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ABSTRACT

Background: The influence of obesity on the pharmacokinetic (PK) behavior of remifentanil is incompletely understood. The
aim of the current investigation was to develop a new population PK model for remifentanil that would adequately characterize
the influence of body weight (among other covariates, ¢.g., age) on the disposition of remifentanil in the general adult popula-
tion. We hypothesized that age and various indices of body mass would be important covariates in the new model.

Methods: Nine previously published data sets containing 4,455 blood concentration measurements from 229 subjects were merged.
A new PK model was built using nonlinear mixed-effects modeling. Satisfactory model performance was assessed graphically and
numerically; an internal, boot-strapping validation procedure was performed to determine the Cls of the model.

Results: Body weight, fat-free body mass, and age (but not body mass index) exhibited significant covariate effects on certain
three-compartment model parameters. Visual and numerical assessments of model performance were satisfactory. The boot-
strap procedure showed satisfactory Cls on all of the model parameters.

Conclusions: A new model estimated from a large, diverse data set provides the PK foundation for remifentanil dosing cal-
culations in adult obese and elderly patients. It is suitable for use in target-controlled infusion systems and pharmacologic

simulation. (ANESTHESIOLOGY 2017; 126:1019-32)

EMIFENTANIL is an esterase metabolized p
opioid agonist in widespread clinical use inter-
nationally, often as part of total intravenous anesthetic

What We Already Know about This Topic

e The pharmacokinetics and pharmacodynamics of remifentanil
have been described by population mixed-effects models

e The effects of covariates, including age, sex, kidney function,
and hepatic function, on remifentanil pharmacokinetics
and pharmacodynamics have been characterized and
incorporated into models

e The effect of obesity on remifentanil pharmacokinetics is not

techniques. The clinical pharmacology of remifentanil
has been exhaustively investigated, perhaps more so than
any previously introduced fentanyl congener. Population
mixed-effects models describing the pharmacokinetic

(PK) and pharmacodynamic (PD) behaviors of remi-
fentanil in quantitative terms have been developed and
validated.!™* The influences of numerous covariate effects,
such as age, sex, kidney function, and hepatic function,
have also been characterized (some of these covariate
effects are incorporated into PK-PD models that are
widely applied clinically).>>¢ The synergistic interaction
of remifentanil when combined with propofol or inhaled
anesthetics has also been modeled and evaluated in the

well understood

What This Article Tells Us That Is New

® A general-purpose remifentanil pharmacokinetic model was
developed using pharmacokinetic data from studies of adults

e Model parameters were influenced by the patient covariates
total body weight, fat-free mass, and age but not body mass
index or sex

e This new model provides the pharmacokinetic basis for
remifentanil dosing calculations in obese and elderly adult patients
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Despite this substantial collection of PK-PD models
characterizing the disposition, effects, and interactions of
remifentanil, a clear unmet need in our understanding of
the clinical pharmacology of remifentanil relates to the
influence of obesity on remifentanil PKs. Previous inves-
tigations addressing this issue suffer from some important
limitations despite using rigorous data-gathering meth-
ods and advanced model-building techniques. The study
by Minto et al.,’ the most widely used model in target-
controlled infusion (TCI) systems, was methodologically
flawed as it relates to the obesity covariate, because the
equations (i.e., the James Equations) used to calculate
lean body mass in this study are now known to be seri-
ously flawed, particularly in very obese patients.'> More
importantly, the Minto model was estimated from volun-
teer subjects that did not include obese subjects. The study
by Egan et al.,'3 although focused entirely on the influ-
ence of obesity on remifentanil PKs, must be regarded
as preliminary and incomplete, because the study was
relatively small and, although the study compared obese
and lean groups, the study population did not include
large numbers of morbidly obese patients. Studies by La
Colla et al.'*'> also address remifentanil PKs in the obese
patient population, but these studies offer workarounds
to address the flawed lean body mass calculations of the
study by Minto et al.? rather than a new PK model that
clearly incorporates body weight indices into the param-
eters of a PK model. The work by La Colla ez al.'® clearly
demonstrates that the performance of the PK parameters
from Minto et al.? lead to a large bias when applied to
morbidly obese patients.

The relevance of the current study is in part a func-
tion of the international obesity epidemic. Given the
high prevalence of obesity around the world and the high
incidence of obesity-associated disease, obese patients
frequently present for anesthesia and operations, some-
times to treat their obesity by a bariatric procedure.!*-!
Understanding the influence of obesity on the disposi-
tion of anesthetic drugs is therefore an important ques-
tion in contemporary anesthesia practice.?’ The aging of
the worldwide population in many developed countries
and the high incidence of age-related comorbidities make
understanding the influence of age on anesthetic drug dis-
position and effects similarly important, although the age
issue has already been explored in detail, especially for
advanced age.

The aim of the current investigation was to develop a
new population PK model for remifentanil that would ade-
quately characterize the influence of body weight (among
other covariates, e.g., age) on the disposition of remifent-
anil in the general adult population. We hypothesized that
age and various indices of body mass would be important
covariates in the new model. Our practical aim was to build
an updated PK model for remifentanil suitable for general
adult use, including obese patients.
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Materials and Methods
Data Set

The data set for model building was derived from nine previ-
ously published studies by Egan ez 4/,">'3?! Minto et al.,
Drover and Lemmens,?? Mertens et al.,* Kern et al.,” and
La Colla e al.®® All of the studies were approved by local
human-subject institutional review boards, and all of the
subjects gave informed consent (see individual studies for
details). In total, there were 4,455 remifentanil concentra-
tion measurements from 229 subjects (107 patients and 122
volunteers); all of the subjects and data points from the nine
previously published studies were included in the data set for
analysis. The studies included remifentanil administration
by bolus injection, continuous infusion, and TCI. Blood
sampling ranged from 2 to 523 min. The measured plasma
concentrations ranged from 0.054 to 245.4 ng/ml. Details
about each of the nine studies composing the data set are
presented in tables 1 and 2.

Population Modeling
Population PK analyses were performed using NONMEM
(version 7.2, Icon Development Solutions, USA). Three-
compartment models with linear PKs were fitted using
ADVANG subroutines and the first-order conditional esti-
mation with interaction procedure.

A log normal variance model was used to describe the
interindividual variability of the remifentanil PK parameters
according to the following equation:

eizeTvXeXP(ﬂ,-) 1)

where 6, is a population mean value for the PK param-
eters of the population, & is the individual post hoc esti-
mate for the PK parameter in the ith subject, and 7 is
a random variable that represents the difference between
individual (&) and population ( &, ) values that is a nor-
mally distributed random variable with a mean of 0 and a
variance .

For the intraindividual variability that describes the resid-
ual errors, combined error models were tested using the fol-
lowing equation:

Ci=C x(1+£},m,ij)+sﬂdﬂ,ﬁ (2)
where C, is the j th plasma concentration measured in the
i th subject; C,,, . is the j th concentration predicted based
on the model parameters, dosing regimen, and sampling time
in the 7 th patient; and €, and €,,,, ; are the coefficient of
proportional residual error and coeflicient of additive residual
error terms, respectively, which are normally distributed ran-
dom variables with a mean of 0 and variance of 0°.

Covariate Modeling
The potential covariates affecting model structural param-

eters were explored for body weight, age, sex, body mass

Kim et al.
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index (BMI), and fat-free mass (FFM) with the formula by

Janmahasatian et 2/** FEM was calculated from sex, weight

(in kilograms), and BMI (in kilograms per meter squared):
9.27 x10° xTBW

FFM male= 5 3)
6.68%x10° +216x BMI

9.27x10° xTBW
8.78%10° + 244 x BMI

FFM female= (4)

To explore the covariate-parameter relationships that could
further explain interindividual variability, the estimated
parameters obtained from a three-compartment model
without any covariates were plotted independently against
body weight, age, sex, BMI, and FFM. Those graphical
relationships were examined visually to identify potentially
important covariate effects. Promising covariates were then
entered into the base model sequentially (with either a linear
or power function centered on the median of the covariate
depending on the exploratory plots).

The process for including covariate effects within the
mixed-effects structural model proceeded as advocated
by Jonsson and Karlsson.?> Starting from the base model,
potentially important covariate-parameter relationships were
individually tested in a stepwise fashion building the model
forward (i.e., the forward inclusion process). The most influ-
ential covariates in terms of the NONMEM objective func-
tion value (OFV) reduction were iteratively retained in the
model. The minimal OFV reduction (equal to minus twice
the log likelihood) statistically justifying inclusion of a can-
didate covariate effect into the model was determined by a
P value of less than 0.01, that is, a decrease in the OFV of at
least 6.63 points for one additional parameter (using a chi-
square distribution, 1 degree of freedom).

When no more covariate effects were statistically justi-
fied for inclusion into the model, the so-called final model
was defined. Thereafter, a backward elimination procedure
was performed in which each covariate was removed in turn
from the final model, and the difference in OFV between the
final and each reduced model was examined. An increase in
OFV of 10.83 (P < 0.001) was required to retain the covari-
ate in the final model (i.e., the threshold for the change in
OFV during the backward elimination procedure was set
more parsimoniously than during the forward inclusion of
covariates).

Model Evaluation

Goodness of fit for all models was visually inspected with
plots of observed versus predicted values, looking for visual
evidence of inaccuracy and bias. The conditional weighted
residuals (CWRES) of the PK models were plotted as a
function of time to assess model misspecification.?® Predic-
tive performance and log likelihood profiles were exam-
ined, facilitated by Wings for NONMEM, xpose4 (version
4.0), and fit4ANM run on the R statistical software package

Anesthesiology 2017; 126:1019-32 1022
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(version 2.13.1, the R Foundation for Statistical Comput-
ing, Austria).?” As an internal validation procedure, a non-
parametric, bootstrap analysis was conducted.

The predictive performance of the models was evaluated
numerically by computing the performance error (PE).® For
each blood sample the PE was calculated as follows:

c,.—C,.
PE, (%)=| —Z—2=2 |x100 (5)
’ Cﬁif

where C, . is the predicted blood remifentanil concentration
in j th sample from the 7 th patient, and C,;is the mea-
sured blood concentration of remifentanil in that sample.
Subsequently, the median prediction error (MDPE) and
median absolute prediction error (MDAPE), which indicate
bias and inaccuracy, respectively, were calculated in a pooled

data method as follows:

M
MDPE=+><Z(N,. X MDPE),) ©)
z i
MDPE, (%)= median{ PE, j=1,......... N} )
1 M
MDAPE =———x Y (N, x MDAPE,) (8)
Y
MDAPE, (%)=median{|PE, |, j =1,......... N} 9)

where MDPE, and MDAPE, are median PE and median
absolute PE of i th individual, PEZ.]. isthe PEin j th sample
from i th individual, N, is the number of observation in
i th individual, and M is the number of individuals.

The robustness of the MDPE and MDAPE calculations
were evaluated with a 2-fold cross-validation procedure.
With this method, the data set was randomly divided into
two parts: the first arm was used to estimate parameters and
the second arm was used to predict concentrations with
the parameters derived from the first arm. This process was
repeated after exchanging the arms. The prediction results of
the two arms are then combined and treated as one data set.
This process was repeated 10 times with different random
partitioning of the data set. All of the results were pooled,
and MDPE and MDAPE were calculated.

To evaluate the robustness of the final model, a non-
parametric bootstrap analysis was performed as an inter-
nal validation procedure.”” Two-thousand bootstrap data
set replicates were generated randomly by resampling
with replacement (i.e., each data set included 229 subjects
selected randomly; in each data set, some subjects might be
randomly represented more than once and some might be
randomly omitted). Model parameters for each of these data
sets were estimated using NONMEM. Median parameter
values and the 2.5 to 97.5 percentiles from the bootstrap

Kim et al.
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procedure were compared with those of the final model
parameter estimates. If the final model parameter estimates
were not significantly different from the results of the boot-
strap procedure, the model was considered stable.

Log-likelihood profiles (LLPs) for each of the final model
parameters were computed as a means of evaluating uncer-
tainty in the parameters. LLPs are computed by fixing a
given model parameter at values around the final model esti-
mate and then rerunning the model to obtain new OFVs.
Plots of the fixed parameter values versus the OF Vs (i.e., the
LLPs) are intended to reveal whether there is a problem with
parameter identification. The LLP determines the parameter
values on either side of the final estimate that produce a dete-
rioration in the OFVs of 3.84. This relies on the assumption
that the difference of —2LL follows a chi-square distribution
and that when this value changes by 3.84, the parameter
value is at the 95% confidence limit.

Computer Simulations

Deterministic computer simulations using the covariate
adjusted population PK model were performed to illustrate
its clinical implications. First, we explored the time course of
remifentanil plasma concentration (Cp) when the same abso-
lute dose (i.e., not weight adjusted) is administered intrave-
nously to 25-yr-old subjects with different body weights (i.e.,
75 and 150 kg) and a height of 175 cm, and also to 75-kg sub-
jects with different ages (i.e., 25 and 75 yr old) and a height of
175 cm. The simulated dosing regimens were a 50-pg bolus
injection and a 15-pg/min continuous infusion for 60 min.

Next, to illustrate the difference in remifentanil dosing
requirements for various body weights (ranging from 50 to
200kg in a 50-yr-old subject, height of 175cm) and ages
(ranging from 25 to 75 yr old in a 75-kg subject, height
175cm), we performed TCI simulations, which targeted a
Cp of 5 ng/ml for 30 min. We also simulated the cumulative
dosage required to achieve a Cp of 5 ng/ml for various ages
and body weights for up to 300 min.

Finally, because the final covariate added to the model
(relating FFM to volume of distribution of the second com-
partment [V2]) was associated with the smallest change in
the NONMEM OFV, we explored through simulation the
influence of differing FEM values (i.c., 45, 55, and 65) on
the predicted plasma concentrations (and doses) using the
final model (wherein FFM is a covariate related to V2) and
the penultimate model (i.e., model 8 in table 3, where FFM
is not a covariate for any parameter). We simulated bolus,
infusion, and TCI administration to a 50-yr-old, 75-kg
patient (with arbitrarily different FFM values for the final
model, FFM of 45, 55, and 65). The simulated remifentanil
bolus was 50 pg. The simulated remifentanil infusion was
20 pg/min for 20 min. The simulated TCI regimen was a
30-min infusion targeted to 5 ng/ml.

All of the simulations were implemented in PKPD Tools
(Minto and Schnider, http://www.pkpdtools.com, accessed
March 21, 2016).

Anesthesiology 2017; 126:1019-32 1023

Results

Data Set

The study population demographics for age and body weight
are presented graphically in figure 1 (see also table 1). The
demographic characteristics confirm a heterogeneous popu-
lation, particularly regarding the covariates of interest (i.e.,
body weight and age); BMI ranges from 16.1 to 73.7 and
age from 20 to 85 yr. The population includes patients with
extremely high body weight and BMI from the subjects of La
Colla ez 2l and Egan er /"> Numerous older subjects are
also represented, particularly in the Minto et /> and Egan
et al?' data sets.

Not only are the demographic characteristics of the study
population heterogeneous, but the dosing schemes are also
highly variable in terms of method of administration and
total dose. The dosing scheme, concentration range, sam-
pling site, number of samples, sampling period, and volun-
teer/patient distribution for each study are shown in table 2.
The dosing schemes included high-dose bolus injection,
fixed-rate continuous infusion, and TCI infusion. All of the
concentration measurements were made from arterial blood.
The raw PK data, categorized by method of administration,
are presented in figure 2.

Population Modeling

The mixed-effects modeling analyses showed that the PKs
were best described by a three-compartment model (clear-
ance [CL1], intercompartmental clearances [CL2 and CL3],
volume of the central compartment [V1], and volumes of
peripheral compartments [V2 and V3]). The process of model
development is presented in summary form in table 3, with
OFVs and numerical performance measures for a two-com-
partment model, the base model, and for selected covariate-
adjusted candidate models (hundreds of candidate models
were tested). The parameter estimates and interindividual
variability for the base model and the covariate adjusted final
model are presented in table 4 (bootstrap median parameter
values with Cls shown for the final model).

Covariate Modeling

In the process of covariate model building, age, weight,
and FFM were discovered to have an important influence
on several model parameters. Sex had no influence on any
model parameter (once body weight was incorporated into
the model). Body weight was related to clearance (CL1)
and central volume (V1) as a power function with a posi-
tive exponent smaller than one. Central clearance (CL1),
fast intercompartmental clearance (CL2), and rapidly equili-
brating and slowly equilibrating compartment volumes
(V2 and V3) exhibited linear correlations with age. FFM was
modeled into the fast compartment volume (V2) as a power
function with a positive exponent smaller than one. The rela-
tionships between parameters and their related covariates are
presented as Supplemental Digital Content 1 (http://links.
Iww.com/ALN/B427).

Kim et al.
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Fig. 1. Bar plots of the demographic make-up of the dataset for body weight (A) and age (B). Different studies/authors are

represented with different colors.
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Fig. 2. The raw pharmacokinetic data categorized into bolus (A), constant rate infusion (B), and target-controlled infusion (C)

administration schemes. The vertical axis is on a log scale.

Model Evaluation

The observed wversus predicted remifentanil concentra-
tions for the final population model and the post hoc indi-
vidual models are presented in figure 3. Similar plots
for the penultimate model (i.e., model 8 in table 3) are

Anesthesiology 2017; 126:1019-32

presented as Supplemental Digital Content 2 (hetp://
links.lww.com/ALN/B428). The CWRES as a function of
time for the final population PK model are presented in
figure 4. The percentage of CWRES outside of the + 2 range
is 4.93%. The MDPE and MDAPE with Cls are presented

1025 Kim et al.
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Disposition of Remifentanil in Obesity

Table 4. Population Pharmacokinetic Parameter Estimates, Interindividual Variability (%CV), and Median Parameter Values (2.5
to 97.5% Cls) of the Nonparametric Bootstrap Replicates of the Final Pharmacokinetic Model (Base Model Parameter Values Also

Shown)
Model Parameter Estimate (%CV) Median (2.5 to 97.5% Cl)
Base V1 4.72 (61.0)
V2 7.47 (67.2)
V3 3.46 (63.6)
cL1 2.71 (25.3)
CL2 1.78 (50.1)
CL3 0.201 (58.1)
Additive coefficient of 0.0214
residual error
Proportional coefficient of 0.167
residual error
Final "l 6,x(TBW/74.5)% (53.6) 4.8 (4.31-5.31)
6, = 4.76 0.661 (0.432-0.882)
6, = 0.658
v2 6, (FFM/52.3)" — 0, x(AGE - 37) (56.3) 8.50 (7.31-9.80)
6. =84 0.569 (0.283-0.867)
2T 0.0934 (0.0650-0.1270)
6,,=0.573
6,,=0.0936
V3 6, —6,, x(AGE-37) (59) 3.91 (2.94-4.91)
0. =4 0.0476 (0.0297-0.0687)
)y =
6,, = 0.0477
cL 0, x(TBW/74.5)% —6,, x(AGE—37) (21.2) 2.77 (2.68-2.87)
0. =277 0.335 (0.265-0.410)
47 0.0149 (0.0107-0.0188)
6,, =0.336
6,, =0.0149
CcL2 6, —6,; x(AGE-37) (41.2) 1.93 (1.73-2.16)
0, =1.94 0.0276 (0.0211-0.0345)
6,5 = 0.0280
CL3 6, = 0.197 (59) 0.185 (0.107-0.279)
Additive coefficient of 0.0217 0.0212 (0.0105-0.0302)
residual error
Proportional coefficient of 0.168 0.167 (0.15-0.185)

residual error

Interindividual random variability and residual random variability were modeled using a log-normal model and an additive and proportional coefficient of
variation model, respectively. Nonparametric bootstrap analysis was repeated 2,000 times.

CL1 = clearance of central compartment; CL2, CL3 =

intercompartmental clearances; Cl = confidence interval; CV = coefficient of variation; FFM

= lean body

mass calculated by Janmahasatian et al.?* formula; TBW = total body weight; V1 = volume of central compartment; V2, V3 = volumes of peripheral compartments.

in table 5 (and also for the Minto and La Colla models).
Compared with the Minto and La Colla models, the final
model has minimal bias (for MDPE, the Minto and La Colla
model CI excludes 0, an indicator of bias). The results of the
2-fold cross-validation procedure are also presented in table
5; the values differ minimally with the original values. Plots
of the post hoc Ms for CL1 versus weight and CL1 wversus age
for the base and final models are presented as Supplemental
Digital Content 3 (http://links.Iww.com/ALN/B429).

The coefficients of variation and the Cls (according to the
bootstrap procedure) of the parameter estimates for the final
model are presented in table 4. The median values produced
from the bootstrap procedure are close to the estimated param-
eters. Reduction of the coeflicients of variation of parameters
was achieved in the final model compared with the base model
except for the slow intercompartmental clearance.

Anesthesiology 2017; 126:1019-32
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The LLP plots are presented in figure 5 for all of the
estimated parameters in the final model. This LLP analy-
sis suggests that the parameters were estimated with ade-
quate precision (i.c., no major problems with parameter
identification).

Computer Simulations
The same-dose simulations are presented in figure 6. Given
the same dose, an obese patient is expected to achieve mod-
estly lower remifentanil plasma concentrations than a lean
patient of the same age (fig. 6A). Conversely, an older patient
is expected to achieve substantially higher plasma concentra-
tions than a younger patient of the same body weight after
an identical dose (fig. 6B).

The changes in dosing requirements over time for a range
of body weights and ages when targeting a remifentanil Cp of

Kim et al.
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Fig. 3. Observed versus predicted remifentanil concentrations for the final population model (A) and the post hoc individual
models (B). Blue dots indicate concentrations for subjects with a body mass index (BMI) of 35 or less. Red dots indicate subjects
with a BMI above 35. The lines of identity are shown in blue; locally weighted scatterplot smoothing (LOWESS) lines are in red.
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Fig. 4. The conditional weighted residuals (CWRES) as a
function of time for the final population pharmacokinetic
model. CWRES values are in black; a locally weighted scat-
terplot smoothing line is in red. A dashed blue line marks
the zero point. Bold dashed blue lines mark + 4; for ease of
presentation, data outside of blue lines are displayed as dots
at + 4.5.

5 ng/ml by TCI are presented in figure 7 (fig. 7A for weight
and 7B for age). Because of the relatively high clearance of
remifentanil, the infusion rate required stabilizes approxi-
mately 25 min after beginning the infusions. The increased
dose requirements for the younger and heavier patients are
evident.

The cumulative dose requirement to maintain a Cp of 5
ng/ml by TCI simulation is presented in figure 8. For a 5-h
infusion, compared with the younger-leaner patient (i.e., 25
yr old, 75kg), the heavier (150kg) 25-yr-old’s cumulative

Anesthesiology 2017; 126:1019-32 1027

dosage requirement is approximately 125% of the younger-
leaner patient’s dose. Conversely, the older (75 yr old) 75-kg
patient’s cumulative dosage requirement is approximately
75% of the younger-leaner patient’s dose. Table 6 presents
how dosing requirements vary by body weight for infusions
of up to 2h (for a 175-cm 25 yr old).

The simulations comparing the penultimate model
(model 8 in table 3) with the final model for differing
FFM values in an otherwise identical patient are presented
as Supplemental Digital Content 4 (htep://links.Iww.com/
ALN/B430). As expected, the differences between the model
predictions are slight. These simulations must be interpreted
with caution, because assuming such a wide range of FFM in
a 75-kg patient is somewhat artificial.

Discussion

The aim of the current investigation was to develop a new
population PK model for remifentanil that would ade-
quately characterize the influence of body weight (among
other covariates, ¢.g., age) on the disposition of remifentanil
in the general adult population. We hypothesized that age
and various indices of body mass would be important covari-
ates in the new model. This hypothesis was confirmed.

That remifentanil PKs are influenced by obesity and age
is of course not new. This work extends the findings of previ-
ous investigators, such as Minto ez al.,’ La Colla et al,> and
Egan et al,'3?! by including data from a larger number of
subjects with a broader range of body weight and age and
a more diverse array of drug infusion schemes, including
TCls. Compared with the data sets for typical descriptive
PK studies in anesthesiology, a model derived from more

Kim et al.
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Table 5. Bias and Inaccuracy of the Final Model (with Comparison to the Minto and La Colla Models)

MDPE (%) MDAPE (%)

Model Minto® La Colla'® Current Study Minto® La Colla™ Current Study

Total -7.2 -7.3 2.5 22.3 20.9 21.2
11.2 to -3.0) ~11.3t0 -3.2) (4.7 t0 9.8)* (18.2 to 26.3) (16.9 to 24.9) (14.0 to 28.4)

Twofold cross 2.8 21.7
(-0.2 t0 5.8)* (18.7 to 24.7)

BMI < 35 -4.5 -6.5 2.3 20.5 20.7 21.3
(-9.0to -0.1) (-10.9to -2.1) (-5.6to 10.1)* (16.1 to 24.8) (16.4 to 25.0) (13.51t0 29.1)

BMI > 35 -37.7 -16.1 7.1 43.1 23.6 20

(-40.1 to -35.4) (~18.3t0 -14.0) (4.5109.7) (41.410 44.9) (21.9 t0 25.3) (17.8 t0 22.0)

Age <65 yr -7.4 -7.3 2.2 22.9 21.2 21.3
12210 -2.7) (~11.9 to -2.6) (-6.1t0 10.5)* (18.3 to 27.5) (16.6 to 25.8) (13.0 to 29.6)

Age > 65 yr -5.3 -7.2 5.6 18.2 19 20.2
(~7.5t0-3.2) (9.6 to —4.9) (1.9t09.3) (16.5 to 19.9) (17.2 t0 20.8) (17.0 to 23.4)

Data show MDPE (95% CI) and MDAPE (95% ClI).

*A 95% CIl of MDPE does not exclude 0; for twofold cross, see explanation in text.
BMI = body mass index; MDAPE = median absolute prediction error; MDPE = median prediction error.
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than 225 subjects and nearly 4,500 arterial blood samples
is a large, comprehensive study. Overcoming the limitations
associated with the faulty James” equations for the computa-
tion of lean body mass constitutes a simple but important
advance of the existing knowledge.

From a practical perspective, PK models have at least two
important applications.®® First, the models can be the basis
for PK simulations to address clinically important questions
regarding the optimal dosage scheme for a given patient (i.e.,
posologic optimization). An extension of this application is
the incorporation of the models into clinical pharmacology
display systems for clinical and educational use.?"*? Sec-
ond, PK models can be incorporated into TCI pumps for

Anesthesiology 2017; 126:1019-32
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0.5 1.0

the automated administration of intravenous anesthetics,
enabling practice in the concentration domain.?

In terms of the practical treatment of obese patients, the
application of this new PK model is straightforward. Using
total body weight (TBW) as a weight-proportional approach
to calculate the drug administration scheme in severely
obese patients is suboptimal. Compared with lean subjects,
severely obese patients do indeed require more remifentanil
to achieve a specified remifentanil target concentration.
However, in considerably obese patients, the dosage increase
does not correlate linearly with their TBW (in fact, it is
not even a close approximation of a linear increase). This
is consistent with existing information about the influence

Kim et al.
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by target-controlled infusion according to the final model.

of body weight on remifentanil disposition.!*!> According
to the current study, although obesity does indeed influence
remifentanil PKs, it is not necessary to relate basic or direct
obesity indices, such as BMI, as a covariate to any of the PK
model parameters. A model that incorporates TBW, fat-free
mass, and age as covariates is sufficiently accurate, even for
obese patients.

From a theoretical perspective, the scientific underpin-
nings of this relationship between PK model parameters and
body weight are a function of well-characterized anatomic
realities. In obese patients, as body mass increases, fatty tissue
increases more than lean body mass; that is, there is a nonlin-
ear relationship between TBW and lean body mass.?* Lean
body mass, especially as it relates to clearance and metabo-
lism, is more relevant pharmacologically than fatty tissue,
although fat is thought to be an important reservoir for drug
distribution for fat-soluble drugs.?> Because remifentanil is

Anesthesiology 2017; 126:1019-32 1029

metabolized in blood and tissue by nonspecific esterases that
are presumably widely expressed in the body,* it is conceiv-
able that TBW is perhaps more relevant to the metabolism
of remifentanil than drugs that require delivery to a meta-
bolic organ like the liver; that TBW is a covariate in the final
model is consistent with this speculative assertion.

Recent advances in understanding the disposition of
propofol in the obese patient population are instructive to
put the current findings in proper context. Cortinez et al.’’
reported an allometric scaling relationship between propofol
elimination (and intercompartmental clearances) and TBW
(i.e., TBW?4). In a much larger and comprehensive study of
numerous propofol data sets pooled together, Eleveld ez /.3
confirmed the use of allometric scaling of propofol clear-
ance parameters. In contrast, in a clinical study, Ingrande
et al.’® concluded that lean body weight was the optimal
basis for the calculation of the propofol induction dose. A

Kim et al.
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sophisticated simulation study by McLeay et a/.?? also con-
cluded that lean body weight was a useful descriptor for
the determination of propofol dosing schemes. In general,
although these studies have nuanced differences regarding
how best to include the influence of obesity into an opti-
mized PK model for propofol, they all confirm the funda-
mental principle that TBW is not an optimal scalar for the
calculation of propofol dosing schemes. The current study
findings about remifentanil are in general agreement with
these observations for propofol.

Investigators in this arena have focused considerable
attention on allometric scaling of PK parameters to body
weight. In general terms, allometry is the study of the rela-
tionship between body size and body anatomical and physi-
ologic properties. The theoretical foundation of allometric
scaling in PKs is loosely based on Kleiber’s law, which relates
the body size of numerous species to metabolic rate using
a ¥ power function (i.e., metabolic rate is proportional to
TBW?4). Extending this idea into PKs, numerous investi-
gators have advocated scaling PK clearance parameters to
TBW?4.1240 Ag noted, this approach has been successful
for propofol.3®37 There is controversy in the literature about

Disposition of Remifentanil in Obesity

how best to implement some form of allometric scaling in
PK models.“! The current study took a hybrid approach,
estimating the exponent of the power scaling as part of the
model building (i.e., rather than using a % power function).
In other words, the current study relied exclusively on the
data to determine the structure of the model, including the
linear or power scaling of the covariates, rather than apply-
ing these allometric scaling principles from the outset. This
approach is consistent with a recent editorial cautioning
blind adherence to allometric PK model building strategies
when the raw data do not support it.%?

Several limitations of this investigation deserve emphasis.
The most obvious limitation is that the study does not include
a PD component. PKs cannot be considered in isolation, so
the study conclusions must be understood in the context of
existing knowledge regarding remifentanil PDs. Remifen-
tanil PDs are not thought to be influenced by obesity, and
the influence of advancing age on remifentanil PDs is well
characterized.’> However, how to predict effect-site concentra-
tions using the PK model of the current study is a conun-
drum, because we do not have a ke0 parameter (elimination
rate constant from the effect-site) estimated from this data set.
Using the time of peak effect after bolus administration is one
approach to this problem.®

Another significant limitation of this study relates to the
remifentanil blood samples that were below the quantitation
limit (BQL) of the assay. It is well known that some meth-
ods used to handle the BQL values can introduce bias into
model parameter estimates, especially where the data sets
are sparsely sampled.*> Because the current study relied
on data from numerous investigators and studies, some of
which were published many years ago, it was not possible
for us to determine with confidence how many samples were
BQL, although we believe that, relative to the total number
of samples, the number of BQL samples was very small (per-
haps less than 2%) and that all of the studies had a similar
limit of quantitation. We elected to use all of the data from
the published studies because we did not have a rational basis
to censor the data further. There is no question that combin-
ing several studies that used different analytical chemistry
techniques and laboratories may have influenced the final
model because of assay measurement error and that this issue
is especially relevant to BQL samples (or samples that are at
or near the limit of quantitation).

Table 6. Total Dose Requirement (in pg) to Maintain a Plasma Concentration of 5 ng/ml by Target-controlled Infusion for Infusions of
Varying Lengths (0.5 to 120min) in Patients with Different Body Weights

Time (min)

Body Weight 0.5 1 2 5 10 30 60 90 120
75 kg 35.1 47.8 71.8 134.7 223.3 532.7 980.6 1425.1 1868.7
100 kg 40.6 54.2 79.7 147.8 244.8 583.8 1074 1560.7 2046.6
125 kg 45.7 59.9 86.8 159 263 626.8 1152.8 1675.3 2196.9
150 kg 50.4 65.1 93.1 168.9 278.8 664.5 1221.7 1775.4 2328.2
Simulations based on a 175-cm, 25-yr-old man with drug administration by target-controlled infusion according to the final pharmacokinetic model.
Anesthesiology 2017; 126:1019-32 1030 Kim et al.
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Other limitations include the absence of pediatric data,
making the model unsuitable for use in younger patients.
Other covariate effects that might be of interest were also
not examined, including subject type (volunteer us. patient).
Effects for these covariates have been described for pro-
pofol.® Although in preliminary models we identified a
very modest covariate effect for subject type (volunteer us.
patient), we did not pursue this covariate effect in the final
model in part because all of the obese subjects were patients,
and we were concerned about this confounding influence
(our main goal was to focus on the influence of obesity).

The next steps in this line of investigation obviously
include prospective validation of the new PK model. Assess-
ment of the predictive performance in various subgroups
would also be enlightening. Finally, there is considerable
work to do in illustrating the clinical implications of the new
PK model through simulation.

The general question of how to handle dosing calculations
in very obese patients has important implications for drug
development in all therapeutic areas. Given the prevalence
of obesity in the modern patient population, particularly
in developed countries like the United States, the develop-
ment of a drug label should include information about how
dosing schemes should be modified with increasing body
weight.“47 This is perhaps even more important in anesthe-
siology, where drugs of low therapeutic index are common.
The current study provides a rational basis to address these
obesity-related posologic issues for remifentanil.

In summary, we report a new PK model for remifentanil
estimated from a large, diverse data set that adequately char-
acterizes the influence of body weight and age on the dis-
position of remifentanil in a general adult population. The
model is suitable for use in TCI systems and pharmacologic
simulation software. The model requires prospective valida-
tion before widespread use.
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