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ABSTRACT 

Population pharmacokinetics is playing an increasing role in clinical drug develop- 
ment. An overview of the population approach, including software and the advan- 
tages and limitations of the approach compared to the traditional approach to phar- 
macokinetic studies, is given. This paper also documents how the area has evolved 
over the past 15 years and addresses some of the issues that have arisen over the 
design and conduct of population studies. Finally, some alternative applications of 
the population approach are given for areas other than clinical drug development. 

INTRODUCTION 

Pharmacokinetics is the study of the relationship be- 
tween the dose of a drug and the manner in which its 
plasma concentrations change over time. A pharmacoki- 
netic model provides a mathematical representation of 
this relationship and relates the independent variables 
of time and dose to the dependent variable, plasma con- 
centration, using pharmacokinetic parameters such as 
clearance (CL) and volume of distribution (Vd). Pharma- 
codynamics is the study of the relationship between con- 
centrations of the drug at the site of action and its physio- 
logical effect. 

The traditional approach to pharmacokinetic studies 
involves taking intensive samples, up to 10 or 20 per indi- 
vidual, from a small group of subjects or patients. The 
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data from each subject are individually fitted to a pharma- 
cokinetic model (e.g., a one- or two-compartment model) 
to obtain that individual’s pharmacokinetic parameters. 
Then, summary statistics such as the mean and the vari- 
ance of the group are calculated based on each individu- 
al’s pharmacokinetic parameters. Initially, these studies 
are often performed on healthy volunteers, especially in 
phase I clinical studies. 

The population approach to the analysis of pharmaco- 
kinetic data also provides estimates of the average value 
of pharmacokinetic parameters in a study population and 
gives a measure of the variability of these parameters 
within that population (1). In contrast to the traditional 
approach, the population approach is based on only a few 
samples from each subject in a larger number of subjects. 
In addition, the population approach provides parameter 
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estimates from the population of individuals in a single 
step. A population model generally consists of two com- 
ponents: a pharmacokinetic or structural model and a 
pharmacostatistical model. As a result, the term mixed 
effects modeling is often used to describe the modeling 
process since two types of parameters are estimated: the 
fixed effect parameters associated with the pharmacoki- 
netic model and the random effect parameters that de- 
scribe the pharmacostatistical model (2). 

Fixed effect parameters describe the relationship be- 
tween the plasma concentration and the fixed effects. 
Fixed effects include the dose, physiological factors such 
as age, weight, and creatinine clearance, and other factors 
such as concomitant medications. Fixed effect parame- 
ters include typical pharmacokinetic parameters such as 
volume of distribution (Vd) and clearance (CL) and pro- 
portionality constants that quantify the relationship be- 
tween a pharmacokinetic parameter such as clearance and 
a fixed effect such as creatinine clearance (1 -3). 

Random-effect parameters are used to quantify vari- 
ability in pharmacokinetic parameter estimates that arise 
due to interindividual (between subjects) and intraindi- 
vidual (within subject) variations ( 1). Interindividual 
variability is the random between subject variability that 
cannot be explained in terms of fixed effects. It is impor- 
tant to obtain an estimate of unexplainable variability for 
a new drug because the safety and efficacy of a drug tends 
to decrease as unexplainable variability increases (4). In- 
traindividual variability is the variability that occurs 
within an individual. It includes errors that arise from the 
measurement of drug concentrations, model misspecifi- 
cation due to oversimplification of the model, and ran- 
dom variation in a patient’s pharmacokinetic parameters 
that can occur over time (1,2,4,5). 

There are numerous articles in the literature that can 
be consulted to provide a more comprehensive review of 
the theory and methodology underlying the population 
approach to pharmacokinetic analysis (1-3,543). 

COMPUTER SOFTWARE 

Software development for population analyses is an 
active area of investigation, and a number of programs 
are currently available. A meeting of experts was held in 
1994 to discuss software issues associated with the analy- 
sis of population pharmacokinetic and pharmacodynamic 
data. The participants concluded that programs need to 
be user friendly with good graphical interfaces, have the 
ability to specify complex pharmacokinetic and pharma- 
codynamic models, and be able to handle sparse data (9). 
NONMEM (Nonlinear Mixed Effects Modeling) (10) 

is the software most often used and tested for these analy- 
ses (9,l l) .  Other currently available software includes 
NPML (Non-Parametric Maximum Likelihood) (12), 
NPEM (Non-Parametric Expectation Maximization) 
(1 3), and the programs that implement the Bayesian ap- 
proach using Gibbs sampling (14). 

Each method of applying the population approach has 
its own assumptions and limitations. Some researchers 
have advocated using several methods to analyze one 
data set as a means of confirming results and of high- 
lighting problems in methodology (9,15). A comparative 
study carried out in 1992 under the initiative of the Amer- 
ican Statistical Association compared four population 
modeling methods. NONMEM, Gibbs sampling, SPML 
(semiparametric maximum likelihood), and NPML. They 
showed that the different methods gave similar results, 
with only minor discrepancies observed (9). In 1997, the 
Population Pharmacokinetic Modeling Workgroup 
formed by the Biopharmaceutical Section of the Ameri- 
can Statistical Association compared population methods 
using two simulated data sets (1 1). Their report included 
analyses performed using seven different modeling pro- 
grams: NONMEM, a conditional first-order method im- 
plemented in S-Plus (16), two alternative first-order 
methods implemented in SAS (17- 19), the Bayesian ap- 
proach using Gibbs sampling (14), a semi-nonparametric 
approach (20), and NPML (12). The statistical theory and 
methodology underlying these software programs can be 
found in the literature (5,7,12-14,16-20). The group ob- 
served differences in some parameter estimates when the 
different approaches were compared. Thus, there appears 
to be conflicting evidence regarding the comparability of 
some methods of implementing the population approach 
and this subject requires further investigation. 

ADVANTAGES AND LIMITATIONS OF 
THE POPULATION APPROACH 

In contrast to traditional studies, the population ap- 
proach to pharmacokinetic studies requires fewer sam- 
ples per patient. Thus, these designs are more suited to 
the study of subpopulations such as pediatrics, geriatrics, 
and the very ill (e.g., AIDS and cancer patients or patients 
with renal and hepatic impairment), for whom there are 
ethical constraints to taking many blood samples per pa- 
tient (3,5,7). 

Traditional pharmacokinetic studies often involve vol- 
unteers or patients with mild forms of the disease of inter- 
est, and inclusion and exclusion criteria are often very 
strict. Thus, these patients/subjects are not very represen- 
tative of the population to be treated, and the pharmacoki- 
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netics of the study drug for these patients may differ sig- 
nificantly from the pharmacokinetics of patients who 
receive the drug in clinical practice (21). As fewer sam- 
ples are required per patient in a population study, it is 
feasible to study a greater number of patients. For exam- 
ple, if a population pharmacokinetic study is incorporated 
into a phase I11 clinical trial, patients under study are 
more representative of the population for which the drug 
will eventually be used; thus the results of the analysis 
are of more relevance to the population of interest. Also, 
as the patient population is generally more heteroge- 
neous, it becomes possible to examine the effect of vari- 
ous patient characteristics (e.g., age, weight, renal func- 
tion, concomitant medications) on the pharmacokinetics 
of the drug. Thus, if a population analysis is incorporated 
into a phase I1 or I11 trial, then drug disposition can be 
evaluated early in the development process, and the re- 
sults can be used to guide dosage recommendations in 
different subpopulations (4). 

Traditional studies are expensive to conduct due to 
their strict scientific design, so only a small number of 
individuals can be studied, which can result in poor esti- 
mates of interindividual variability. In contrast, a popula- 
tion study can be done using observational data, that is, 
data collected under less-restrictive conditions, such as 
in routine clinical practice, than in a traditional study. 
The requirement for fewer samples per individual and 
the use of routine data enables a population study to be 
conducted less expensively. Plasma samples are often ob- 
tained periodically from subjects enrolled in phase I11 tri- 
als to monitor compliance. Therefore, if these samples 
were used in a population pharmacokinetic study, there 
would be minimal additional cost to the sponsor. 

A limitation to the use of population pharmacokinetic 
methods is the complex data analysis techniques in- 
volved. In contrast, the analysis of traditional pharmaco- 
kinetic data is relatively straightforward and is performed 
using common, simple statistical methods (3). The obser- 
vational design of a population study does not provide as 
convincing evidence for causation as the rigid scientific 
control of a traditional pharmacokinetic study. However, 
traditional studies are done in patients often not represen- 
tative of the population of interest, which makes the rele- 
vance of the results questionable. 

INTEGRATION OF POPULATION 
PHARMACOKINETICS IN THE DRUG 

DEVELOPMENT PROCESS 

In 1983, a discussion paper on the testing of drugs in 
the elderly was issued by the Food and Drug Administra- 

tion (FDA). It advocated the inclusion of population 
pharmacokinetic studies as part of phase I11 clinical trials 
(22). Initially, there was a negative reaction from the 
pharmaceutical industry to this suggestion for a number 
of reasons (4). First, the method of data analysis was un- 
familiar to most scientists, and the complex nature of the 
analytical technique demanded specialized expertise. 
There was the belief that identification of a factor influ- 
encing the pharmacokinetics of the drug during drug de- 
velopment could result in the FDA requiring a prospec- 
tive study to investigate this possible influence. Some 
believed that incorporating a population pharmacokinetic 
study into a trial protocol could result in additional cost 
and reduced compliance with the study protocol. Finally, 
there were questions regarding the quality of the data 
used in such an analysis (3,4,23,24). 

By the late 1980s to early 1990s, a number of applica- 
tions of the population approach had appeared in the liter- 
ature; they were summarized by Sheiner and Ludden in 
1992 (7). However, the majority were carried out in a 
clinical setting after marketing of the drug and were not 
performed in the preapproval process (25). 

At this time, Grasela and colleagues published a series 
of articles in which they evaluated the use of population 
pharmacokinetics in clinical drug development (2 1,26- 
28). They applied the population approach in four differ- 
ent scenarios: a phase I11 clinical trial of patients who 
contributed only a few plasma samples each, a phase I11 
clinical trial designed to detect a drug-drug interaction, 
a prospectively designed clinical trial that included forms 
designed to collect and record information relating to 
plasma sampling and dosing specifically for determining 
population pharmacokinetics, and finally, a postmarket- 
ing surveillance study that had limited control of design 
issues. They found that parameter estimates obtained 
using the population approach in all situations were com- 
parable to estimates obtained in traditional pharmacoki- 
netic studies and thus confirmed the potential use of this 
methodology in phase 111 and IV studies. 

An interdisciplinary conference was held in April 
1991 to discuss the integration of pharmacokinetics in 
rational drug development (29). The report from the con- 
ference advocated the use of population approaches in 
phase I11 trials to identify those patient characteristics 
that influence the pharmacokinetics of a drug in different 
subpopulations and to use this information in drug label- 
ing. It was accepted that a population pharmacokinetic 
analysis was not the primary objective of phase 11, 111, 
and IV trials; thus, the methods for a population pharma- 
cokinetic study, which must be incorporated into the 
efficacy protocol, should be as simple as possible and not 
have an impact on the major goals of the study (30,31). 
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Tn March 1995, a meeting of experts was held to dis- 
CUSS design issues associated with conducting population 
pharmacokinetic and pharmacodynamic studies (30). The 
experiences of the committee were that the population 
approach had frequently been implemented successfully 
in phase II and phase III studies. The consensus was that 
population pharmacokinetics should be included in clini- 
cal trials, and the discussion focused on design issues 
associated with the inclusion of a population pharmacoki- 
netic study in a phase I1 or phase I11 efficacy trial. 

A report published in 1996 on the implementation of 
the population approach in clinical drug development 
proposed many instances in which the population ap- 
proach could successfully be employed in the drug de- 
velopment process from the preclinical stage to post- 
marketing studies (15). Phase I studies provide initial 
information on the pharmacokinetics and pharmacody- 
namics of a drug in human subjects, usually healthy vol- 
unteers (29). Intensive sampling, as employed in tradi- 
tional pharmacokinetic studies, is advocated at this stage 
to establish an initial pharmacokinetic profile for the drug 
(15). However, if data from sufficient patients can be 
pooled, then the population approach can be applied at 
this stage. An advantage in doing this is that the data 
from all patients can be fit to the same pharmacokinetic 
model (i.e., a one-or two-compartment model), whereas 
in traditional studies, different models may sometimes be 
fit  to data from different patients (1 5). 

Phase I1 studies are used to determine initial efficacy 
data in relatively small groups of patients with the disease 
to be treated and to investigate the dose-response rela- 
tionship (29). A more rational design of subsequent clini- 
cal studies can be undertaken if the population approach 
is applied at this stage to investigate variability in re- 
sponse and relationships with covariales (15). 

Phase I11 clinical trials are designed to confirm the 
efficacy of a drug and to establish a toxicity profile (29). 
I t  is often the nature of these studies to exclude patients 
with diverse characteristics (e.g., patients with renal or 
hepatic disease) to increase the statistical power of the 
study. It is these patients whose pharniacokinetic profile 
is most likely to differ and whose dosage regimen may 
need to be individualized. As a solution to this problem, 
Vozeh et al. proposed that these patients be included in 
the study as a satellite group whose data would be ex- 
cluded from the efficacy assessment, but included in the 
population pharmacokinetic analysis (15). 

In September 1997, the FDA issued proposed guide- 
lines to govern the conduct and analysis of population 
pharmacokinetic studies in the drug development process 
(32). Design issues associated with these studies were 

discussed in the guidelines. Obviously, the issues depend 
to some extent on the stage in the drug development pro- 
cess (preclinical, phases 1-111, or postmarketing) in 
which the analysis is being conducted as this drives the 
kind of data collected. The new regulations proposed by 
the FDA, which are to require companies to conduct ex- 
tensive clinical studies in the pediatric population during 
drug development, provide an opportunity for the wide 
application of the population approach (33). 

ISSUES ASSOCIATED WITH THE 
DESIGN AND CONDUCT OF A 

POPULATION PHARMACOKINETIC 
STUDY 

There are a number of fundamental requirements to 
fulfill in order to conduct a good population pharmacoki- 
netic study. A sensitive and specific assay is needed to 
measure plasma concentrations of parent drug and clini- 
cally relevant metabolites; confirmation from preliminary 
studies is required to demonstrate a correlation between 
drug or metabolite concentrations and clinically relevant 
effects; and last, preliminary pharmacokinetic studies 
should have established the basic pharmacokinetic model 
to describe the drug’s disposition, although population 
analyses of sparse data may use less-complex structural 
models than are required in data-rich situations (2,4,9). 

The draft documentation issued by the FDA governing 
the conduct of population pharmacokinetic studies dis- 
cussed some of the issues involved in designing a popula- 
tion pharmacokinetic study. These include the number of 
subjects required for a population analysis, the number 
of samples required per subject, and the optimum time 
of sampling (32). Simulation studies and real data sets 
are being used to investigate these issues. 

In the early 1980s, Sheiner and Beal conducted three 
simulation studies with designs that were based on three 
experiments, each consisting of 10 subjects who were 
extensively sampled. They found that estimates of inter- 
individual variability were imprecise as a result of the 
small number of individuals, even though each individual 
provided many samples (34). In another study, they used 
a one-compartment intravenous model to simulate data. 
They found that when the total number of samples was 
fixed at approximately 100, the bias and precision of 
pharmacokinetic and variability parameters were compa- 
rable when the data consisted of three samples from 33 
patients or two samples from 50 patients. However, esti- 
mates were less precise and more biased when the data 
consisted of four samples from 25 patients (35). 
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One study investigated the number of samples per pa- 
tient and the total number of samples necessary to pro- 
vide accurate pharmacokinetic parameter estimates of 
cyclosporine in liver transplant patients (36). The data 
consisted of 203 samples from 42 individuals and was 
analyzed using a one-compartment model implemented 
in NPEM. Estimates of clearance and volume of distribu- 
tion converged and showed very little variation once 
there were two levels per patient and the total number of 
patients in the analysis reached 15-20. Others found that 
analyses using either two or three samples per patient 
provided estimates that were not significantly biased or 
imprecise when compared with the intense sampling 
strategy (37). 

A simulation study using a two-compartment model 
with intravenous input found that pharmacokinetic pa- 
rameter estimates were accurate using from four to six 
samples per subject for 100 subjects, but interindividual 
variabilities were biased using the four-sample design 
(38). Also in this study, the effect of the number of sub- 
jects was assessed using a six-sample design. They evalu- 
ated seven levels from 20 to 100 subjects and found that 
all pharmacokinetic parameters were comparable irre- 
spective of the sample size, but estimates of interindivid- 
ual variability became less biased as the number of sub- 
jects increased. 

Another group used simulated data to mimic sparsely 
sampled data for 100 patients from a phase I11 clinical 
trial in which either one or two blood samples were taken 
per patient on two occasions (39). They compared vari- 
ous sampling strategies for bias and precision of popula- 
tion parameter estimates and found that parameter esti- 
mates were often more precise and less biased when 
patients provided two samples per visit as compared to 
only one. 

Thus, it appears that two samples per individual for 
30 to 50 individuals can provide accurate estimates of 
population average parameters. However, more individu- 
als and more samples per patient may be required to ob- 
tain unbiased estimates of interindividual variability (40). 
Obviously, the specific pharmacokinetic model used to 
fit the data and the number of parameters to be estimated 
has an impact on the number of samples required per 
individual. 

Some researchers have advocated the use of random 
sampling of plasma concentrations within the population 
(2 1,30). However, it is likely that the quality of informa- 
tion obtained will increase if informative sampling times 
are selected. Samples obtained at the time of peak serum 
concentrations usually contain the most information 
about the volume of distribution, whereas samples ob- 

tained in the middle of a dosing interval are informative 
about clearance (2). Others have employed optimal sam- 
pling theory (OST) to reduce the number of samples re- 
quired per subject (41,42). This method ensures that data 
are collected at informative times for estimation of phar- 
macokinetic parameters (37,43-47). These studies inves- 
tigated various sampling schedules and pharmacokinetic 
models; in all cases, the optimally sampled, reduced data 
sets provided accurate estimates of clearance, often the 
parameter of most interest. In some, but not all, cases, 
other pharmacokinetic parameters were also accurately 
estimated. 

The quality of the data used in a population analysis 
is of paramount importance. Ette, Sun, and Ludden inves- 
tigated the use of balanced (i.e., equal number of samples 
per patient) versus unbalanced data and found that the 
precision of parameter estimates, but not accuracy, was 
affected by missing data (48). Sun et al. conducted a sim- 
ulation study to investigate the effect of misrecorded 
sample times on parameter estimation in NONMEM 
(49). Obviously a well designed study may not provide 
good results if sample times are not recorded accurately. 
Sun, Ette, and Ludden found that estimates of clearance 
tended to be unbiased when errors were random or sys- 
tematically positive whereas the estimate of clearance 
was biased when there was a negative systematic error. 

One study compared prospectively and retrospectively 
collected data (27). Specific forms were designed to col- 
lect and record information related to plasma sampling and 
dosing in the prospective study. Patient records were used 
to obtain information in the retrospective study. The pro- 
spective study was found to produce pharmacokinetic esti- 
mates comparable to previously reported estimates from 
traditional studies, whereas the retrospective study yielded 
biased estimates. The results from these studies demon- 
strate the need for good quality data in order to conduct 
a meaningful population pharmacokinetic analysis. 

Validation of population pharmacokinetic models 
(i.e., if the parameter estimates and covariates included 
in a model based on one set of data be reproduced with 
another set of data) is an area of current interest (32). 
The various approaches that have been used to date, such 
as data splitting and the bootstrap resampling technique, 
have recently been discussed (50). 

In summary, there are many ongoing issues in the de- 
sign and conduct of population pharmacokinetic analy- 
ses. It appears that two samples per patient for 100 pa- 
tients would be a reasonable minimum number of 
patients and samples required to develop a population 
pharmacokinetic model. It should be noted that the num- 
ber of samples obtained from each subject depends on 
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the number of pharmacokinetic parameters to be esti- 
mated (21). Thus, care should be taken when extrapo- 
lating results from specific situations that use partic- 
ular pharmacokinetic models to other situations. A 
well-planned study protocol that describes the objec- 
tives and methodology for conducting a population phar- 
macokinetic analysis is required. It should include a 
specific form that is simple in design to record sample 
times and dosing history. Education of clinical investiga- 
tors is also essential to ensure that good quality data is 
obtained. 

OTHER APPLICATIONS OF 
POPULATION PHARMACOKINETICS 

Although the majority of the discussion has involved 
the implementation of the population approach in clinical 
drug development, there is interest in using these meth- 
ods in preclinical development, although application of 
the population approach in preclinical studies is still rela- 
tively sparse (15,Sl-54). Two examples can be found in 
the literature that investigate the use of the population 
approach in one animal species only (53,54). 

Both studies used a a one sample per animal design, 
which is often the case in preclinical studies. The first 
study showed that variability in volume of distribution 
could be partially explained due to gender differences, 
and the second study produced unbiased and precise esti- 
mates of the pharmacokinetic parameters. However, both 
studies were unable to separate interindividual from in- 
traindividual variability and thus did not provide good 
estimates of variability. 

The use of the population approach to investigate the 
pharmacokinetics and influence of covariates in a single 
species requires further study to show that it is a mean- 
ingful and cost-effective analysis to undertake. A poten- 
tial application of the population approach in preclinical 
studies is to analyze data from a number of animal spe- 
cies in order to investigate allometric relationships using 
weight as a covariate (15). 

Therapeutic drug monitoring (TDM) is applied in clin- 
ical practice to monitor the plasma concentrations of 
drugs that have a narrow therapeutic range. TDM is used 
to individualize the dose in order to avoid subtherapeutic 
levels of the drug or unwanted toxic effects (55). Rele- 
vant prior pharmacokinetic parameter estimates are re- 
quired in order to implement TDM (56). Population phar- 
macokinetic studies can be used to provide these a priori 
estimates, and there are many examples in the literature 
of pharmacokinetic parameters that have been derived 

from population analyses to be used in this manner (see 
the summary by Thomson and Whiting, Ref. 56). 

CONCLUSION 

The population approach to pharmacokinetic studies 
is a new field that is rapidly growing and gaining accep- 
tance in the pharmaceutical arena. The population ap- 
proach can be used to analyze data that consist of only 
a few samples per individual. Thus, it is ideally suited to 
analyze observational data collected during clinical stud- 
ies to monitor compliance, data pooled from early phase 
traditional pharmacokinetic studies, and data collected 
through routine clinical practice in postmarketing studies. 

The population approach provides estimates of the 
mean population pharmacokinetic parameters within a 
population and variability of these estimates within that 
population. This method partitions the variability into be- 
tween variability and within variability, and it can be 
used to explain the variability in pharmacokinetic param- 
eter estimates in terms of physiological fixed effects. In 
doing so, this method can provide information on possi- 
ble patient subgroups at risk of excessive drug accumula- 
tion or subtherapeutic levels, and it can be used to de- 
velop guidelines for drug dosage individualization (2,4). 

The advent of proposed guidelines from the FDA that 
govern the design and conduct of population pharmacoki- 
netic studies supports the use of these studies in the drug 
development process. 
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