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P HARMACOKINETIC (PK) and pharmacodynamic 
(PD) models are used to predict drug concentration and 

effect profiles from a given drug administration scheme and to 
predict the drug administration scheme necessary to achieve a 
desired drug effect. They are useful for intraoperative advisory 
displays1 to provide clinicians with feedback on expected drug 
concentrations and effects. Target-controlled infusion (TCI) 
systems use PK-PD models to calculate the infusion rates nec-
essary to achieve desired drug concentrations or effects.

For remifentanil, the PK-PD model developed by Minto  
et al.2 is widely used. It was derived from a study of 65 healthy 
adult volunteers aged from 20 to 85 yr with body weights from 
45 to 106 kg. Others have studied remifentanil PK in children3 
and adults.4 Combining these data might lead to a more general 
applicable PK-PD model for remifentanil. A similar approach 
was taken by Eleveld et al.,5 who developed a general-purpose 
PK model for propofol by combining data from multiple 

What We Already Know about This Topic

• A widely used remifentanil pharmacokinetic-pharmacodynamic 
model was developed from a study of healthy adult volunteers

• Allometry, which addresses the relationship of body size to 
shape, anatomy, physiology, and behavior, might facilitate 
development of a model that could be useful in both children 
and adults

What This Article Tells Us That Is New

• A general-purpose remifentanil  pharmacokinetic-
pharmacodynamic model was developed using 
pharmacokinetic data from studies of adults and children and 
pharmacodynamic data from an adult study

• Model parameters were influenced by the patient covariates 
fat-free mass, weight, age, and sex

• The predictive performance of the model was in a clinically 
acceptable range for all subgroups considered and was better 
than that of a widely used model, particularly in young children 
and children
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ABSTRACT

Background: Pharmacokinetic and pharmacodynamic models are used to predict and explore drug infusion schemes and 
their resulting concentration profiles for clinical application. Our aim was to develop a pharmacokinetic-pharmacodynamic 
model for remifentanil that is accurate in patients with a wide range of age and weight.
Methods: Remifentanil pharmacokinetic data were obtained from three previously published studies of adults and children, 
one of which also contained pharmacodynamic data from adults. NONMEM was used to estimate allometrically scaled 
compartmental pharmacokinetic and pharmacodynamic models. Weight, age, height, sex, and body mass index were explored 
as covariates. Predictive performance was measured across young children, children, young adults, middle-aged, and elderly.
Results: Overall, 2,634 remifentanil arterial concentration and 3,989 spectral-edge frequency observations from 131 individ-
uals (55 male, 76 female) were analyzed. Age range was 5 days to 85 yr, weight range was 2.5 to 106 kg, and height range was 
49 to 193 cm. The final pharmacokinetic model uses age, weight, and sex as covariates. Parameter estimates for a 35-yr-old, 
70-kg male (reference individual) are: V1, 5.81 l; V2, 8.82 l; V3, 5.03 l; CL, 2.58 l/min; Q2, 1.72 l/min; and Q3, 0.124 l/min. 
Parameters mostly increased with fat-free mass and decreased with age. The pharmacodynamic model effect compartment rate 
constant (ke0) was 1.09 per minute (reference individual), which decreased with age.
Conclusions: We developed a pharmacokinetic-pharmacodynamic model to predict remifentanil concentration and effect 
for a wide range of patient ages and weights. Performance exceeded the Minto model over a wide age and weight range. 
( Anesthesiology 2017; 126:1005-18)
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studies from young children, children, adults, the obese, and 
the elderly. The resulting model performed better than special-
ized models and has been prospectively validated.6–8

Because of the quite different sizes of children and adults, 
concepts from allometry are likely to be beneficial to model 
development. Allometry concerns the relationship of body 
size to shape, anatomy, physiology, and behavior. While 
allometry has been applied in the biologic sciences dating back 
to the 1930s, with Kleiber’s law,9 more recently it has been 
systematically applied to PK models,10 and it has been used for 
remifentanil.11 Typically, it involves the initial hypothesis that 
volumes scale linearly with body size (usually but not always 
weight) and clearances to body size to the ¾ power.

Our aim was to combine several remifentanil PK and PD 
data sets to develop a combined PK-PD model. We hypoth-
esized that this may lead to improved predictive performance 
compared to previously published models.

Materials and Methods
We obtained remifentanil PK and PD data from three studies: 
the aforementioned study in adults by Minto et al.,2 a study 
in children by Ross et al.,3 and a study in adults with TCI by 
Mertens et al.4 For the studies by Minto et al. and Ross et al., 
the original data were available via the Open TCI Initiative 
web site (http://www.opentci.org). For the study by Mertens 
et al., the remifentanil TCI infusion targets, PK model, patient 
characteristics, and target concentration data were provided to 
us by the authors. These data allow the infusion profile in each 
individual to be back-calculated and validated with the pre-
dicted concentrations that were recorded during performance 
of the study. Table 1 provides some summarized details of the 
data sets considered. All of the data sets have been published 
in scientific journals, and the necessary ethical committee 
approval was obtained before performance of the studies.

In the data set, height information is missing for some indi-
viduals, and for others the recorded height seems unreason-
able. For these individuals, their height was assumed to be the 
average height of other individuals whose weight was within 
10% of their weight. Model estimation and evaluation were 
performed using NONMEM version 7.3 (Icon Development 
Solutions, USA) using the first order conditional estimation 
method with interaction. Calculations of predictive perfor-
mance were performed using the R language,12 version 2.14.1. 
Simulations of TCI using the models were performed using 
PK-PD Tools for Excel© (www.pkpdtools.com).

PK and PD Analysis
We modeled the time course of remifentanil plasma concentra-
tion using a three-compartment PK model with volumes V1, 
V2, V3, elimination clearance CL, and intercompartmental 
clearances Q2 and Q3. Our initial model scaled all parameters 
linearly with total body weight (TBW). We also tested allome-
tric scaling where volumes are scaled linearly with body size and 
clearances to a power exponent of 0.75. These are sometimes 
referred to as theoretical values for scaling exponents.10 We also 
considered the fat-free mass (FFM) predictor described by Al-
Sallami et al.13 as a body-size descriptor that uses a maturation 
model to extend the Janmahasatian et al.14 adult FFM predic-
tor to include children. The Al-Sallami FFM predictor uses 
TBW (kg), age (yr), body mass index (BMI), and sex:
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Residual error in PK observations was assumed to be log-nor-
mally distributed using the “transform-both-sides” approach 
(with the method NONMEM uses to model intrasubject 
variability, true lognormal distributions of residual errors can 
only be modeled by comparing the log of the predicted con-
centration with the log of the measured concentration using 
a simple additive error model), and a separate residual error 
was estimated for each data set.

We modeled PD measures using a sigmoidal Emax model 
driven by an effect compartment concentration (Ce) con-
nected to the plasma compartment by a first-order rate 
constant (ke0). Model parameters were assumed to be log-
normally distributed across the population. Residual error in 
PD observations was assumed additive and normally distrib-
uted. The equation of the PD model was as follows,

dCe
dt

ke C Ce

Effect = E + Emax E
Ce

Ce Ce

= ⋅ −( )

−( )⋅
+

+

0

50
0 0

γ

γ γ
ε

where C and Ce are the concentrations in the central (V1) 
and effect compartments, E0 is the baseline PD measure 
when no drug is present, Emax is the maximum possible drug 

Table 1. Details of the Component Data Sets

Data Set N

Observations

Study Group Age, yr Weight, kg Reference SourcePK PD

Minto 65 1,992 3,989 Volunteers 20–85 45–106 2 http://opentci.org/
Ross 36 196 0 Patients 0–17 2–96 3 http://opentci.org/
Mertens 30 446 0 Patients 25–57 52–92 4 Obtained from author (E.O.)

Pharmacokinetic (PK) observations are arterial remifentanil concentrations, and pharmacodynamic (PD) observations are spectral-edge frequency observa-
tions (http://opentci.org last referenced January 19, 2015).
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effect, Ce50 is the Ce associated with 50% of the maximum 
effect, γ is the steepness of the concentration versus response 
relation, and ε represents additive residual error to the PD 
observations. For PD model estimation, the individual pre-
dicted plasma concentrations from the final PK model were 
used as the driving force for the effect compartment; this 
is known as the sequential method,15,16 also known as the 
individual post hoc prediction method.

Model parameters were calculated relative to a reference 
individual,17 a 70-kg, 35-yr, 170-cm male. Age, weight, 
height, sex, and BMI were considered as potential covari-
ates for model parameters. Potential covariate relationships 
were identified by examination of individual variability (η) 
values obtained from NONMEM estimation and tested for 
inclusion in the model. Parameters and covariate relation-
ships were added and removed from the model during hier-
archical model building to obtain a good model fit using 
the corrected Akaike information criterion (AIC). We 
required a decrease in AIC of at least 10 for adding param-
eters to the model and allowed an increase in AIC of up to 
4 when removing parameters. We calculated simple mea-
sures of the ability of each pharmacokinetic and pharma-
codynamic model to predict the observations. We did not 
consider models that show clear degradation of the ability 
of models to predict the observations, even if such models 
had improved NONMEM objective functions. Details of 
the measures are described in the following section. Over-
all, our approach corresponds to requiring strong evidence 
for adding parameters to the model and allowing moderate 
degradation in model fit for simplifications of the model. 
These criteria would generally be considered rather conser-
vative with a tendency to result in a (comparatively) simple 
final model.

Uncertainty in estimated model parameters was evalu-
ated by estimating the upper and lower 95% confidence 
limits by spline interpolation of the likelihood profiles. We 
determined what increase/decrease in each parameter is 
required to increase NONMEM objective function by 3.84. 
For estimates of logarithmic interindividual variability, we 
report the estimated variance and also the coefficient of vari-
ation using the method described by Elassaiss-Schaap and 
Heisterkamp,*

CV = e%( ) − ⋅ω2

1 100%

where ω2 is the estimated parameter population variance.

Quantifying PK and PD Predictive Performance
To quantify the PK predictive performance for an observa-
tion, we calculated the performance error18 (PEPK) and abso-
lute performance error (APEPK) as follows.

PE =
C C

C

APE = PE

PK
observed predicted

predicted

PK PK

−
⋅100%

For PD measures, only the Minto study data provided PD 
observations that were the spectral-edge frequency (SEF) of 
the electroencephalograph.19 For these, we used prediction 
error calculations appropriate for additive error models.

PE = SEF SEF

APE = PE
PD observed predicted

PD PD

−

For these PK and PD performance error measures, the 
median values are reported: the median PEPK (MdPEPK), 
median APEPK (MdAPEPK), median PEPD (MdPEPD), and 
median APEPD (MdAPEPD). The MdPE measures indicate 
bias, and the MdAPE measures indicate precision.

During model development, the model predictive perfor-
mance was evaluated using predictions from repeated twofold 
cross-validation. With this technique, before analysis, individuals 
with observation data are randomly partitioned into equally sized 
groups D1 and D2. First, the model parameters are estimated 
from the data of D1. The parameters are held constant and then 
used to predict the observations of group D2 using population 
predictions based on the measured covariates (η fixed to 0). The 
process is then repeated after exchanging D1 and D2. The pre-
dictions for D1 and D2 are combined to obtain a complete set 
of predictions. Thus predictive performance is only evaluated 
for observations that were not used for model estimation, i.e., 
out-of-sample predictions. In an effort to reduce Monte-Carlo 
variability in performance estimates caused by random partition-
ing, twofold cross-validation was repeated 10 times with differ-
ent random partitions of individuals, and all predictions were 
combined and used to evaluate model predictive performance.

If observations in a data set are not balanced with respect 
to relevant subgroups, then the model that strictly mini-
mizes AIC may not result in balanced performance for all 
subgroups of the data. This can occur when model modifi-
cations improve model fit for well-represented subgroups 
to the disproportionate detriment of less well-represented 
but clinically important subgroups. To address this, we split 
the individuals studied into five subgroups: young children 
(<3 yr), children (3 to <18 yr), young adults (18 to <40 
yr), middle-aged (40 to <65 yr), and elderly (≥65 yr). The 
overall measure of predictive performance was the average 
MdAPEPK and MdAPEPD across these subgroups. The sub-
groups were chosen to approximately parallel PK models in 
the literature.

Comparison to Existing Models
The performance of the final model was compared to models 
available in the literature. For the models from the literature, 
no cross-validation was performed, i.e., in-sample predictions. 
The models considered were the Minto model,2 the Egan 
model,20 and the La Colla model.21 We also considered the 

*Elassaiss-Schaap J, Heisterkamp S: Variability as constant coeffi-
cient of variation: Can we right two decades in error? Abstracts of the 
Annual Meeting of the Population Approach Group in Europe 2009; 
18:abstr 1508. Available at: www.page-meeting.org/?abstract=1508. 
Accessed April 20, 2017.
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Rigby-Jones model,11 which is an allometric PK model devel-
oped from data from children.

Results
The analyzed data set contains 2,634 remifentanil concentra-
tion observations from three studies and 3,989 SEF obser-
vations from one study. Overall, data from 131 individuals 
(55 male, 76 female) were studied. The age range was from 
5 days to 85 yr, weight range was from 2.5 to 106 kg, and 
height range was from 49 to 193 cm. Figure 1 shows the dis-
tribution of age, weight, height, and BMI of the individuals. 
The distributions of individuals and observations for each of 
the subgroups considered are shown in table 2.

For four individuals height information was missing. Two 
12-yr-old children had recorded heights that seem unlikely given 
their weight and age, leading to BMI values of 38.8 and 106. 
Height values for these individuals were treated as missing, and 
the estimated height was used for FFM and BMI calculations.

PK Model Development
A graphical description of the PK model development pro-
cess is shown in figure 2. The initial linear model (Model 1) 
has six basic PK parameters (V1, V2, V3, CL, Q2, and Q3), 
each scaled linearly with TBW and each with interindividual 
variance. There are also three residual error estimates, one 
for each component data set. Scaling all parameters by FFM 
predicted by the Al-Sallami model (Model 2) and the addi-
tion of allometric scaling (Model 3) both led to improved 
models, evidenced by lower AIC and improved predictive 
performance. The application of compartmental allometry5 
to Q2 and Q3 (Model 4) further improved the model. In this 
approach, Q2 and Q3 scale to the power exponent 0.75 to the 
relative estimated size of V2 and V3. Here the size scaling fac-
tors of Q2 and Q3 were V V ref2 2/( )0.75

 and V V ref3 3/( )0.75
,  

respectively instead of the usual allometric approach of scal-

ing with TBW, i.e., with TBW TBWref/( )0.75
.
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Fig. 1. Histograms for age, weight, height, body mass index (BMI), and weight versus age and height versus weight for the 
individuals studied.
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We tested an exponential age covariate relationship cen-
tered at 35 yr17 for all parameters (Model 5). This involves 
multiplying each parameter by a function of the form 
f x = x AGE - 35aging ( ) ⋅ ( )( )exp  and estimating different values 
for x for each parameter. This resulted in a large decrease in AIC, 
but with a small (0.1%) decrease in predictive performance. We 
provisionally accepted this into the model and planned to con-
sider simplification of the aging model later in development. 
For Model 5, there was systematic deviation in CL for small-
sized individuals. The addition of an sigmoidal maturation 
function of the form f x,E , = x x + Esigmoid 50 50λ λ λ λ( ) ( )/ ,  

where x is post- menstrual-age (PMA), an approach advo-
cated by Anderson and Holford,10,22 led to an improvement 
in AIC (Model 6) and predictive performance as measured 
by the MdAPEPK averaged across the patient subgroups also 
improved. Using TBW as x (Model 7) instead of PMA led to a 
greater improvement in AIC and predictive performance, and 
so we accepted this feature into the model. The slope parameter 
λ could not be reliably estimated and was empirically fixed to 
2. This corresponds to a smooth gradual increase of CL in early 
life up to adult values achieved as maturation completes.

Clearance was found to be increased in females (Model 8); 
however, increasing V2, CL, and Q2 for females aged approx-
imately 12 to 45 yr (Model 9) showed greater improvement 
in AIC and predictive performance. Estimating these 12- and 
45-yr boundaries from the data (Model 10) led to a small 
improvement in objective function but lowered predictive 
performance, suggesting overfitting. The slope parameter for 
the boundaries could also not be reliably estimated and was 
empirically fixed to 6, which provides a smooth transition.

Model 9 showed significant deviation in V3 from the typi-
cal value, suggesting that the assumed allometric relationship 
with body size is inadequate. Adding an exponential weight 
correction to V3 (Model 11) led to an improved model. 

Table 2. Composition of Subgroups Used for Intraoperative 
Predictive Performance Evaluation

Subgroup Age
Number of  
Individuals PK PD

Young children <3 18 96 0
Children 3 to <18 18 100 0
Young adults 18 to <40 52 1,591 1,245
Middle-aged 40 to <65 25 471 1,235
Elderly ≥65 18 376 1,509

Pharmacokinetic (PK) observations are arterial remifentanil concentrations, 
and pharmacodynamic (PD) observations are spectral-edge frequency 
observations.

Fig. 2. Hierarchical pharmacokinetic model building. AIC = Akaike information criteria; CL = remifentanil clearance; k = number 
of model parameters; MdAPE = median absolute prediction error for all observations; Avg MdAPE = median (cross-validation) 
absolute prediction error averaged over the subgroups young children, children, young adults, middle-aged, and elderly.
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Further, the age relationships for V1, Q2, and Q3 were simi-
lar, as were those for CL and V2. Estimating shared age covari-
ates for these parameters (Model 12) reduced the number of 
parameters in the model and improved AIC, and predictive 
performance was unchanged. Other model modifications 
were tried, but none improved both AIC and predictive per-
formance. We did evaluate other size-scaling methods, but 
none resulted in a better final model. An exploration of these 
results is provided in the supplementary data (Supplemental 
Digital Content 1, http://links.lww.com/ALN/B421).

The complete PK data set and the full NONMEM model 
code of the final PK model can be found in Supplemental Dig-
ital Content 2 (http://links.lww.com/ALN/B422). The likeli-
hood profiles (Supplemental Digital Content 3, http://links.
lww.com/ALN/B423) and the relationships between η and the 
covariates (Supplemental Digital Content 4, http://links.lww.
com/ALN/B424) and between η1 to η6 (Supplemental Digi-
tal Content 5, http://links.lww.com/ALN/B425) can be found 
in the supplementary data, as well as a Visual Basic Macro suit-
able for with PK-PD Tools for Excel© (www.pkpdtools.com). 
The summarized equations of the final model are as follows.
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Constants with the subscript ref are calculated for the refer-
ence individual. Symbols V1ref, V2ref, V3ref, CLref, Q2ref, and 
Q3ref are the estimated compartmental volumes and clearances 
for the reference individual, Θ1 defines the weight at which 
50% of maturation of CL is complete, Θ2 defines the change 
in V1, Q2, and Q3 with age, Θ3 defines the change in V2 
and CL with age, Θ4 defines the change in V3 with age, Θ5 
defines the change in V2, CL, and Q2 for females aged 12 
to 45 yr, and Θ6 defines the deviation of V3 from theoretical 
allometric scaling. Symbols η1 to η6 represent random vari-
ables with variances denoted in table 3, where η5 and η6 rep-
resent the intersubject variability of Q2 and Q3 not captured 
by that of V2 and V3. The symbols AGE and TBW represent 
an individual’s age in yr and weight in kg, respectively. Symbol 

ε represents residual observation error in the log domain with 
a variance fixed to 1. RES is residual standard deviation esti-
mated separately for each data set in table 1.

Figure  3 shows population and individual predictions 
versus time and observed remifentanil plasma concentra-
tions for the entire data set. Figure 4 shows the individual 
estimated PK model parameters plotted against weight. 
Although V1, V2, CL, and Q2 show what may be described 
as classical behavior, increasing with weight and decreasing 
with age for adults, V3 and Q3 show considerably more vari-
ability and appear to decrease with increasing weight above 
about 20 kg. Figure  5 shows the individual estimated PK 
model parameters plotted against age. The decline in param-
eter values with advancing age is visible for most parameters.

PK Performance Evaluation
Table 4 shows the estimation of predictive performance of the 
final PK model compared to other remifentanil PK models 
from the literature. The final PK model performed best for all 
groups except for young adults, for whom the in-sample per-
formance was slightly lower than the Minto model (MdAPE 
15.8  vs. 15.3%). Notably, the out-of-sample performance of 
the final model was equal to or better than the in-sample per-
formance of the Minto model for the other age groups. The 
performance of the final PK model appears to exceed that of 
the Minto model over a wide age and weight range.

Table 3. Estimated Model Parameters and Population 
Variances in the Final Pharmacokinetic Model

Parameter Estimated Value

95% Confidence Limits

Lower Upper

V1ref, l 5.81 5.37 6.29
V2ref, l 8.82 8.12 9.56
V3ref, l 5.03 3.95 6.46
CL ref, l/min 2.58 2.48 2.68
Q2 ref, l/min 1.72 1.57 1.88
Q3 ref, l/min 0.124 0.099 0.156
Θ1

2.88 2.03 4.06

Θ2
−0.00554 −0.00746 −0.00363

Θ3
−0.00327 −0.00470 −0.00186

Θ4
−0.0315 −0.0416 −0.0212

Θ5
0.470 0.374 0.573

Θ6
−0.0260 −0.0359 −0.0160

 Variance, ω2 CV, %  

η1 0.104 33.0  

η2 0.115 35.0  

η3 0.810 112.0  

η4 0.0197 14.1  

η5 0.0547 23.7  

η6 0.285 57.5  
 Residual Error   
Minto data 0.111   
Ross data 0.271   
Mertens data 0.240   

CV, % = sqrt(exp(variance) - 1) · 100%
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Interestingly, the performance of the allometrically scaled 
Rigby-Jones model in adults is comparable to other mod-
els despite the fact that the model was developed from data 
from children. These results suggest that the primary dif-
ference between adults and children for remifentanil PK is 
simply size, for which the allometric model compensates 
with the scaling exponents. The models developed without 
allometric scaling on all parameters, the Minto, Egan, and 
La Colla models, performed poorly for children and very 
poorly for young children. These models do not adequately 
compensate for the size of the individual.

PD Model Development
For PD model development, Ce50 and ke0 were assumed 
independent of size and log-normally distributed across the 
population. The initial PD model showed correlation in η 
for ke0 with age, and adding an exponential age covariate led 
to improvement in AIC and predictive performance. Test-
ing an exponential age covariate to Ce50, mirroring the PD 

model structure found by Minto, led to a small improve-
ment in AIC (−6.92) but decreased predictive performance 
and was omitted from the final model. Restricting the age 
covariate only for elderly individuals also did not improve 
model performance. The complete PD data set and the full 
NONMEM model code are in Supplemental Digital Con-
tent 2 (http://links.lww.com/ALN/B422). The likelihood 
profiles can be found in Supplemental Digital Content 6 
(http://links.lww.com/ALN/B426). The summarized equa-
tions of the final models are as follows.
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Fig. 3. Population and post hoc pharmacokinetic predictions for the current study versus time and observed remifentanil plasma 
concentration. The black line is a Loess smoother.
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Symbols E0 ref, Emax ref, Ce50 ref, γ ref, ke0ref, and Θ1 represent 
estimated model parameters, and η1 to η5 represent vari-
ances; the estimated values are shown in table 5. Figure 6 
shows population and post hoc PD predictions for the current 
study versus time and observed SEF. Figures 7 and 8 show 
post hoc estimated PD model parameters ke0 and Ce50 plot-
ted versus weight and age, respectively. A clear decrease with 
age is visible for ke0. For Ce50, age seems to most strongly 
influence elderly individuals, although that characteristic did 
not achieve statistical significance.

Discussion
We estimated a three-compartment allometric PK model 
with an effect-site compartment and sigmoidal Emax PD 
(spectral edge) model for remifentanil. The parameters of the 
model were influenced by patient covariates FFM, weight, 
age, and sex. For all subgroups, performance of the final 
model is in the range considered clinically acceptable (MdPE 
less than 10 to 20% and MdAPE between 20 and 40%).23,24

Our PK model performed better than the Minto model, 
which is incorporated into commercially available TCI 
pumps and anesthesia displays, predicting a more diverse 
population to better accuracy while requiring fewer estimated 
parameters. The out-of-sample predictive performance of our 

model was equal to or better than the in-sample performance 
of the Minto model for all subgroups except young adults, 
for whom the performance was quite similar. We focused on 
balanced performance across subgroups by requiring model 
development to improve the average MdAPE over five sub-
groups. The cost of such a balanced approach can be slightly 
reduced performance in most well-represented subgroups, 
but the benefit is a more robust model.

Influence of Maturation
We found decreased CL for the smallest and youngest individ-
uals in the data set. Using TBW as a predictor for maturation 
provided a slightly better model fit than PMA, the approach 
advocated by Anderson and Holford,10,22 although the differ-
ences were not very large. The final model estimated that 50% 
of maturation was complete at a bodyweight of approximately 
3.6 kg, which is close to average birth weight, and maturation 
is 95% complete at approximately 14 kg. We cannot exclude 
the possibility that the smallest individuals had conditions 
associated with reduced remifentanil clearance.

Predictive Performance in the Obese
We did not analyze data from obese individuals, and our 
model must be extrapolated for this group. If the difference 
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between the obese and nonobese is primarily size, then our 
model might be expected to perform well for the obese, 
because our model incorporates a size correction. However, 
if obesity entails physiologic changes overshadowing those 
attributable to size, then our model may extrapolate poorly. 
In contrast to the Minto model, we do not the use of the 
James equation for lean body mass; thus we avoid its para-
doxical behavior for obese individuals.25 Additional data are 
needed to determine the performance of our model in the 
obese.

Influence of Sex
We found that sex indirectly influences the PK of remifen-
tanil through its relationship with FFM. The influence of 
sex on V2, CL, and Q2 seems to be more complex, and 
we found that increasing these for females between 12 and 
45 yr old resulted in an improved model. Broadly, this age 
range corresponds to the reproductive period in females, 
although the underlying physiologic mechanisms are not 
clear. The age range was obtained by visual inspection, and 
the data were not sufficiently informative to estimate the 
limits or the steepness at its boundaries. The model struc-
ture used assumes a smooth transition at the limits of the 
age range.

Allometric Scaling
We found that the theoretical scaling exponents of 1 for vol-
umes and 0.75 for clearances were suitable for V1, V2, CL, 
Q2, and Q3. Only V3 deviated from our initial assumption 
of linear scaling with body size, showing an overall decrease 
in V3 for larger body sizes, and this is visible in figure 4. It 
is not clear what mechanisms play a role here. Although the 
non-specific esterases involved in remifentanil elimination26 
can be found in diverse body tissues, there may be structural 
differences in large body sizes that are not accounted for in 
our model.

It is interesting that the Rigby-Jones model was devel-
oped in children but extrapolates reasonably well to adults. 
Conversely, all of the PK models tested that did not scale all 
parameters using allometry extrapolated poorly to children 
and very poorly on young children.

A limitation of the PD data is that it is not informa-
tive for potential allometric relations for ke0, due to the 
availability of adult data only. Allometric theory suggests 
physiologic rates scale to the −0.25 power exponent (or 
0.25 if expressed as a half-life27). Heart rates and breath-
ing rates are well known to scale allometrically for a wide 
range of body sizes. If the same applies to keo (it is also 
a physiologic rate), then one would expect it to scale 
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to body size to the −0.25 power exponent. Testing this 
in the final PD model was inconclusive, with an AIC 
of 0.90 higher and predictive performance unchanged. 
Estimated parameters were only slightly changed or were 
identical to three significant digits. So allometric scal-
ing for ke0 is not supported by the data, but at the same 
time, neither is the size independence of keo in the final 
model. Informative PD data are needed to resolve this 
issue. This likely requires PD data from the extremes of 
the size spectrum.

Compartmental Allometry
As reported for propofol,5 the application of compartmen-
tal allometry to the scaling of Q2 and Q3 led to improved 
model fit and predictive performance. Based on allometric 
theory, Anderson and Holford10 have proposed that com-
partmental volumes scale linearly with size. The reverse 

should also be true, that size scales linearly with volume. 
The insight of compartmental allometry is to use the esti-
mated volumes as estimates of size (up to a constant factor) 
for the peripheral compartments. Thus using the individual 
estimates of V2 and V3 as size descriptors for Q2 and Q3 
can be seen as an attempt to scale Q2 and Q3 by the esti-
mated size of the compartment in the particular individual. 
The current study provides evidence that this approach per-
forms better than using TBW as a size descriptor for periph-
eral compartments.

Effect-site Targeting
Figure 9 shows the remifentanil bolus doses and infusion rates 
needed to achieve 4 ng/ml in the effect compartment for the 
PK and PD models and for the Minto PK-PD model. Com-
pared to the Minto model, our final model predicts a smaller 
initial bolus dose for 35-yr-old individuals and a similar dose 

Table 4. Estimates Predictive Performance for Pharmacokinetic (PK) Models Considered

Data Set Model Predictions MdPE, % MdAPE, %

All data Final PK model (all data) In-sample 1.43 16.7
  Out-of-sample 1.13 17.3
 Minto  2.61 18.1
 La Colla  −4.31 18.5
 Egan  15.6 26.8
 Rigby-Jones  11.0 23.4
Young children Final PK model (all data) In-sample −1.65 22.8
  Out-of-sample −1.54 24.7
 Minto  392 392
 La Colla  390 390
 Egan  547 547
 Rigby-Jones  −13.5 30.0
Children Final PK model (all data) In-sample 4.45 26.9
  Out-of-sample 3.43 27.3
 Minto  39.7 44.1
 La Colla  38.9 43.8
 Egan  23.4 42.2
 Rigby-Jones  −12.4 36.5
Young adults Final PK model (all data) In-sample 2.08 15.6
  Out-of-sample 1.59 16.3
 Minto  −4.71 15.3
 La Colla  −6.09 16.0
 Egan  5.50 21.0
 Rigby-Jones  4.41 19.2
Middle-aged Final PK model (all data) In-sample 2.05 20.0
  Out-of-sample 2.33 20.5
 Minto  −3.02 20.0
 La Colla  −4.31 21.7
 Egan  20.2 29.2
 Rigby-Jones  34.6 36.2
Elderly Final PK model (all data) In-sample −0.60 14.8
  Out-of-sample −1.66 15.2
 Minto  −4.76 16.9
 La Colla  45.0 45.0
 Egan  54.7 54.7
 Rigby-Jones  1.43 16.7

In-sample = predictions from the final model; MdAPE = median absolute prediction error; MdPE = median prediction error; out-of-sample = predictions 
from cross-validation.
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in 70 yr-old male individuals. After the initial bolus, dose 
rates are quite similar. In the elderly, the time to the target 
effect is delayed by about 1 min compared to younger adults.

Limitations of the Study
Prospective evaluation of the model was not performed. If dif-
ferent subgroups or measures of performance had been used, 
then a different model structure might be considered optimal. It 
could be argued that SEF has a tenuous relationship with other 
measures of remifentanil drug effect such as heart rate, arterial 
pressure, respiratory rate, tidal volume, muscle rigidity, and 
analgesia. One source of these doubts is that the Ce50 for SEF 
is 12.7 ng/ml, which is higher than TCI targets in routine clin-
ical applications, which are typically in the range 3 to 8 ng/ml.  
Also, PD measurements were only available from adults from 
a single data set, so the PD parameters and the covariate rela-
tionships are likely to be less accurately identified than those 
from the PK. As such, our estimation of PD parameters such 
as ke0 and predictions of effect-site concentrations in children 
are extrapolations based on adult data.

Table 5. Estimated Model Parameters and Population 
Variances in the Final Pharmacodynamic (PD) Model

Parameter Estimated Value

95% Confidence 
Limits

Lower Upper

E0ref, Hz 19.9 19.1 20.7
Emaxref, Hz 5.66 5.12 6.20
Ce50ref, ng/ml 12.7 10.8 14.9
γref

2.87 2.45 3.41
ke0, 1/min 1.09 0.836 1.48
Θ1

−0.0289 −0.0408 −0.0166
 Variance, ω2 CV, %  

η1 0.021 14.4  

η2 0.101 32.6  

η3 0.391 69.2  

η4 0.379 67.8  

η5* 0.947 126  
 Residual Error   
RES(Minto), Hz 1.96   

RES = residual standard deviation.

0 20 40 60 80 100

−1
0

0
10

20

Time (min)

O
bs

er
ve

d 
− 

po
pu

la
tio

n
pr

ed
ic

te
d

0 20 40 60 80 100

−1
0

0
10

20

Time (min)

O
bs

er
ve

d 
− 

in
di

vi
du

al
pr

ed
ic

te
d

5 10 15 20 25

5
10

15
20

25

Population predicted SEF (Hz)

O
bs

er
ve

d 
S

E
F 

(H
z)

5 10 15 20 25

5
10

15
20

25

Individual predicted SEF (Hz)

O
bs

er
ve

d 
S

E
F 

(H
z)

Fig. 6. Population and post hoc pharmacodynamic predictions for the current study versus time and observed spectral-edge 
frequency (SEF). The black line is a Loess smoother.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/126/6/1005/519399/20170600_0-00010.pdf by guest on 13 M
arch 2024



Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2017; 126:1005-18 1016 Eleveld et al.

Allometric Remifentanil PK-PD Model

 0.1

 1

 10

 40  50  60  70  80  90  100  110

ke
0 

(1
/m

in
)

Weight (kg)

ke0 (1/min)

 10

 100

 40  50  60  70  80  90  100  110

C
e5

0 
(n

g/
m

l)

Weight (kg)

Ce50 (ng/ml)

Fig. 7. Post hoc estimated pharmacodynamic model parameters ke0 and Ce50 plotted versus weight. Closed triangles = males; 
open circles = females.

 0.1

 1

 10

 20  30  40  50  60  70  80  90

ke
0 

(1
/m

in
)

Age (years)

ke0 (1/min)

 10

 100

 20  30  40  50  60  70  80  90

C
e5

0 
(n

g/
m

l)

Age (years)

Ce50 (ng/ml)

Fig. 8. Post hoc estimated pharmacodynamic model parameters ke0 and Ce50 plotted versus age. Closed triangles = males; 
open circles = females.

 0

 50

 100

 150

 200

 250

 0  2  4  6  8  10  12

C
um

ul
at

iv
e 

do
se

 (µ
g)

Time (min)

Eleveld (35-year)
Eleveld (70-year)

Minto (35-year)
Minto (70-year)

Fig. 9. Remifentanil cumulative doses and infusion rates required to achieve 4 ng/ml in the effect compartment for the final model 
and the Minto model for 35- and 70-yr-old, 70-kg, 170-cm males.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/126/6/1005/519399/20170600_0-00010.pdf by guest on 13 M
arch 2024



Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2017; 126:1005-18 1017 Eleveld et al.

PERIOPERATIVE MEDICINE

The SEF data used to model the PD originate from the 
Minto model, which has been successfully applied in clinical 
practice for years, for effect-compartment-targeted remifent-
anil TCI in adults. As such, our model supports a wider covari-
ate range for PK and a similar range for PD compared to the 
Minto model. We believe that clinicians using effect-compart-
mental-controlled TCI will benefit more from an integrated 
PK-PD model instead of adding a PD model to our PK model 
via indirect methods such as time to peak effect modeling.28

Conclusion
We combined remifentanil PK data from adults and children 
and estimated a single PK-PD model, which shows good pre-
dictive performance for all subgroups considered. The safety 
and applicability of our final model needs to be evaluated.
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Two Cents’ Worth from “Pain Killer” Makers Perry Davis & Son

When you reach for a “painkiller,” remember to thank New England manufacturers Perry Davis (1791 to 1862) 
and then his son Edmund (1824 to 1880) for the older Davis’s 1839 formulation of “Vegetable Pain-Killer.” By 
1854 from Providence, Rhode Island, “Perry Davis & Son” (lower left) had become so prosperous that they were 
issuing one-cent paper notes (upper left) and one-cent revenue stamps (upper right). An ordained minister, Rev. 
Davis generously donated his “Pain Killer” to religious missions in China, India, and around the globe. From these 
religious outposts, dedicated missionaries promoted temperance and decried the evils of alcohol and opium. 
And what was this Davis-donated “Joy to the World” (lower right), the “Pain Killer” that many missionaries were 
distributing? Why, it was a heavily alcoholic herbal elixir that was laced with opium…. (Copyright © the American 
Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.P.H., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-
Museum of Anesthesiology, Schaumburg, Illinois, and Clinical Associate Professor, Case Western Reserve 
University, Cleveland, Ohio. UJYC@aol.com.
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