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Summary. Population pharmacokinetic analysis of the an- 
ticancer agent epirubicin was carried out using the program 
NONMEM. Data were available from 36 patients aged 
20-73 years, of whom 23 were women. All subjects ex- 
hibited normal liver and renal function. Epirubicin was 
given as a short-term i.v. infusion over the dose range of 
25-100 mg/mZ, and an average of 11 plasma samples/sub- 
ject were taken for a period of up to 72 h after each dose. 
A Two compartment model was fitted to the data, charac- 
terised by the parameters clearance, volume of the central 
compartment, aipha and beta. Clearance was tested as a 
linear function of various demographic and/or biochemical 
features. A significant proportion of the variability in clear- 
ance could be attributed to sex, and also to age in women. 
For example, a 25-year-old man would display an average 
clearance of 95 l/h, whereas a 70-year-old woman would 
exhibit an average clearance of 64 1/h. Such differences in 
clearance might be important in the selection of epirubicin 
dose regimens. 

Introduction 

In common with other anticancer drugs [6, 10, 15], epirubi- 
cin shows a large degree of pharmacokinetic variability 
that may have extremely serious consequences in cancer 
chemotherapy. For example, Eksborg [4] reported an al- 
most 10-fold intersubject variability in plasma epirubicin 
area under the curve (AUC) values when these had been 
normalised for dose. 

Epirubicin is a stereoisomer of doxorubicin and exerts 
its antitumour activity via a similar mechanism. Previous 
work has revealed an identifiable relationship between 
dose and response, and clinical studies have shown 
epirubicin to be as effective as doxorubicin but to exhibit 
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less toxicity at comparable doses [3]. The reduced cardi- 
otoxicity observed for epirubicin has been attributed to 
differences in its metabolic degradation [14]. A study of 
the treatment of nasopharyngeal carcinoma found that re- 
sponders exhibited lower epirubicin clearance values than 
did non-responders, emphasising the clinical importance of 
pharmacokinetic variability. However, further analysis 
failed to show any relationship between clearance and any 
other identifiable factor in the 28 patients studied [8]. 

The aim of the present study was to explore further and 
characterise the pharmacokinetic variability of epirubicin. 
The population pharmacokinetic data-analysis program 
NONMEM [1] was used. This program enables the quanti- 
fication of the relationships between pharmacokinetic par- 
ameters and several pathophysiological features exhibited 
by a group of patients receiving this drug. 

Patients and methods 

Patients 

Data on plasma drug concentrations were available from 36 patients, 
including 23 women and 13 men. All subjects had received epirubicin in 
a short infusion as part of a combined chemotherapy course, with the 
epimbicin being given at 1 - 2  h prior to initiation of the remaining 
therapy. Nine of the women had breast cancer and received 50 mg/m 2. Of 
the patients who suffered from Hodgkin's lymphoma, five received 
35 mg/m 2 and five were given 25 mg/m 2. Among the 17 subjects who 
exhibited a sarcoma, 16 received 100 mg/m 2 and the remaining patient 
was given 50 mg/m 2. All infusions were given over 3 - 2 0  rain, the 
median duration of administration being 5 rain. For measurements of 
epimbicin concentration, blood samples were di'awn at the end of the 
infusion and for a further 48 h. Five patients were also sampled at 72 h. 
A total of 10-  12 samples were obtained from each patient, giving a total 
of 419 concentration-time data points for the population analysis. 

Demographic and biochemical data included those on sex, age, 
weight and serum levels of creatinine and bilirubin. The distribution of 
weight and age for men and women is shown in Fig. 1. The age ranged 
from 20 to 73 years and the weight, from 49 to 90 kg. The ranges for 
serum creatinine and bilirubin were 40-119  and 2 - 1 9  gmot/1, respec- 
tively; all patients showed values within the normal ranges. 
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Fig. 1. Distribution of age (upper panels) and weight (lower panels) for 
men and women 

Epirubicin analysis 

Blood samples were drawn into ethylenediaminetetraacetic acid 
(EDTA)-coated Vacutainer tubes, immediately centrifuged and stored 
frozen until required for analysis. Epirubicin was extracted by a solid- 
phase extraction technique and quantified by HPLC using fluorescence 
detection as previously described [9, 13]. The limit of sensitivity of the 
assay was 2 ng/ml. 

Population pharmacokine t ic  analysis 

C= Ro [~]_ 1 ](e-e~-  1 )e -e f t  + Ro [~_ _ _~]l](e-~'c - 1) 
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Fig. 2. Example of the relationship between the pharmacokinetic model 
and the equation relating avalable demographic and biochemical factors 
to the pharmacokinetic parameters 

where Pk is the expected value for the pharmacokinetic parameter (e. g. 
Cl or Vc) in any patient; Facl, Fac2... are identifiable patient factors 
(e. g. age, weight); and | El2... are a series of regression coefficients. 

Models that related age, weight, sex, and serum levels of creatinine 
and bilirubin to clearance were tested, as were those that related weight 
and sex to volume (Table 1). These models were embedded in the 
two-compartment pharmacokinetic model used (Fig. 2). NONMEM then 
estimated the El values (Eq. 1) and/or other kinetic parameters (if these 
were not specified as functions of demographic factors) simultaneously. 

Variance parameters. The distribution of the pharmacokinetic parame- 
ters in the population may be characterised by either a normal or a log 
normal distribution. If the distribution of any pharmacokinetic parameter 
Pk is normal, the value for thejth individual may be described by 

Pkj = Pk+qij, (2) 

where Pkj is the value of the parameter (e.g. Cl or Vo) for the j th 
individual, Pk is the mean value of the parameter for the population and 
1]ij represents randomly, normally distributed errors exhibiting a mean 
value of zero and a variance of C~pk 2. If the Pk parameters are distributed 
log normally, the value for thejth individual is then given by 

Ln(Plq) = Ln(Pk)+qij. (3) 

Similarly, the residual (intrasubject) error in concentration may be 
described by either a normal or a log normal distribution. In the former 
case, 

Average values for pharmacokinetic model parameters. The concentra- 
tion-time data obtained from all subjects were analysed using the NElN- 
MEM program [1], which enables the pharmacokinetic parameters of a 
model to be estimated and the relationships between those parameters 
and the pathophysiological features of a group of patients to be quantified 
in a single step. This contrasts with traditional pharmacokinetic analysis, 
which is conductedin two stages: (1) the different individuals' pharma- 
cokinetic parameters are characterised and (2) relationships between the 
pharmacokinetic parameters and the pathophysiological data are sought, 
usually via simple or multiple linear regression. 

Previous pharmacokinetic analysis of these and other epirubicin data 
have almost always used a three-compartment model [3, 14, 18]. How- 
ever, visual inspection of the pooled concentration-time data for all 
subjects indicated that a two-compartment model might be alternatively 
applied. Using NONMEM, both models were tested. As the three-com- 
partment model could not be justified statistically, the two-compai-tment 
model was used as the basis for investigating the influence of various 
demographic factors on the pharmacokinetics of epimbicin. The pa'ame- 
ters of this model were clearance (Cl), the volume of the central compart- 
ment (Vc) and the rate constants associated with the distribution and 
elimination phases, termed alpha and beta, respectively. 

We tested the influence of the available demographic and biochemi- 
cal factors by relating them to the pharmacokinetic parameters using 
linear models of the type 

Pk = @1 .FaCl+El2 .Fac2+,...,+Eln "Facn, (1) 

Table 1, List of models tested and log likelihood differences 

Model number cf. LLD P 

Clearance models: 
1. Cl = @l 
2. C / =  Ol+Wt .(~4 1 0 NS 
3. C1 = Ol+Sex.O4 1 13.5 <0.005 
4. Cl = @~+Age. 04 1 30.0 <0.005 
5. CI = |174 1 0 NS 
6. Cl = | 04 1 0 NS 
7. Cl = (| Age. | d +(| | 9 4 11.0 <0.005 
8. C/= | c~+ (|174 ~ 7 0 NS 
9. C/= | .| 1 0 NS 

10. C/=  Ell+SA -El4 1 0 NS 
11. Cl=6)t+Dose/m2.El4 1 0 NS 

Volume models: 
12. Vc = Ela 
13. Vc = |  12 0 NA 
14. Vc = El2 .Sex 12 6.4 <0.025 
15. Vc = El2. Sex+O3 .Wt 14 0 NS 

Bili, Bilimbin; cf., as compared with model number ...; Creat, creat- 
inine; LLD, log likelihood difference; NA, not appropriate; NS, not 
significant; SA, surface area (m2); Wt, weight 
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Fig. 3. Model predictions for the relationship of clear- 
ance to age (solid line) in men (left panel) and wo- 
men (right panel) together with the intersubject vari- 
ability (dashed lines) 

Table 2. Parameter estimates and variability from NONMEM as related to models 8 and 14 

Parameter estimates: 

Men Women Alpha Beta 
(/5) (/5) 

C1 (l/h) Vc (1) CI (1/h) Intercept Vc (1) 
Slope 

95.2 37.7 4).773 118 26.9 6.78 0.04 
(13.4) (5.1) (0.19) (13.5) (3.1) (0.82) (0.003) 

Variability estimates: 

Cl Vc Beta 
(1/5) (1) (/h) 

Interindividual variability 27.4 7.4 0.016 
(24.5) (9.8) (0.010) 

Intralndividual variability (%) 42.0 
(17.0) 

Numbers in parentheses represent the standard error 

cij = dij+eij, (4) 

where cij is the ith observed concentration for the j th subject; 8ij is the 
corresponding concentration expected, given the delivered dose and the 
subject's pharmacokinetic parameter values; and eij is the residual error 
exhibiting a mean value of zero and a variance of oE a. The residual error 
incorporates true intrasubject variability, assay error, model misspecifi- 
cation and any remaining unexplained error. 

The latter case, i. e. log normal error, may be described by 

Ln(cij) = Ln@ij)+sij, (5) 

where the error increases in proportion to the measured concentration, as 
occurs with most assays. 

In summary, NONMEM estimates (1) each Pk parameter or the 
regression coefficients (O in Eq. 1) linking the Pk parameters to the 
various factors under test, (2) the variance terms specified in Eqs. 2 5, 
and (3) the standard errors of all parameters. 

Model selection 

Because a series of models of the type specified by Eq. i are tested, 
model selection is an important part of the data analysis process. This is 
performed by using plots of weighted residuals and comparison of the 
log likelihood values. Both the residual plots and the log likelihood 
values are part of the NONMEM output. Hierarchical models (such as 
the initial comparison of the two- and three-compartment models) were 
compared by chisquare test (P <0.01) of the difference between the log 
likelihood values obtained from fitting the full (three-compartment) vs 
the reduced (two-compartment) models [16]. This procedure was also 
applied to other hierarchical models such as (a) a model that incorporated 

clearance as a function of age and (b) a model that incorporated clearance 
without any explanatory factors. Non-hierarchical models (e.g. two 
different models for clearance, each of which includes a different single 
explanatory factor) were assessed by direct comparison of the tog likeli- 
hood values. Different models for intersubject variability (Eqs. 2 and 3) 
and intrasubject variability (Eqs. 4 and 5) were also assessed by direct 
comparison of the log likelihood values. 

Results 

Comparison of the different variance models indicated that 
the additive model for intersubject variability (Eq. 2) and 
the proportional model for intrasubject variability (Eq. 5) 
were most appropriate for these data. The inclusion of sex 
as a factor in the model for clearance produced a signifi- 
cant reduction in variability (model 3). The same held true 
for age (model 4), and although the combination of age and 
sex (model 7) led to a further reduction in variability, age 
was a significant factor only in women (model 8). Relating 
clearance to total dose, surface area (mZ) or dose/m2 did 
not help to explain the variability in clearance (models 9, 
10 and 11, respectively). Sex significantly influenced 
volume (model 14), but neither weight (models 2 and 13) 
nor biochemical factors (bilirubin and creatinine; models 5 
and 6, respectively) had any explanatory power. 

Parameter estimates are shown in Table 2. No value is 
shown for the intersubject variability in alpha since the 
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data set did not contain sufficient information for the esti- 
mation of this parameter. For example, a 25-year-old man 
would show an average clearance of 95 l/h, whereas a 
70-year-old women would exhibit an average clearance of 
641/h [=118+(-0.773 x 70)]. The model predictions for the 
relationship of clearance to age in men and women togeth- 
er with the intersubject variability are shown in Fig. 3. 
Intrasubject/residual variability was reduced from 50% for 
the simplest model (models 1 and 12) to 42% for the best 
models (models 8 and 14). 

Discussion 

Variability in the pharmacokinetics of epirubicin was in- 
vestigated in a population of patients exhibiting breast 
cancer, Hodgkin's lymphoma and sarcoma. In the 
36 patients studied, age and sex contributed significantly to 
the explanation of variability in clearance. The age influ- 
ence was significant only in women, probably due to the 
difference in the distribution of age for men vs women 
(Fig. 1). In all, 11/23 women were older than 50 years, 
whereas only 3/13 men were in this category. Therefore, 
there was insufficient information on an age-related effect 
in the group of men. 

When no factors were included in considerations of 
clearance (model 1), the intersubject variability in this 
parameter (as a standard deviation) was 59 1/h. The inclu- 
sion of age and sex as factors in the clearance model 
reduced the intersubject variability from 59 to 27 l/h. Thus, 
a significant part of the variability in clearance was attribu- 
table to these factors. 

The intrasubject variability was reduced from 50% for 
the simplest model to 42% for the final model. Neverthe- 
less, the value of 42% is fairly high, which implies that 
other demographic and biochemical factors that were not 
included in the present analysis may also have contributed 
to the variability in epirubicin pharmacokinetics. However, 
it is not surprising that neither bilirubin nor creatinine 
influenced this variability; although epirubicin is elimi- 
nated principally by the hepatobiliary system [2], bilirubin 
levels proved to be normal. Previous work [2] showed that 
the plasma clearance of epirubicin was significantly re- 
duced in patients displaying liver metastases, and the 
authors suggested that dose modification is required in 
such patients. The pharmacokinetics of epirubicin in five 
patients exhibiting impaired renal function has been stud- 
ied by the same authors, who found a nonsignificant reduc- 
tion in mean plasma clearance of epirubicin as compared 
with that observed in patients whose renal function was 
normal. However, this finding was attributable to a single 
patient; the four others showed values lying within the 
same range observed in the group with normal renal func- 
tion. 

The inclusion of dose (either as the total delivered dose 
or as the dose/m 2) in the model for clearance did not help 
to explain the variability in epirubicin pharmacokinetics. 
Vrignaud et al. [18] reported that they observed no dose 
dependency in the pharmacokinetics of epirubicin over the 
dose range of 25-50 mg/m 2. However, dose dependency 
has been reported for the dose range of 90-150 mg/m 2 by 

Tjuljandin et al. [17]. The results of the present study 
indicate that epirubicin pharmacokinetics are linear over 
the range of 25-100 mg/m 2. 

Assay variability (interassay variability, 6%) is also 
included in the value of 42% but is obviously not the major 
cause of the high residual variability. This highlights the 
need for accuracy in the recording of all data - demo- 
graphic, biochemical and pharmacokinetic (e.g. dose, 
timing of administration, times of sampling). 

All patients received concomitant chemotherapy that 
included combinations of bleomycin, vinblastine, predni- 
sone, 5-fluorouracil and cyclophosphamide. Remarkably 
few reports have dealt with a potential interaction between 
epirubicin and any of these drugs in man. Hartman et al. [7] 
have shown that cyclophosphamide pretreatment modifies 
the disposition of doxorubicin in rats. Natale et al. [11] 
have reported that doxorubicin and epirubicin seem to 
accelerate the excretion of cyclophosphamide. In the pre- 
sent study, all patients were given epirubicin at 1-2  h prior 
to initiation of the remaining therapy; however, this cer- 
tainly does not rule out the possibility of an interaction that 
may have contributed to the observed variability in 
epirubicin pharmacokinetics. 

In conclusion, future studies should include other 
demographic and biochemical indices such as smoking and 
concomitant drug therapy, and if there is a question about 
age-related changes in men, then more men in the older age 
groups should be included. This may enable some of the 
remaining 42% of variability to be explained. Patients ex- 
hibiting liver disease and renal impairment should also be 
studied to enable the quantification of any potential rela- 
tionship between the disease state and the pharmacokinet- 
ics of epirubicin. Once a final model has been defined that 
satisfactorily explains the high variability in epirubicin 
pharmacokinetics, its validity should be checked in a sepa- 
rate group of patients; such a model may provide the basis 
for a more efficient approach to the selection of epirubicin 
dose regimens [5, 12]. 
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