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Comparison of the Efficacy and Safety of a Pharmacokinetic
Model-Based Dosing Scheme Versus a Conventional
Fentanyl Dosing Regimen for Patient-Controlled Analgesia
Immediately Following Robot-Assisted
Laparoscopic Prostatectomy
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Seok-Joon Jin, MD, PhD, Hyeong-Seok Lim, MD, PhD, Youn-Ju Kwon, RN, Se-Ung Park, MD,
Jung-Min Yi, MD, Ji-Hyun Chin, MD, PhD, Jai-Hyun Hwang, MD, PhD, and Young-Kug Kim, MD, PhD

Abstract: Conventional, intravenous, patient-controlled analgesia,
which is only administered by demand bolus without basal continuous
infusion, is closely associated with inappropriate analgesia. Pharmaco-
kinetic model-based dosing schemes can quantitatively describe the
time course of drug effects and achieve optimal drug therapy. We
compared the efficacy and safety of a conventional dosing regimen for
intravenous patient-controlled analgesia that was administered by
demand bolus without basal continuous infusion (group A) versus a
pharmacokinetic model-based dosing scheme performed by decreasing
the dosage of basal continuous infusion according to the model-based
simulation used to achieve a targeted concentration (group B) following
robot-assisted laparoscopic prostatectomy.

In total, 70 patients were analyzed: 34 patients in group A and 36
patients in group B. The postoperative opioid requirements, pain scores
assessed by the visual analog scale, and adverse events (eg, nausea,
vomiting, pruritis, respiratory depression, desaturation, sedation, con-
fusion, and urinary retention) were compared on admission to the
postanesthesia care unit and at 0.5, 1, 4, 24, and 48h after surgery
between the 2 groups. All patients were kept for close observation in the
postanesthesia care unit for 1 h, and then transferred to the general ward.

The fentanyl requirements in the postanesthesia care unit for groups
A and B were 110.0+46.4 ng and 77.5+35.3 pg, respectively. The
pain scores assessed by visual analog scale at 0.5, 1, 4, and 24 h after
surgery in group B were significantly lower than in group A (all
P <0.05). There were no differences in the adverse events between
the 2 groups.

We found that the pharmacokinetic model-based dosing scheme
resulted in lower opioid requirements, lower pain scores, and no
significant adverse events in the postanesthesia care unit following
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robot-assisted laparoscopic prostatectomy in comparison with conven-
tional dosing regimen.

(Medicine 95(2):e2542)

Abbreviations: PCA = patient-controlled analgesia, RALP =
robot-assisted laparoscopic prostatectomy, VAS = visual analog
scale.

INTRODUCTION

Laparoscopic surgery may induce more severe pain in com-
parison with open laparotomy due to inappropriate pain
management during the immediate postoperative period.” As
pain management usually starts after admission to the post-
anesthesia care unit, a gap between the recognition of pain and
inducing analgesia using demand doses of intravenous patient-
controlled analgesia (PCA) or additional bolus doses of opioid
can exist. Therefore, conventional dosing regimens for intra-
venous PCA,? which are performed by intermittent bolus
administration without the basal continuous infusion of opioids,
may exhibit inadequate analgesic effects during the immediate
postoperative period in patients in the postanesthesia care unit
who have undergone robot-assisted laparoscopic prostatectomy
(RALP).

The pharmacokinetic characteristics of fentanyl include its
short duration of action, high lipid solubility, rapid distribution
to fat and skeletal muscle, and a high extraction ratio drug.’
Together with these properties, its tolerability and wide thera-
peutic range make fentanyl a suitable opioid for PCA.? In terms
of the respiratory effects of fentanyl, the basal continuous
infusion of 0.12 to 0.67 pg/kg/h fentanyl does not result in
significant respiratory depression.*> However, the basal con-
tinuous infusion of intravenous PCA is not usually recom-
mended for postoperative pain management due to the risk
of opioid accumulation and concerns about respiratory depres-
sion.® As respiratory depression is closely related to high plasma
concentrations of fentanyl, which may be caused by not only
continuous infusion but also by high bolus doses,”® target-
concentration strategies may be safer and more effective than
conventional dosing regimens. However, little is known about
the efficacy and safety of pharmacokinetic model-based fenta-
nyl dosing schemes, which can quantitatively describe the time
course of drug effects and achieve optimal drug therapy,’ for
adequate pain management following RALP.
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In our present study, we compared the opioid requirements
in the postanesthesia care unit, visual analog scale (VAS) scores
for pain, and adverse events during the postoperative period
between a conventional dosing regimen and pharmacokinetic
model-based dosing scheme in patients who underwent RALP.

MATERIALS AND METHODS

Patient Characteristics and Study Procedure

The protocol was approved by the institutional review
board of Asan Medical Center, Seoul, Republic of Korea
(approval number: 2015-0267), and written informed consent
was obtained from patients with prostate cancer who underwent
RALP between April 2015 and September 2015. This
study was registered with the ClinicalTrials. gov database
(NCT02402621). Exclusion criteria included allergies to opioids,
history of chronic pain, history of alcohol or drug abuse, history of
sleep apnea or respiratory complications, American Society of
Anesthesiologists physical status > 3, age < 20 years or > 70
years, and body mass index > 30kg/m?. Patients who had taken
opioids or analgesics before surgery were also excluded. Before
surgery, all patients were instructed how to use the PCA pump and
VAS for pain scoring by our acute pain service team. No patients
were premedicated before surgery.

After applying a routine monitoring system (electrocar-
diography, pulse oximetry, invasive blood pressure, and bispec-
tral index), general anesthesia was induced using a bolus
intravenous injection of S5mg/kg thiopental sodium and
0.6 mg/kg rocuronium and maintained using 5 to 6 vol%
desflurane plus an effect-site target-controlled infusion 2 to
5 ng/mL remifentanil with 50% oxygen in medical air. Patients
were mechanically ventilated at a constant tidal volume of 6 to
8mL/kg, and the respiratory rate was adjusted to maintain the
end-tidal carbon dioxide partial pressure between 35 and 40 mm
Hg during the operation.

Patients were randomly allocated to receive the conven-
tional dosing regimen performed by intermittent bolus admin-
istration without basal continuous infusion (group A) or the
pharmacokinetic model-based dosing scheme performed by
decreasing the dose of basal continuous infusion according to
the model-based simulation in order to achieve a targeted
concentration (group B) (Figure 1). Figure 2 shows a schematic
representation of the study protocol. Ten minutes before the
completion of surgery, the patients in groups A and B received
50 g fentanyl via intravenous bolus injection or 50 pg fentanyl
via continuous infusion for 10 min, respectively. Upon the
completion of surgery, the patient was extubated after recovery
from rocuronium using 2mg/kg sugammadex delivered via
intravenous bolus injection. In group A, patients received
PCA, which consisted of a bolus of 10 g fentanyl with a
10-min lockout interval without basal continuous infusion at
the end of surgery; in group B, patients received PCA, which
consisted of a bolus of 10 g fentanyl with a 15-min lockout
interval with the basal continuous infusion of 20 pg/h fentanyl
for 1 h, and thereafter the rate of basal continuous infusion was
reprogrammed to 10 pg/h fentanyl accordin3g to the results of
the pharmacokinetic simulation of fentanyl.*'°

In the postanesthesia care unit, if the VAS score (0 was
defined as no pain, and 10 was defined as the worst pain ever
experienced) of the patient was > 6,'"'? which indicates
severe pain, the physician intravenously administered a bolus
of 25 g fentanyl. The opioid requirements in the postanesthe-
sia care unit were measured. All patients were kept for close
observation in the postanesthesia care unit for 1 h and then
transferred to the general ward. VAS scores and adverse events
(eg, nausea, vomiting, pruritis, respiratory depression, desa-
turation, sedation, confusion, and urinary retention) were
measured on admission to the postanesthesia care unit and
at 0.5, 1, 4, 24, and 48 h after surgery by an investigator who
was blind to the treatment groups. The definitions of

Assessed for eligibility (n = 111)

Excluded (n = 38)
+ Not meeting inclusion criteria (n = 35)

>+ Declined to participate (n = 2)
+ Other reasons (n=1)

| Randomized (n =73) |

!

Group A (n = 36)
+ Received allocated intervention (n = 34)
+ Did not receive allocated intervention
Development of paroxysmal atrial fibrillation
with rapid ventricular rate (n = 1)
Refusal of participation after allocation (n = 1)

A

Lost of follow-up (n = 0)

Analysed (n = 34)

FIGURE 1. CONSORT flow diagram.
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Group B (n = 37)

+ Received allocated intervention (n = 36)

+ Did not receive allocated intervention
Unanticipated change to laparotomy (n = 1)

h 4

Lost of follow-up (n = 0)

h 4
Analysed (n = 36)

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Medicine ¢ Volume 95, Number 2, January 2016

Model-Based Dosing Scheme in Robotic Prostatectomy

Fentanyl
50 ug bolus

lockout interval time: 10 min

Intravenous PCA R
no basal rate

bolus: 10 ug

i

||

| |

10 min priorto Endof End of 0hr

end of surgery surgery anesthesia 0.5hr

1hr 4 hr 24 hr 48 hr

Operating Room

Postanesthesia Care Unit

General Ward

(" Fentanyl
50 ug
infusion
\_for 10 min

Intravenous PCA
basal rate: 20 pg/hr
bolus: 10 pg

lockout interval time: 15 min

Intravenous PCA 0
basal rate: 10 pg/hr
bolus: 10 pg
A lockout interval time: 15 min J

FIGURE 2. Schematic representation of the study protocol. PCA = patient-controlled analgesia.

respiratory depression, desaturation, and sedation were a
respiratory rate < 12breaths/min, oxygen saturation <
90%, and level of sedation so that the patient has a normal
response to verbal stimuli, respectively. The total fentanyl
dose administered during the postoperative period was calcu-
lated by combining the infused fentanyl doses and any other
opioids or analgesics that were administered during the post-
operative period. All opioids and analgesics were recorded
and converted to fentanyl-equivalent doses using morphine
sulfate equivalents.'*~'> The total duration of surgery (from
the start of surgery to the end of surgery in minutes) and time
to extubation from the end of surgery (from the end of surgery
to extubation in minutes) were also recorded.

Computer Simulations

The optimal dosing scheme for model-based PCA infu-
sion—that is, maintaining the target concentration above the
minimal effective concentration of 0.23 ng/mL'® and below
the concentration that can result in unwanted side effects*—
was determined according to the pharmacokinetic parameters
of fentanyl as follows:*'® Vi owa (L): 26.6, k10 (min~1):
0.0332, k12 (min~"): 0.172, kI3 (min~"): 0.131, k21 (min~
": 0.1, k31 (min~"): 0.0177, and KeO (min~"): 0.147. In this
present study, we determined the targeted concentration,
which is slightly higher than the minimal effective concen-
tration throughout the postoperative period, and then simu-
lated the cumulative drug amount in order to maintain these
concentrations using NONMEM™ VII level 2 (ICON Devel-
opment Solutions, Dublin, Ireland). After simulating the time-
concentration curve using various dosing schemes, we
selected the optimal dosing regimen that could maintain the
appropriate concentrations and entered the basal rate into the
intravenous PCA infusion pump (AutoMed 3200%; Ace
Medical Co., Seoul, Republic of Korea). Deterministic simu-
lations using point estimates of the fixed-effect parameters
were performed to provide an illustration of the predicted time
courses of the plasma and effect-site concentrations after
fentanyl administration. Variances in the random-effect
parameters (interindividual and residual) were set to 0.
Figure 3 shows the simulated plasma and effect-site concen-
trations of fentanyl over time for 2 different practical situ-
ations that represent groups A and B.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Simulated plasma concentrations of fentanyl over time
in groups A (A) and B (B). The black dash lines and red solid lines
represent the plasma and effect-site concentrations of fentanyl,
respectively. The black horizontal solid lines (Y=0.23 ng/mL)
represent the minimal effect concentrations of fentanyl. The gray
shadow box in group A represents the undertreated period.
In contrast, the effect-site concentration in group B did not
decrease to below the minimal effect concentration of fentanyl
until after 60 min.
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TABLE 1. Patient Characteristics and Outcomes

Group A (n=34) Group B (n=36) P Value

Age (yr) 60.9+6.8 60.2+6.3 0.688
Weight (kg) 71.6 +6.7 71.1+£7.0 0.752
Height (cm) 167.4+4.8 168.3+5.7 0.499
Body mass index (kg/m?) 255+2.1 251+2.1 0.387
Operation time (min) 22294256 225.14+283 0.731
Extubation time (min) 79+4.1 7.8+3.6 0.861
Fentanyl requirement at PACU (n.g) 110.0+46.4 77.5+£353 0.001
VAS score of pain at PACU

On admission to PACU 49+22 43+1.8 0.169

After 0.5 h 6.6+1.2 54+1.6 0.002

After 1 h 54412 42+13 <0.001
VAS score of pain on the general ward

4 h after surgery 34+£15 27+12 0.028

24 h after surgery 27+1.2 2.0+0.9 0.006

48 h after surgery 1.9£1.0 1.6£0.8 0.138
Nausea or vomiting 6 (17.6%) 1 (2.8%) 0.052
Other adverse events” 0 0

Data are presented as the mean + SD or number (%) as appropriate.
PACU = postanesthesia care unit, VAS = visual analog scale.

Other adverse events include pruritis, respiratory depression, desaturation, sedation, confusion, and urinary retention.

Statistical Analysis

The sample size was estimated based on the power cal-
culation, which showed that >33 patients per group were
necessary to achieve 80% power and detect a 20% difference
between computer-controlled alfentanil infusion and conven-
tional PCA morphine infusion in order to reduce opioid require-
ments.'” The total estimated number of patients was 73 after
considering a 10% dropout rate. Data such as demographics,
surgical duration, time to extubation from the end of surgery,
opioid requirements, and VAS score were compared with using
Student’s ¢ test or Mann—Whitney U test, as appropriate. The
American Society of Anesthesiologists physical status and
incidences of adverse events were measured by using the x*
test or Fisher’s exact test, as appropriate. Statistical analysis and
randomization were conducted using R (version 3.1.2; R
Foundation for Statistical Computing, Vienna, Austria), Sigma-
Stat 3.5 for Windows (Systat Software, Inc., Chicago, IL), and
SPSS 22 for Windows (version 22.0.0; IBM Corporation,
Chicago, IL). Data are expressed as the mean + SD, or number
(percentage) as appropriate. In this study, P <0.05 was con-
sidered statistically significant.

RESULTS

This study included 73 patients who underwent RALP.
After randomization, however, 3 patients were not included in
the analysis due to the development of intraoperative parox-
ysmal atrial fibrillation with a rapid ventricular rate, refusal to
participate in the trial just before induction, or an unanticipated
change to laparotomy due to severe peritoneal adhesion,
respectively (Figure 1).

The patient characteristics and outcomes for groups A and
B are compared in Table 1. The fentanyl requirements in the
postanesthesia care unit in groups A and B were
110.0£46.4 ng and 77.5 4+ 35.3 pg, respectively (Figure 4).
The VAS scores of groups A and B at each time point are also
compared in Table 1. The VAS scores at 0.5, 1, 4, and 24 h after
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surgery in group B were significantly lower than in group A.
Adverse events were not significantly different between the
groups (Table 1). The total fentanyl doses administered during
the postoperative period to groups A and B were
589.5£333.3 pg and 890.4 +-200.1 pg, respectively.

DISCUSSION
Among our patients who underwent RALP, the pharma-
cokinetic model-based dosing scheme for fentanyl PCA demon-
strated significant reductions in opioid requirements in the
postanesthesia care unit and pain scores assessed by VAS
during the postoperative period without developing any

P=0.001

8 g

Fentanyl requirements (ug)
8

Group A

Group B

FIGURE 4. Comparison of the fentanyl requirements in the
postanesthesia care unit between group A (red box) and group
B (blue box) in patients who underwent robot-assisted laparo-
scopic prostatectomy. The fentanyl requirement in group B was
significantly lower in comparison with group A. The upper borders
of the box and error bars of each group represent the mean and
SD, respectively.
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significant opioid-related complications in comparison with the
conventional dosing regimen. Our data suggest that both the
plasma and effect-site concentrations did not decrease below the
minimal effective concentration of fentanyl in the model-based
PCA group. However, in the conventional PCA group, we
believe the fentanyl concentration decreased to below the
minimal effective concentration around admission to posta-
nesthesia care unit, which may have resulted in moderate to
severe pain.

Fentanyl is a highly lipophilic drug, which facilitates its
distribution into the brain, and is well suited for intravenous
PCA. Furthermore, using fentanyl for intravenous PCA demon-
strates considerable analgesic efficacy with good tolerabil-
ity.'872° Although fentanyl has a wide therapeutic window,
large on-demand doses or high basal infusion rates are associ-
ated with the risk of respiratory depression.?'** In addition, the
long context-sensitive half-time of fentanyl after a long period
of infusion results in a dramatic increase in its concentration,
which may be associated with postoperative complications such
as respiratory depression, nausea, and vomiting.?*** For these
reasons, basal continuous infusion is not routinely recom-
mended as a postoperative analgesia.

However, pain after laparoscopic surgery is known to be
more intense during the immediate postoperative period in
comparison with after open laparotomy.' Furthermore, in our
present study, the administration of only the demand dose of
fentanyl—without basal continuous infusion—demonstrated
inadequate pain relief in the postanesthesia care unit in patients
who underwent RALP. Similar to the previous simulation
results, the fentanyl concentration progressively decreased to
the minimal effective concentration at ~30 min after the first
fentanyl bolus injection. This time course of the concentration
was inversely related to the trends of the pain scores, which
increased abruptly after admission to the postanesthesia care
unit and peaked at 30 min after admission. In addition, the
simulated fentanyl concentration of the demand dose plus an
additional fentanyl bolus in the postanesthesia care unit showed
not only an abrupt increase in the fentanyl effect-site concen-
tration to > 2ng/mL—which may produce fentanyl-related
complications—but also that the fentanyl concentration could
have decreased to below the minimal effective concentration of
0.23 ng/mL and thereby resulted in inappropriate pain manage-
ment. Considering the appropriate dosing scheme for managing
postoperative analgesia, there are problematic concerns regard-
ing the lack of basal continuous infusion with a demand bolus
dose, which may have led to an insufficient fentanyl concen-
tration below the minimal effective concentration.

Taken together, we adapted pharmacokinetic model-based
PCA asan advanced method for reducing the period during which
the fentanyl concentration is below the minimal effective con-
centration during the postoperative period. We found that the
model-based dosing scheme reduced analgesic requirements in
the postanesthesia care unit and pain scores during the post-
operative period among patients who underwent RALP. Phar-
macokinetic model-based dosing schemes, which can provide a
quantitative description of the time course of drug effects and
offer great potential for achieving optimal drug therapy, are
increasingly used within most therapeutic areas.” The model-
based dosing scheme is very popular in drug development area,
especially in first-in-human studies and trials on optimal dosing
regimens.”>*® In addition, these approaches helped to achieve
successful registration of the drug and were identified as a more
efficient trial design that reduced the required number of subjects
and thereby saved time. Therefore, model-based PCA, which can

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

restrict concentrations within the therapeutic range, can provide
tailored postoperative analgesic management approaches.

In terms of study limitations, we did not examine the
predictive performance of the simulated PCA regimen, which
should take blood samples at predetermined time points. In
addition, our simulation did not include interindividual vari-
ations in the pharmacokinetic parameters of fentanyl. How-
ever, the pharmacokinetic model of fentanyl is largely
accepted to be valid for all patients,”” except children and
overweight patients.”®° Therefore, our results are promising
for the postoperative pain management of patients who
undergo RALP.

In conclusion, pharmacokinetic model-based PCA, which
can provide optimal basal infusion in order to achieve a
concentration above the minimal effective concentration, sig-
nificantly decreases the opioid requirements and pain scores
without inducing serious adverse events immediately following
RALP. These results provide a better understanding of effective
pain management following RALP.
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