence of different baseline effects

on our results.14 The model and calculation of the 50% ef-
fective doses (ED50) for dexmedetomidine and sufentanil are
shown as follows. In the logit model, the β3 coefficient
controls the interaction between the 2 drugs, where β3 = 0, β3 >
0, and β3 < 0 indicate that the interaction is additive, syner-
gistic and antagonistic, respectively

P ¼ 1

1þ eðβ0�β1∗Dsuf �β2∗Ddex�β3∗Dsuf ∗DdexÞ

ED50suf ¼ β0=β1, ED50dex ¼ β0=β2

where P represents the probability that there would be no
haemodynamic response to endotracheal intubation. Dsuf and
Ddex are the doses of dexmedetomidine and sufentanil, re-
spectively. βi is the parameter that describes the response
surface (i = 0, 1, 2, and 3). ED50suf and ED50dex are the doses
for sufentanil and dexmedetomidine that inhibit the haemo-
dynamic responses to tracheal intubation in 50% of patients,
respectively.

Statistical Analysis

The model parameters and graphics were estimated or gen-
erated using MATLAB (R2013a; The MathWorks, Inc., Na-
tick, MA, USA). For each pharmacodynamic response, data
were combined to build a three-dimensional response surface
using a naı̈ve-pooled technique. Model parameters were de-
termined with an iterative approach minimising the �2 times
the logarithm of maximal likelihood (�2LL),15 as follows

�2LL ¼ �2∗
XN

i¼1

½Ri∗lnðPÞ þ ð1� RiÞ∗lnð1� PÞ�

where N is the number for all observations. Ri is the observed
response, which is 0 (response to intubation) or 1 (no response
to intubation). P represents the estimated probability of loss
response.

The mean (μ) and standard deviation (σ) of the 1000 es-
timates using the bootstrap method were used to compute the
coefficient of variance (CV) for the model,16 as follows

CV ¼ σ
μ

Model building was performed starting with the simplest
form (β3 = 0) and expanding the model with β3. Assuming a χ2
distribution with 1 degree of freedom and P = .05, if the
difference between the objective function values (OFV) >
3.84, it would be considered significantly different.15 The
correlation coefficient of the regression parameter estimates
was used to evaluate how well the final model described the
observed data. A value of the correlation coefficient ≥.7 in-
dicates that the observed response could be well predicted by
the model.14 In addition, an assessment of how well the model
predictions fitted the observations was arbitrarily defined by
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calculating the percentage of predictions that agreed with the
observations. The predictions and observations were con-
sidered to agree with each other if the difference between the
prediction and observation values was <.5.15

Results

From April 2, 2018, to March 10, 2019, 153 patients were
screened for this study. A total of 120 patients were enrolled
and randomly assigned to receive different dose pairs of
dexmedetomidine and sufentanil. Of the 120 patients, 112
completed the study after 3 experiencing hypotension and 5
experiencing bradycardia during anaesthesia induction were
excluded. The average age of the patients was 32 ± 7 years.
The average body weight and height of the patients were 54 ±
6 kg and 159 ± 5 cm, respectively. All patients were classified
as American Society of Anesthesiologists status I.

The haemodynamic responses to endotracheal intubation in
all patients were analysed using the logit model. When β3 was
not fixed at 0 but estimated simultaneously with other pa-
rameters, the OFV was not significantly decreased. These
results indicated that patient data could be well characterised
by an additive model (β3 = 0). The model parameters and
goodness-of-fit analysis are shown in Table 2. The correlation
coefficient (.74) indicated that the prediction of the model in
this study was reliable.

The response surface for the probability of inhibiting the
haemodynamic response to endotracheal intubation is
shown in Figure 1. The raw data were labelled based on the
agreement between the prediction and observation values.
This format was used to illustrate the difference between
model predictions (ranging from 0 to 1, using Equation (1))
and observed responses (0 or 1). For much of the data, the
difference was less than .5. The percentage of model
predictions that was consistent with observed responses
was 84%.

As shown in Figure 2, a topographic view of the response
surface was generated by plotting 50% and 95% isoboles, as
well as observed data. The raw data were labelled based on the
haemodynamic responses to endotracheal intubation. The
dose pairs that could effectively attenuate the haemodynamic
response primarily clustered in the .5 to 1.1 μg/kg range for
dexmedetomidine and the .3 to .4 μg/kg range for sufentanil.
In addition, the combinations of dexmedetomidine ranging
from .9 to 1.1 μg/kg and sufentanil ranging from .3 to .4 μg/kg,
as well as dexmedetomidine ranging from .5 to 1.1 μg/kg and
sufentanil .4 μg/kg, were close to the 95% isoboles, indicating
that these dose pairs approximated 95% effective doses
(ED95).

The doses of sufentanil and dexmedetomidine that blocked
the sympathetic responses to endotracheal intubation in 50%
of cases (ED50) were .37 μg/kg and 1.64 μg/kg, respectively.
The simulation results showed that when the dose of dex-
medetomidine was increased from 0 to 1 μg/kg, the ED50 and
ED95 of sufentanil for inhibiting the haemodynamic response

to endotracheal intubation were decreased from .37 to .15 μg/
kg and .50 to .28 μg/kg, respectively (Table 3).

Discussion

In this study, we developed a response surface model to char-
acterise the interaction between dexmedetomidine and sufentanil.
The results suggested that the interaction was additive when the 2
drugs were co-administered during anaesthesia induction with
propofol used as the main hypnotic drug.

Table 2. Model Parameters, Measures of Fitness for Logit Response
Surface.

Parameters Value

β0 8.57 (21%)
β1 22.86 (22%)
β2 5.21 (22%)
OFV (β3 = 0) 82.66
OFV (β3 ≠ 0) 80.62
ED50suf (μg/kg) .37
ED50dex (μg/kg) 1.64
Correlation coefficient .72*
SP 84%

βi (i = 0, 1, 2, or 3) parameters describing response surface, presented as
typical values with variance coefficient. OFV: objective function values. ED50:
50% effective dose. Suf: sufentanil. Dex: dexmedetomidine. SP: percentage of
successful prediction. *P < .01.

Figure 1. Response surface for inhibiting the haemodynamic
response to endotracheal intubation. The raw data, model
predictions and an assessment of model error were demonstrated.
The circles represent the observed responses of patients. The circle
at the bottom of the response surface represents the response to
endotracheal intubation, and the circle at the top indicates no
response. Prediction accuracy was defined as < .5 deviations from the
true patient response. The red circle indicates the accurate
prediction and the blue one indicates the inaccurate prediction. The
size of the circle reflects the number of patients. There are 5 different
sizes of circles, which represent the number of patients from 1 to
5. Abbreviations: Dex, dexmedetomidine. Suf, sufentanil.
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In the response surface analysis to investigate the inter-
action between drugs, the maximum dosage of each drug was
approximately the ED95.7 However, little is known about the
ED95 of dexmedetomidine or sufentanil for inhibiting the
haemodynamic stress response during intubation. High doses
of dexmedetomidine may lead to cardiovascular side effects,
including bradycardia, hypotension or even cardiac arrest.17,18

The common dose of dexmedetomidine used in anaesthesia
induction should be no more than 1.0 μg/kg.19,20 Based on
clinical practice, .5 μg/kg sufentanil is generally sufficient to
completely inhibit the stress response during anaesthesia in-
duction. Therefore, the maximum doses of dexmedetomidine
and sufentanil in our study were set to be 1.1 μg/kg and .5 μg/
kg, respectively. Our results showed that only 8 patients

experienced bradycardia or hypotension during anaesthesia
induction, indicating that the doses of dexmedetomidine and
sufentanil in this study were relatively safe.

Soulard et al reported that the ED50 of sufentanil for in-
tubation after 3% sevoflurane induction was .32 μg/kg.21 The
estimated ED50 of sufentanil (.37 μg/kg) in this study was
higher than that in a previous report. This discrepancy could
be explained by the different efficiencies between sevoflurane
and propofol in attenuating the noxious stress response.22

Kwak et al reported that the ED50 of dexmedetomidine for
successful laryngeal mask (LMA) insertion with propofol
2.0 mg kg�1 was .55 μg/kg.23 In this study, a standard protocol
of propofol TCI combined with sufentanil, dexmedetomidine
and rocuronium was used for anaesthesia induction. The in-
tensity of the stress response caused by laryngoscopy and
intubation is much higher than that caused by LMA insertion.
Therefore, it is reasonable that the ED50 of dexmedetomidine
for LMA insertion is lower than that in this study (1.64 μg/kg).
In this logit model, the patient data could be well characterised
by a simple model (β3 = 0), indicating an additive interaction
between dexmedetomidine and sufentanil. This result is
consistent with previous studies that found the interactions
between dexmedetomidine and other opioids, including fen-
tanyl and morphine, to be additive.24,25

Our estimate of the ED50 of dexmedetomidine was
1.64 μg/kg, which was well beyond the normal recommended
dosage. This finding indicates that dexmedetomidine alone
may not be able to effectively inhibit the haemodynamic
response to endotracheal intubation. Given that the mecha-
nisms of cardiovascular reflex caused by laryngoscopy and
endotracheal intubation remain unclear, there might be 2
possible explanations for the effect of dexmedetomidine. First,
although dexmedetomidine exerts analgesic effects by binding
α2 receptors in the spinal cord,26 the afferent pathway of the
cardiovascular reflex caused by mechanical touch on the la-
ryngeal lumen contains glossopharyngeal and vagal nerves
instead of spinal nerves.27,28 Therefore, it is difficult for
dexmedetomidine to prevent nociceptive transmission in the
afferent pathway. Second, although there is a remarkable
correlation between the locus coeruleus (the main action site
for dexmedetomidine) and the peripheral sympathetic system
for the regulation of cardiovascular function, the parallelism is
not absolute.29 Elam et al reported that the response of the
peripheral sympathetic system remained increased in rats that
experienced prolonged noxious stimulation, but there was
complete attenuation of the locus coeruleus within a few
minutes.30 Therefore, we speculated that the locus coeruleus
might rarely be involved in the cardiovascular reflex pathway
for endotracheal intubation. As a result, sympathetic stress
caused by endotracheal intubation may overshadow the
suppressive effect of dexmedetomidine and lead to a robust
stress response in patients.

As a preliminary exploration of the response surface model
for dexmedetomidine and sufentanil, this study has several
limitations. First, due to the lack of TCI devices for

Table 3. Effects of Dexmedetomidine Dosage on ED50suf and
ED95suf.

Dex (μg/kg) ED50suf (μg/kg) ED95suf (μg/kg)

0 .37 .50
0.1 .35 .48
0.2 .33 .46
0.3 .30 .44
0.4 .28 .41
0.5 .26 .39
0.6 .24 .37
0.7 .22 .34
0.8 .19 .32
0.9 .17 .30
1.0 .15 .28

ED50: 50% effective dose. ED95: 95% effective dose. Suf: sufentanil. Dex:
dexmedetomidine.

Figure 2. Topographical views of the raw data, the 50% and 95%
isoboles. The blue circle represents a response to endotracheal
intubation, and the red one represents no response. The size of the
circles reflects the number of patients. There are 5 different sizes of
circles, which represent the number of patients from 1 to 5.
Abbreviations: Dex, dexmedetomidine. Suf, sufentanil.
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dexmedetomidine and sufentanil, the plasma concentration of
these drugs may be different among patients, which can in-
crease the variability of measurement. Second, since we are
unsure about the efficacy of dexmedetomidine in blunting the
haemodynamic response, dexmedetomidine was not admin-
istered alone during anaesthesia induction. This makes the
identification of the boundary of the response surface for
dexmedetomidine difficult. Caution should be taken in pre-
dicting the effect of dexmedetomidine when used alone. Third,
because of ethics issues, the doses of dexmedetomidine and
sufentanil were set in clinically relevant ranges, which limits
the extrapolation of our conclusion to areas beyond our dose
ranges. Fourth, all participants in our study were American
Society of Anesthesiologists status I patients. Thus, the
suitability of our conclusion for high-risk patients is unknown.
Fifth, all participants in our study were female. Although sex
has little effect on the pharmacokinetics or pharmacodynamics
of dexmedetomidine, most studies indicate that the analgesic
efficacy of opioids is more potent in females than males.31,32

Therefore, the model needs to be investigated in male patients
in the future. Finally, to guide drug-dosing practice more
accurately, it is more advantageous to develop a triple-drug
interaction model to estimate the combined potency of dex-
medetomidine, sufentanil and other anaesthetics, such as
porofol and volatile anaesthetics. In addition, the study design
for a triple-drug response surface model needs further
exploration.

Conclusion

Our response surface model provides a comprehensive de-
scription of the dose–response relationship between dexme-
detomidine and sufentanil. When used propofol as the main
hypnotic drug during anaesthesia induction, dexmedetomi-
dine could effectively reduce the requirement of sufentanil in
an additive manner. However, dexmedetomidine is not an
effective drug to completely inhibit the haemodynamic re-
sponse to endotracheal intubation when used alone in clini-
cally relevant doses. Our results can optimise the combined
usage of dexmedetomidine and sufentanil in general
anaesthesia.
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