
Int J Clin Exp Med 2016;9(10):18921-18931
www.ijcem.com /ISSN:1940-5901/IJCEM0024791

Original Article
Response surface analysis for pharmacodynamic  
interaction between sufentanil and flurbiprofen  
axetil in postoperative analgesia

Lei Guan1, Tianzuo Li1, Wentao Liu1, Shaoheng Wang1, Pengfei Liu1, Wei Lu2, Rong Chen2, Shuangmin Ji2

1Department of Anesthesiology, Beijing Shijitan Hospital, Affiliated to Capital Medical University, Beijing, China; 
2College of Pharmacy, Peking University Health Science Centre, Beijing, China

Received January 23, 2016; Accepted August 4, 2016; Epub October 15, 2016; Published October 30, 2016

Abstract: Objective: Sufentanil and flurbiprofen axetil are widely used for postoperative analgesia. However, the 
specific pharmacodynamic interactions have not been elucidated thus far. Two new response surface models were 
developed to clarify the manner and strength of interaction between sufentanil and flurbiprofen axetil. Methods: 
Eighty adult patients (40 men and 34 women, aged 20-60 years) were enrolled in this study. All the subjects un-
derwent surgeries and received continuous infusions of sufentanil and flurbiprofen axetil in various concentration 
pairs. Initially, 80 subjects were randomly assigned to nine groups of sufentanil (from 0 to 1.2 µg/ml). In each 
group, sufentanil concentration was fixed, while the concentration of flurbiprofen axetil was increased in a stepwise 
fashion from 0 mg/mL to 2.0 mg/ml at 0.25 mg/ml intervals. The infusion rates in every concentration pair were 5 
ml/h with an infusion time of 15 min. At each interval, pain was assessed with a visual analogue scale (VAS); SpO2 
was evaluated as well. The pharmacodynamic interactions between sufentanil and flurbiprofen were analyzed via 
a response surface methodology. Model parameters were estimated by NONMEN software. Results: The response 
surface analysis showed that sufentanil-flurbiprofen had synergistic analgesic effects. The results suggest that the 
VAS score decreased in sufentanil or flurbiprofen axetil dose-dependent manner. We also found that flurbiprofen 
axetil could reduce the amount of sufentanil required to achieve satisfactory analgesic effects, and vice versa. 
While SpO2 was inversely related to the concentration of sufentanil, there was no correlation between SpO2 and the 
concentration of flurbiprofen axetil. Moreover, the concentration pair with both satisfactory efficacy and security in 
our study was 0.6 µg/ml sufentanil and 2 mg/ml flurbiprofen axetil. Conclusion: Response surface methods can 
effectively characterize the interactions between two analgesic drugs and successfully determine the optimized 
concentration pair. Flurbiprofen axetil reduced the amount of sufentanil required to achieve satisfactory analgesic 
effects, and vice versa. The interactions had synergistic analgesic effects. 
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Introduction

Different drugs producing similar effects on 
certain aspects of analgesia are commonly 
used together, leading to pharmacodynamic 
interactions between them. The pharmacody-
namic interactions may be synergistic, additive, 
or infra-additive. These interactions are defined 
by the chemical heterogeneity and action 
receptors of the drugs [1]. Synergistic interac-
tion is highly useful in postoperative analgesia 
for reducing applied doses and side effects of 
each drug [2]. Thus, it is important to explore 
the interactions between different analgesics.

Currently, many studies have reported the 
effects of different analgesia drugs and their 

combination in postoperative analgesia [3, 4]. 
Sufentanil plus flurbiprofen axetil are the most 
common clinically used combination [5, 6]. 
Sufentanil is an opioid agonist that exerts its 
analgesic effects through μ receptors in the 
central nervous system [7]. Flurbiprofen axetil, 
a non-steroidal anti-inflammatory drug (NSAID), 
accumulates in targeted areas to reduce pros-
taglandin expression and peripheral pain stimu-
lation [8]. However, the specific doses for the 
drug combination have not been elucidated 
thus far.

Thus, this study examined the pharmacody-
namic interactions between sufentanil and flur-
biprofen axetil at various dose combinations.   
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Materials and methods

Subjects 

Eighty adult patients (44 men and 36 women, 
aged 20-60 years) were enrolled in this study. 
All subjects were classified according to the 
American Society of Anesthesiologists physical 
status as either class I or II. The inclusion crite-
ria were as follows: non-smokers, non-drinkers, 
a BMI (body mass index) in the range of 18-30 
kg/m2, and without serious diseases of the 
respiratory, circulatory, digestive, coagulation, 
or central nervous system. The exclusion crite-
ria were as follows: patients with long-term sur-
gery, drug hypersensitivity, long-term use of 
sedative and/or analgesic drugs (except with 
peptic ulcer), and serious hepatic, gastrointes-
tinal, or coagulation system diseases [9]. 

Study design and drug administration

None of the subjects received premedication. 
The venous pathway was established, and ECG 
(electrocardiogram), IABP (invasive artery blood 
pressure), and CVP (central venous pressure) 
were monitored in each patient in the operating 
room. Anesthesia was induced by intravenous 
administration of midazolam, sufentanil, etomi-
date, and atracurium. Anesthesia was main-
tained with sevoflurane, remifentanil, and atra-
curium under bispectral index (BIS) monitoring. 
Administration of all drugs was stopped 10 min 
before the end of surgery, and endotracheal 
tubes were pulled out when the patients 
awakened. 

After the operation mentioned above, postop-
erative analgesia was initiated. Different con-
centration groups of sufentanil and flurbiprofen 
axetil were set according to the common con-
centrations of analgesic drugs used clinically. 

The concentration groups were 0, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.8, 1.0, and 1.2 µg/ml for sufentanil, 
and 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 
2.0 mg/mL for flurbiprofen axetil. This study 
consisted of two steps: first, 80 subjects were 
randomly assigned to the nine groups of sufen-
tanil (from 0 to 1.2 µg/ml). Then, while the suf-
entanil concentration in each group remained 
fixed, infusion concentrations of flurbiprofen 
axetil were increased in a stepwise fashion 
from 0 mg/mL to 2.0 mg/ml in 0.25 mg/ml 
intervals. All infusion rates in every concentra-
tion pair were 5 mL/h with an infusion time of 
15 min. Vital signs (including electrocardio-
gram, respiration, non-invasive blood pressure, 
heart rate, and SpO2) of all patients were close-
ly monitored with an ECG monitor (Philips 
MP50) for the duration of the study. Assisted 
respiration and vasoactive drugs were applied 
to maintain physiological homeostasis if seri-
ous side effects (such as confusion or respira-
tory and circulative depression) occurred. 
Moreover, the one study on this situation was 
ceased (Figure 1).

This was a single-blinded study. Approval was 
obtained from the Beijing Shijitan Hospital and 
the Capital Medical University Medical Ethics 
Committee. 

Measurement of effects

The infusion duration of each concentration 
pair was 15 min. At the end of every combina-
tion infusion, VAS, SpO2, and relative complica-
tions (postoperative chills, agitation, and deliri-
um) were all recorded.

The analgesic effect was measured on a visual 
analogue scale (VAS) ranging from 0 to 10 
points (“0” indicating painless, “10” indicating 
the most severe and unbearable pain). All the 
patients were asked to select one number from 
0-10 to represent the degree of pain experi-
enced. Zero points indicated painlessness, ≤ 3 
points indicated mild and acceptable pain, 4-6 
points indicated moderate yet tolerable pain 
that affected sleep, and 7-10 points indicated 
severe and intolerable pain. A VAS score lower 
than 4 points indicated a good analgesic effect.

Respiratory depression was one of the main 
side effects and safety concerns, the degree of 
which was reflected by SpO2. SpO2 less than 
90% implied the occurrence of serious side 
effects such as hypoxemia.

Figure 1. Study design.
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PARi = TVPAR × eηi

TVPAR represents the typical population value 
of a parameter.ηi is a symmetrically distributed 
random variable with a mean of zero and vari-
ance ω2.

In addition, residual variability was introduced 
into the VAS model in additive form:

Y = F + ε

Where Y represents dependent-variable obser-
vation and F represents the corresponding indi-
vidual-specific model prediction.

All the parameters in the VAS and SpO2 models 
were estimated using NONMEM (version 7.3, 
ICON, Development Solutions, Ellicott City, MD, 
USA). NONMEM’s first-order conditional estima-
tion with interaction (FOCE-I) was used in the 
development of the VAS model, and Laplacian 
estimation with interaction was used in the 
development of the Emax model. 

Diagnostic graphs for the models were plotted 
using the persp and xyplot function of R soft-
ware (version 3.1.3 for Windows, https://www.r-
project.org/) and with the help of RStudioVersion 
0.98.1091 (2009-2014 RStudio, Inc).

Results

Of the 80 subjects, 74 completed the study 
while the other 6 patients were excluded for the 
reason of noncompliance. Using response sur-
face models, 738 paired pharmacodynamic re- 
sponses were obtained for VAS scores, Ramsay 
scores, and SpO2. No obvious side effects (e.g. 
postoperative agitation, delirium, and con-
scious disturbance) were observed. Additionally, 
no other adverse events caused by the two dru- 
gs (such as emesis, nausea, bradycardia, uri-
nary retention, and anaphylaxis) occurred dur-
ing the week of postoperative follow-up.

Response Surface for analgesic effects (VAS 
model)

The Greco model gave a good fit of the data. 
Parameter estimates are shown in Table 1.

To satisfy the condition of a VAS score lower 
than 4 in 50% of patients, the corresponding 
infusion concentrations of sufentanil and flur- 
biprofen axetil were 1.15 µg/ml and 3.21 mg/
ml, respectively. Both were much higher clini-

Response surface models

VAS model

The Greco model was selected as the response 
surface model for VAS scores, which were treat-
ed as continuous endpoints in the model [10]. 
The formula was as follows:
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VAS0 represents the VAS score at baseline in 
the absence of the drug. REST is the VAS score 
with an infinite drug concentration. In this 
model, REST was assumed to be 0, indicating 
no pain at the highest drug concentration. γ is 
the surface steepness factor. CSU and CFU repre-
sented infusion concentrations of sufentanil 
and flurbiprofen axetil, respectively. C50SU and 
C50FU are defined as the infusion concentra-
tions of sufentanil and flurbiprofen axetil that 
have 50% of the maximum analgesic effect, 
respectively. α is the interaction factor of the 
two drugs. Α > 0 indicates a synergistic effect, 
α = 0 indicates an additive effect, and α < 0 
indicates antagonism.

SpO2 (oxyhemoglobin saturation) model

SpO2 data were converted to dummy variables. 
SpO2 < 90% implies the occurrence of hypox-
emia and respiratory depression and was 
denoted by “1”. SpO2 ≥ 90% was denoted by 
“0”. The relationship between sufentanil con-
centration and the probability of hypoxemia can 
be described by the Emax model [11], as 
follows:

P E E X0 max EC C
C
50r sr
sr= + +

E0 and Emax represented the probability of re-
spiratory depression occurrence with no drug 
and with infinite drug concentration, respec-
tively, and were assumed as “0” and “1”, resp-
ectively. represented the corresponding con-
centration EC50 when the probability of respira-
tory depression occurrence was 50%. γ was the 
slope factor. CS was the infusion concentration 
of sufentanil.

Parameter estimation

Inter-individual variability (IIV) was introduced 
into the VAS model in exponential form [12]:
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cally used concentrations. The RSEs of most 
parameters were lower than 20%, implying that 
these estimates were reliable. Moreover, α = 
1.76 > 0 suggested a synergistic analgesic 
effect between the two drugs.

The three-dimensional response surface for 
the VAS scores of various sufentanil-flurbipro-
fen axetil combinations is shown in Figure 2. 
The raw data circles are distributed evenly 
above and below the surface, suggesting a 
good fit of the raw data.

Figure 3 shows scatter diagrams of VAS scores 
vs. drug concentration. The results showed a 
relationship between VAS scores and the con-
centration of sufentanil or flurbiprofen axetil. 
VAS scores showed a downward trend along 
with the concentration of either sufentanil or 
flurbiprofen axetil. However, this trend slowed 

no obvious deviation, implying that this model 
was a good fit.

Visual predictive checks

The results of the visual predictive checks for 
the model on VAS score are shown in (Figure 
5A and 5B). All the dots represent the actual 
observed values. The red lines represent the 
median line of observed values, while the two 
blue lines indicate the 2.5% and 97.5% lines of 
observed data. The shaded areas represent 
the 95% confidence interval of 2.5%, 50%, and 
97.5% of the predicted value. The three afore-
mentioned lines overlapped substantially with 
the shaded areas, suggesting that this response 
surface model is a good predictor. 

Response surface for side effect (respiratory 
depression) (SpO2 model)

Figure 6 shows the correlation between SpO2 
and the concentration of sufentanil or flurbi-
profen axetil. The results show that while SpO2 
was inversely related to the sufentanil concen-
tration, it had no relationship with the concen-
tration of flurbiprofen axetil. Moreover, explor-
atory data analysis showed that SpO2 data was 
highly scattered. The group average does not 
reflect the changes in the incidence rate of 
respiratory depression with increasing drug 
concentration. A number of patients may be in 
great danger while the average value of SpO2 
remains normal.

Thus, the SpO2 index was transformed to a 
dummy variable to be dealt with. SpO2 < 90% or 
hypoxemia, indicated that the side effect of 
respiratory depression had occurred; this was 
denoted by “1”, otherwise denoted by “0”. The 

Table 1. Parameter estimates of VAS model

Parameter Esti-
mate RSE 95% CI

    C50SU (µg/ml) 1.15 7.90% 0.911-1.334
    C50FU (mg/ml) 3.21 7.10% 2.604-3.675
    α 1.76 30.60% 0.623-2.903
    VAS0 9.13 1.40% 8.860-9.391
    γ 1.55 8.60% 1.281-1.810
Inter-individual Variability (IIV) (%CV)
    IIV on C50SU 55.8 10.00% 43.3-65.9
    IIV on γ 33.5 19.00% 17.4-44.1
Residual Variability (standard deviation)
    Additive Variability 0.363 15.20% 0.308-0.417

Figure 2. Response surface for VAS scores of interac-
tion between sufentanil and flurbiprofen axetil. Raw 
data are shown above the surface as open circles 
and below the surface as filled circles.

down in high concentration 
pairs, implying that Hill’s equa-
tion-based Greco model may be 
appropriate here.

Graphic diagnosis

Figure 4 shows the diagnostic 
plots of the response surface 
model on VAS score. All points 
were distributed in a relatively 
narrow scope on both sides of 
the unit line, as shown in the 
graph. The Loess regression 
curve of these points nearly 
coincided with the unit line with 
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relationship between the probability of SpO2 < 
90% and the drug concentration was shown in 
(Figure 7A and 7B). 

No correlation was observed between SpO2 
and the concentration of flurbiprofen axetil. 
Therefore, only the effect of sufentanil was con-
sidered in the model for respiratory depression. 
The Emax model was used; relative parameter 
estimates are listed in Table 2. The RSEs of all 
the parameters were lower than 30%, indicat-
ing high precision of this model.

The response surface for SpO2 and the raw 
data are shown in Figure 8. The raw data is dis-
tributed evenly above and beneath the surface 
with no deviation trend, implying that the model 
fit the data well.

The probability of SpO2 < 90% predicted by the 
model and the raw data were plotted in the 
same graph. The measured data (blue lines) 
fluctuated around the model predictive data 
(purple lines), also indicating that a good fit was 
achieved (Figure 9).

Optimization of concentration pairs between 
sufentanil and flurbiprofen axetil   

According to the response surface model of 
analgesic effects and respiratory depression 

effects, expected standards (including VAS 
score < 4 and probability of respiratory depres-
sion (SpO2 < 90%) < 0.1) were set and a contour 
map was made (Figure 10).

In Figure 10, gray dots represent the sampling 
points of the study. The pink area is the scope 
interpolated by these actual sampling points, 
while the white part is the extrapolated area. 
The orange curve was the contour line of a VAS 
score of 3. The upper right area of the orange 
curve is the ideal efficacy area (VAS score < 3), 
and the bottom left area is the non-ideal effi-
cacy area (VAS score > 3). Similarly, the blue 
curve was the contour line of a probability (inci-
dence rate of SpO2 < 90%) of 0.1. The left area 
of the blue curve was the safe area (probability 
< 0.1), while the right part was the danger zone 
(probability > 0.1).

Therefore, both the yellow and green areas rep-
resent the effective and safe concentration 
combinations of sufentanil and flurbiprofen 
axetil. The yellow area is the extrapolated 
region and the green area is the interpolated 
region. Theoretically, the interpolated conclu-
sion is more reliable than the extrapolated one. 
Consequently, the concentration combinations 
within the green area are optimal. One sample 
in this study fell within that area, with infusion 

Figure 3. The correlation between VAS scores and concentration of sufentanil or flurbiprofen axetil. A. Concentra-
tion-response relativity with FA (flurbiprofen axetil) as the conditioning variable. B. Concentration-response relativity 
with sufentanil as the conditioning variable.
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Figure 4. Goodness of fit plots for the response surface model on VAS score.

concentrations of 0.6 µg/ml and 2 mg/ml of 
sufentanil and flurbiprofen axetil, respectively.

Discussion

Pain after surgery increases circulating load fol-
lowed by drastic systemic stress responses; 
moreover, it markedly influences disease prog-
nosis and life quality of patients. Thus, reduc-
ing pain after surgery is a widely discussed 
topic in anesthesiology. Nowadays, multimodal 
analgesia proposed by previous studies suc-
cessfully solves this problem [13]. Multimodal 
analgesia refers to the utilization of two or more 

different mechanisms of analgesics or analge-
sia methods, to achieve optimal analgesic 
effect. This helps avoid side effects caused by 
excessive use of a single drug [14, 15].

Combination use of opioids and NSAIDs is a 
universally employed analgesic solution [16, 
17]. In domestic, sufentanil and flurbiprofen 
axetil are commonly used in combination in 
clinical setting. However, the pharmacodynam-
ic interactions between these two drugs require 
further research. This study discusses the spe-
cific interactions of these two drugs in postop-
erative analgesia by using a response surface 
model.
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Figure 5. A. Visual predictive checks for response surface model with respect to VAS scores, with flurbiprofen axetil 
as the conditioning variable. B. Visual predictive checks for response surface model with respect to VAS scores, with 
flurbiprofen axetil as the conditioning variable.  

Figure 6. Exploratory data analysis for response surface model on SpO2. A. Concentration-response relativity with 
FA (flurbiprofen axetil) as the conditioning variable. B. Concentration-response relativity with sufentanil as the con-
ditioning variable.
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The response surface model is a powerful 
approach to quantitatively describe and predict 
pharmacodynamic interactions between two or 
more drugs. Response surface methodology 
was first reported by Minto for the interactions 

among anesthetics [18]. Short calculated cor-
responding samples for parallel, crisscrossed, 
and radial designs in this model [19]. Compared 
to the other two designs, the crisscrossed 
design required the smallest number of sam-
ples (at least 20), while others needed at least 
40 [19]. Because of feasibility, the parallel de-
sign was selected for our research. Sufentanil 
(the primary drug) was fixed while the concen-
tration of flurbiprofen axetil was gradually in-
creased. Then, interactions of different combi-
nations were successively discussed. Seventy-
four patients completed this study.

Our study selected the VAS score as an effec-
tiveness index. VAS score ﹤ 4 implied a good 
analgesic effect. Our results demonstrated that 
there existed synergistic effects on analgesia 
(VAS score) between sufentanil and flurbipro-
fen axetil (α = 1.76 > 0). To satisfy the condition 
of VAS score < 4 in 50% of patients in our mo-
del, the corresponding infusion concentration 
of sufentanil was 1.15 µg/mL (with 95% CI 
0.911-1.334 µg/ml), while that of flurbiprofen 
axetil was 3.21 mg/ml (with 95% ci 2.604-
3.675 mg/ml). Both were much higher than the 
clinically used concentrations. The scatter dia-
grams depicted the relevance between VAS 
scores and the concentration of sufentanil or 
flurbiprofen axetil. VAS scores showed a down-
ward trend along with concentration of either 
sufentanil or flurbiprofen axetil, both presenting 

Figure 7. Quantal dose-response curve of SpO2. A. Concentration-response relativity with FA (flurbiprofen axetil) as 
the conditioning variable. B. Concentration-response relativity with sufentanil as the conditioning variable.

Table 2. Parameter estimates of SpO2 model
Parameter Estimate RSE 95% CI
EC50 (µg/mL) 2.00 21.9% 3.074-6.566
γ 2.15 25.6% 0.553-0.783

Figure 8. Response surface for SpO2. Raw data above 
the surface are shown as open circles and below the 
surface as filled circles.
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the dose-response reactions. The data demon-
strated that flurbiprofen axetil could reduce the 
amount of sufentanil required to achieve satis-
factory analgesic effects. The result was con-
sistent with results inferred by the analgesic 
mechanisms of these two drugs. Sufentanil is 
an opioid agonist that exerts its analgesic 
effect through the µ receptor in the central ner-
vous system [7]. Flurbiprofen axetil, an NSAID 
in the form of lipid microsphere particles, 
migrates into areas affected by pain and acts 
by inhibiting expression of prostaglandins and 
weakening peripheral pain stimulation [9]. 

insufficient data and complicated structures. 
The Logit model, however, could not provide the 
pharmacodynamic parameters that the study 
needed [22]. Thus, the Greco model was select-
ed to establish the response surface model for 
analgesic interaction between the two drugs; 
this could provide essential pharmacodynamic 
parameters. Nevertheless, because it showed 
no correlation with the dosage of flurbiprofen 
axetil, the SpO2 index was transformed to a 
dummy variable to be further analyzed with the 
Emax model [11]. Both models could maintain 
their reliability and veracity.

Figure 9. Diagnostic plots for response surface model on SpO2, flurbi-
profen axetil as the conditioning variable.

Figure 10. The contour map of response surface model of analgesic 
effects and respiratory depression effects.

Thus, either drug can reduce the 
required dosage of the other.

Respiratory depression and exces-
sive sedation are two side effects 
of the drugs, and were common 
complications in postoperative fo- 
llow-up [20]. During this study, no 
patients exhibited excessive seda-
tion. Consequently, SpO2 was sel- 
ected as the index of side effects. 
Response surface models were 
established to elucidate the safe 
range of infusion concentration 
pairs. A condition of SpO2 < 90% 
suggested respiratory depression 
and hypoxemia. The results sho-
wed that SpO2 was inversely relat-
ed to the concentration of sufent-
anil, but showed no correlation 
with the concentration of flurbipro-
fen axetil. The concentration pairs 
that satisfied both effectiveness 
and security in our study were 0.6 
µg/mL 2 mg/mL of sufentanil and 
flurbiprofen axetil, respectively.

Various response methodological 
approaches were compared to 
response surface models report-
ed in previous literature. Minto et 
al [21] built a model flexibly char-
acterizing the interaction of two 
drugs, which was developed by 
Dahanet et al by introducing the 
interaction function I (Q) [12]. Their 
works were well recognized for 
being able to quantitatively des- 
cribe drug interaction that chang-
es with the concentration combi-
nation. However, these models 
may over parameterize due to 
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This study elucidated the pharmacodynamic 
interaction of various concentration pairs of 
sufentanil and flurbiprofen axetil, in order to 
find the appropriate infusion concentration 
pairs for postoperative intravenous analgesia. 
In China, intravenous analgesia pumps with 
sufentanil and flurbiprofen axetil were widely 
used after surgery. The intravenous infusion 
concentration, rather than blood concentration 
was selected for discussion, which was closer 
to clinical application.

However, there were limitations. The first one 
was the choice of cases. The objects of this 
study were patients with laparotomy and tho- 
racotomy, which does not represent all the 
cases that received intravenous analgesia. 
Secondly, for the sake of feasibility and patient 
compatibility in our study, the VAS score and 
SpO2 were selected to evaluate analgesic 
effects and the degree of respiratory inhibition, 
respectively. There were also various other 
methods reflecting these indicators and the 
other side effects. Another limitation was the 
problem of selecting alternative process mod-
els. All the models have advantages and disad-
vantages, and the most fitting model for each 
data set is unclear.

In summary, the sufentanil-flurbiprofen axetil 
response surfaces estimated in our research 
report clear and profound synergistic analgesic 
effects. Additionally, using the two response 
surface models for analgesic effects and side 
effects, we found the safest and most effective 
concentration pairs. However, the optimal con-
centration to achieve desired effects with mini-
mum side effects still needs to be further 
explored in patients who have undergone vari-
ous kinds of surgery. More indicators and anal-
gesic drugs will be selected for discussion in 
the future.
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