
Cancer Chemother Pharmacol (1991) 29:53-60  ancer 
 hemotherapyand 
 harmacology 
�9 Springer-Verlag 1991 

Bayesian estimation of doxorubicin pharmaeokinetic parameters 
F. Bressollel, P. RayJ, J. M. Jacquet 2, J. Br~sl, M. Galtier3, D. Donadio 4, J. Jourdan 2, and J. E Rossi5 

i Dtpartement de PharmacocinStique, Facult6 de Pharmacle de Montpellier, Montpellier, France 
Laboratoire Universitaire de Th&apeufique, FacuIt6 de M6decine, N~mes-Montpellier, 

3 Laboratoire de Pharmacocinttique, Pharmacie Cardmeau Nimes 
4 Service des maladies du sang, Htpital Lapeyronie, Montpellier 
5 lnstitut de cancer et unit6 INSERM 291, Rue de la Croix Vm~e, Montpellier 

Received 23 August 1990/Accepted 10 June 1991 

Summary. Doxorubicin was given by brief i.v. infusion 
(doses ranging from 25 to 72 mg/m 2) to 28 patients for 
2-7  successive courses of chemotherapy (68 courses stud- 
ied in all). A Bayesian approach was developed to deter- 
mine the individual pharmacokinetic parameters of doxo- 
rubicin. Statistical characteristics of the population phar- 
macokinetic parameters were first evaluated for 19 patients 
and a total of 30 courses, which, when combined with 4 
individual plasma concentrations of drug, led to a Bayesian 
estimation of individual pharmacokinetic parameters for 
the remaining 38 courses. The estimated parameters for the 
elimination phase (A3/V1 and t l /2  elimination) and the 
residual plasma level at 48 h as computed by Bayesian 
estimation on this reduced sub-optimal sampling protocol 
were compared with a maximal likelihood estimation of 
these parameters. No statistically significant differences 
were found. Performance of the developed methodology 
was evaluated by computing bias and precision. The mean 
errors were -0.0315 x 10 .4 1-1 for A3/V1, 0.0839 h for t l /2 

elimination, and -0.22 ng/ml for c(48 h). The precision of 
the prediction of these three parameters (0.304 x 10.5 1.1, 
3.34 h, and 0.659 ng/ml, respectively) remained lower than 
the interindividual standard deviation (I .42xI0~1.~,  
14.9 h, and 4.54 ng/ml, respectively). This procedure ena- 
bles the estimation of individual pharmacokinetic parame- 
ters for doxorubicin at minimal cost and minimal distur- 
bance of the patient. 

Introduction 

Doxorubicin (DOX) is one of the major antineoplasic 
agents used in the treatment of non-Hodgkin's lymphoma 
and diverse solid tumors and is usually given as a bolus 
injection. The DOX plasma concentration-time curve after 
an intravenous bolus has been described as biphasic, show- 
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ing a distribution half-life of <5-10 min and a terminal 
elimination half-life of 27-39 h [6, 9, 15, 31], or, more 
generally, as triphasic, displaying a distribution half-life of 
5 rain (range, 3-12 min), an inilial elimination half-life of 
1.5 h (range, 0.5-3 h), and a terminal elimination half-life 
of 28 h (range, 13-50h) [15, 20, 3t]. 

Experimental studies have suggested that the DOX con- 
centration-time product (area under the curve) is a determi- 
nant factor for tumor cell lethality [5, 21]. Robert etal. [23] 
have observed a correlation between the pharmacokinetic 
parameters and the short-term clinical response. In search- 
ing for a pharmacokinetic parameter that might correlate 
with clinical toxicity, Ackland et al. [1] have identified a 
pbmmacodynamic relationship between white blood cells 
(w.b.c.) and the temporally related steady-state plasma 
concentration of DOX. The use of DOX as a bolus injec- 
tion is accompanied by the usual toxic effects (i. e. myelo- 
suppression, nausea, vomiting, and alopecia, as well as its 
specific toxicity, cardiomyopathy [10, 19, 33]). Further- 
more, continuous infusion of DOX is associated with clin- 
ical efficacy in malignant hemopathies, including multiple 
myeloma, and leads to a significant reduction in the toxic 
effects and cardiotoxicity of the drug [2]. 

The purpose of the present study was to define a Baye- 
sian estimation (BE) procedure enabling the estimation of 
individual DOX pharmacokinetic parameters so as to min- 
imize the number of samples collected and optimize the 
decision-making process as to the best therapeutic dose 
regimen for each patient. The Bayesian approach, pro- 
posed by Sheiner et al. [29] to individualize the dosage of 
drug regimens, combines individual information with the 
"knowledge of an a priori probability density function con- 
taining the statistical properties of the parameters to be 
estimated. The basic feature of BE is that it combines 
population characteristics of the parameters to be estimated 
with drug concentrations measured in the individual con- 
corned [29] such that the individual pharmacokinetic para- 
meters can be estimated. The outcome obtained using the 
classic maximal likelihood estimation (MLE) along with 
extended leas~-squares nonlinear regression and that ob- 
tained using the Bayesian approach have been compared 
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for  p a r a m e t e r  e s t ima t i on  unde r  adap t ive  con t ro l  for  seve ra l  
drugs ;  the  B a y e s i a n  m e t h o d  s e e m e d  to p r o d u c e  be t te r  re-  
sults [3, 8, 11, 14, 17, 18, 30, 32]. 

T h e  popu l a t i on  charac te r i s t ics  o f  D O X  h a v e  b e e n  ca lcu-  
la ted  by  L a u n a y  et  al. [18] ba sed  on a s a m p l i n g  s chedu le  
r ang ing  f r o m  5 rain to 24 h and acco rd ing  to an open  
t w o - c o m p a r t m e n t  mode l .  V a l i d a t i o n  was  ob ta ined  by  c o m -  
pa r ing  the  c l e a r a n c e  va lues  c o m p u t e d  us ing  M L E  es t ima-  
t ion and those  c o m p u t e d  by  BE.  W e  f o u n d  that  the  m e a n  
t e rmina l  ha l f - l ive  for  the  popu l a t i on  that  has  b e e n  p r o p o s e d  
by  L a u n a y  et al. [18], 12.4 h, was  ve ry  short  as c o m p a r e d  
wi th  the  va lues  r epo r t ed  in the  l i tera ture  [15, 31]; this 
p o p u l a t i o n  d id  not  enab le  the p r o p e r  e s t ima t i on  o f  i nd iv id -  
ual  ha l f - l i f e  va lues ,  w h e r e a s  the  c l ea rance  va lues  w e r e  
correct .  

O u r  s tudy was  under t aken  in a g roup  o f  28 pat ients  w h o  
r e c e i v e d  b e t w e e n  1 and 7 b r i e f  in fus ions  o f  D O X ,  and 
b l o o d  samples  w e r e  ob t a ined  on each  occas ion .  S u c c e s s i v e  
courses  w e r e  r epea t ed  e v e r y  3 or  4 weeks ,  and the  total  
n u m b e r  o f  courses  was  68. In  all, 30 courses  w e r e  used  to 
e s t ima te  the  p o p u l a t i o n  charac te r i s t ics  o f  D O X  a c c o r d i n g  
to an o p e n  t h r e e - c o m p a r t m e n t  m o d e l  and  to d e t e r m i n e  a 
l imi ted  s amp l ing  s c h e d u l e  [4, 7, 17]. T h e  r e m a i n i n g  
courses  w e r e  used  to va l ida te  this m e t h o d o l o g y ;  fo r  this  
purpose ,  the  va lues  ob t a ined  for  the  c o m p u t e d  e l imina t ion -  
phase  pa ramete r s  and fo r  the  res idua l  p l a s m a  leve l  at 48 h 
us ing  e i ther  M L E  or  B E  on a l imi t ed  s a m p l i n g  p r o t o c o l  

w e r e  c o m p a r e d .  

Materials and methods 

Patient population 

A total of 28 patients were included in the study. None of the subjects 
had previously been treated with DOX or with radiotherapy. Their renal 
and liver functions were investigated by biological and clinical evalua- 
tion, and their cardiac function (ECG, echocardiogram, and/or angioscin- 
tigraphy) was also checked. None of the patients showed signs of renal or 
hepatic disfunction. Informed consent was obtained from each patient for 
every treatment course. The patients' characteristics and prior chemo- 
therapy regimens are summarized in Table 1. 

Drug administration and doses 

DOX was infused in a peripheral vein by brief infusion over a period 
ranging from 5 to 15 min; in six courses the duration of infnsion was 
25 min (patient GON, four courses; patients TIX and VAS, one course 
each). The delivered dose varied from 25 to 75 mg/m ~ and remained the 
same for each patient over the treatment period. Courses were repeated 
every 4 weeks. Administration of the other drugs given was carried out at 
least 18 h after the DOX infusion. 

Blood sampling 

Blood samples were collected in tubes coated with ethylenedi- 
aminetetraacetic acid (EDTA) at the end of each infusion and at 10, 20 
and 40 min and 1, 2, 4, 6, 12, 24, 36 and 48 h afterwards. One sample was 
taken from each patient prior to the injection for the calculation of 
calibration curves using plasma. Plasma was rapidly centrifuged and 
frozen at -20 ~ C until its use; plasma analysis was performed during the 
subsequent 2 weeks. 

Analytical method 

Concentrations of DOX were determined in all samples by high-pressure 
liquid chromatography (HPLC) with fluorescence detection using a pre- 
viously described method [22], with modifications as follows. DOX and 
daunorubicin (internal standard) were extracted from plasma (0.5 ml) 
with acetonitrile (3 ml) in the presence of sodium chloride. The organic 
phase was evaporated to dryness. The column used was a spherisorb 
phenyt (25 cm x4.6 mm inside diameter; particle size, 5 ~xm) column. 
The mobile phase (acetonitrile: 0.03 N citrate buffer adjusted to pH 4 
with formic acid; 30:70, v/v) was run isocratically at a flow rate of 
1.5 ml/min. Drugs were detected using a Perkin-EImer fluorometer 
(model LS-1; excitation wavelength, 480 nm; emission wavelength, 
590 nm). The detection limit was 0.5 ng/ml for DOX. The within-day 
and between-day variation of the assay was 4.5% and 8.9%, respectively. 

Pharmacokinetic analysis 

Estimation of individual pharmacokinetic parameters by MLE. For 62 
courses, the plasma concentration of DOX versus time followed a tri 
compartmental exponential decay (n = 3) expressed as: 

D • 
c(t) = 52 - -  (e ;viT - 1) • e -~vit when t>T0 (1) 

)v ixTxVt  

where D is the infused dose, V1 is the volume of the central compartment, 
T is the duration of infusion, Ai is the macrocoefficient, and Xi is the rate 
constant; 

c(t) = Zci • e -~t, and (2) 

Ai D (e ~iT - 1 ) 
ci= - -  x -  x - -  (3) 

Vl T )vi 

For the six remaining courses, the results were consistent with an 
open two-compartment body model (n = 2); comparison of competing 
models was done using the Fisher test. On these six occasions, the venous 
access was difficult and blood samples obtained from this patient be- 
tween 1 and 12 h were inadequate (four instead of five). In this case, 
when the data were analyzed according to a three-compartment model, 
the coefficients of variation of the coefficient and the exponent of the 
initial elimination phase were very high, and the model that minimized 
the Fisher test was the two-compartment body model. 

With zero-order input, the pharmacokinetic parameters were esti- 
mated by the MLE method using an error model proportional to c(t) 
[weight (w) = 1/c(t)] [28]. A maximal likelihood estimator chooses the 
set of estimates of model parameters for which the probability of the data 
is highest [25]. 

Estimation of population characteristics. Population characteristics were 
evaluated using the standard two-stage method [26]. This technique 
consists of estimating individual pharmacokinetic parameters for 30 
selected courses in 18 patients and then computing the mean parameters, 
the covariance matrix describing the interindividual variability, and the 
coefficient of variation of the residual en'or. The 30 data sets selected 
included those from all 18 first courses and those from 12 other randomly 
selected courses (1 course for 6 of these subjects and 2 different courses 
for subjects 4 and 7). The 30 courses evaluated for these patients repre- 
sented the number beyond which the introduction of another course 
would not have significantly changed the pharmacokinetic parameters 
obtained for the population. 

Estimation of individual pharmacokinetic parameters by BE. The other 
courses (n = 38) were used to estimate the performance of BE associated 
with a limited sampling protocol, 

Numerical caicMation. MLE and BE calculations were performed by 
means of a general software package named APIS [12]; it is written in C 
language and is supported by an IBM PS computer. 



T a b l e  1.  Patients' characteristics 

Patients/sex Age Diagnosis Treatment a Courses DOX Infusion time b 
(years) (n) (mg) (h) 
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1 QUA/M 48 Lung carcinoma-SC 
2 LOP/M 61 Lung carcinoma-SC 
3 GON/M 68 NHL 

4 BOU/M 70 Lung cm'cinoma-SC 

5 TIX/M 66 CLL 

6 COM/F 55 

7 VAS/M 51 

8 IZA/M 65 
9 JAR/F 55 

10 MOR/F 43 
l 1 ROB/M 31 
12 DUR/F 63 
13 DEN/F 60 
14 BAB/F 51 
15 AUJ/M 61 
16 PUI/M 69 
17 GAR/F 66 
18 DEG/F 65 
19 W A W M  60 
20 SALA/M 58 
21 CAZ/M 68 
22 TEI/M 57 
23 MAR/M 55 
24 LAV/M 69 
25 PUP/F 59 
26 LOP/M 53 
27 SAL/F 31 
28 GAU/F 78 

NHL-DLSCC 

NHL-DLCC 

NHL-DLC 
Breast cancer 
Breast cancer 
Hodgkin' s disease 
NHL-DLC 
Ovariau carcinoma 
Breast cancer 
NHL-DSCC 
Hodgkin's  disease 
Breast cancer 
NHL-DMC 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 
Liver cancer 

VAC-CIS-VP 4 90 0.25 
VAC 1 80 0.23 
CHOP-Bleo 6 75 0.17 (2) 

0.42 (4) 
VAC-VP 16 7 75 0.25 (3) 

0.17 (4) 
CHOP 5 40 0.25 (4) 

0.42(1) 
CHOP-Bleo 6 80 0.17 (4) 

0.25 (2) 
CHOP-Bteo 6 70 0.25 (5) 

0.42 (1) 
AVCB 3 130 0.17 
AVCF 1 70 0.17 
FAC 2 80 0.17 
ABVD 1 45 0.17 
m-BACOD 2 70 0.17 
AVEC 4 70 0.083 
AVCF 1 60 0.17 
m-BACOD 3 75 0.17 
ABVD 1 48 0.17 
AVCF 3 70 0.17 
m-BACOD 1 40 0.17 
DOX 1 70 0.17 
DOX 1 70 0.17 
DOX l 70 0.17 
DOX 1 70 0.17 
DOX 1 70 0.17 
DOX 2 70 0.17 
DOX 1 50 0.17 
DOX 1 70 0.17 
DOX 1 70 0.17 
DOX 1 70 0.17 

a The different coadministered drags were given at least 18 h after DOX 
infusion 
b Values in parentheses represent the number of courses 
NHL, Non-Hodgkin's lymphoma; DSCC, diffuse small-cell cleaved; SC, 
small-cell; DLSCC, diffuse large small-cell cleaved; DLC, diffuse large- 
cell; CLL, chronic lymphocytic leukemia; DLCC, diffuse large-cell 
cleaved; DMC, diffuse mixed-cells; m-BACOD, methotrexate/bleomy- 
cin/doxombicin/cyclophosphamide/vincristine/dexamethasone; VAC- 

VP16, vincristine/doxorubicin/cyclophosphamide/VP16; CHOP-Bleo, 
cyclophosphamide/doxorubicin/vincristine/prednisone/bleomycin; 
AVCF, doxorubicin/vindesine/cyclophosphamide/5-fluorouracil; AVCB, 
d~176 sine/cycl~176176176 
lone; Cis, cisptafin; AVEC, doxombicin/VM26/cyclophosphamide/cis- 
platin; FAC, 5-fluorouracil/doxombicin/cyclophosphamide; ABVD, 
doxorubicin/bleomycin/vinblastine/dacarbazine; VP16, etoposide; 
VM26, teniposide 

Sampling time. The population data enabled us to choose sampling times 
so as to study the variation of the observation function with respect to the 
variation of a given parameter. The study of the parameter sensitivity 
tract ion consisted of: 
1. Computing the partial derivative of the observation function with 
respect to each value for Ki and Ai/Vj (i = 1,2,3): 

d c(t) 
U = - -  and (4) 

d )vi 

d c(t) 
w = - -  ( 5 )  

d Ai/V 1 

where c(t) is given by Eq. 1, and 

D •  
U - m Lit {e LiT [•i (T- t )  - 1] + s  1} and (6) 

T x  V1 x)vi 2 

D 
W = - -  (e xiT - 1) e Lit (7) 

T •  

2. Computing the partial derivatives of U and W with respect to time: 

dU 
V = - -  (8) 

dt 

with a constant experimental error (w = 1), 

DxA~ 
V = e -Lit (- t  + t x e LiT - T • eLiT), (9) 

) v i •215  

dW 
Z =  - - ,  ( 1 0 )  

dt 

with a constant experimental error (w = 1), 

D 
Z =  - - -  (e LiT- 1) e -air (11) 

T 

The sampling times are those for which the equations for V and Z 
become equal to zero [4, 7, 17]. In the present study, we also computed 
an experimental error proportional to c(t) [w = 1/c(t)]. 
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Statistical analysis  

Choice of the pharmacokinetic parameters used to evaluate the perfor- 
mance of MLE and BE estimations. In a preliminary study, the individual 
pharmacokinetic parameters computed using the BE procedure along 
with the population characteristics published by Launay et ah [ 18] and a 
reduced sampling protocol (two blood samples) were compared for each 
course with those computed using the MLE method. The total body 
clearance values computed by BE and MLE for DOX were in the same 
range, showing a variation of 5.6%-20%, but the elimination-phase 
parameters differed markedly, showing a variation of 56%-70%. For 
exampIe, for the seventh course of subject 7, the total body clearance was 
found to be 37.3 and 35.4 1/h by BE and MLE, respectively; the tm 
elimination value was 11.5 h as determined by BE, whereas that found 
using the MLE method was 35.7 h. We decided to use the A3/Va, the 
terminal elimination half-life, and the concentration at 48 h instead of 
total body clearance to compare the performance of MLE and BE estima- 
tions. 

Evaluation of the results. The performance of BE in parameter prediction 
was assayed by computing: 
1. The coefficient of variation (CV): 

IPMLE - PBEI 
• 100, 

PMLE 

where PMLE is the parameter determined by MLE and PBE is that deter- 
mined by the BE procedure 
2. The estimation of bias or mean prediction error (ME): 

1 ~i=n 
Bias = - -  [PBE(i)-- PMLE(i)] (12) 

N i - I  

3. The estimation of precision or root mean square error (RMSE) accord- 
ing to Sheiner and Beal [26, 27]: 

Precision = "~/1___ ~ i = n [PBE(i) -- PMLE(i)] 2 (13) 
N i -1  

(In these expressions, the index i refers to the individual patient number, 
and N is the total number of patients involved in the study. Confidence 
intervals for bias and precision were also computed). 
4. Statistical comparisons between the MLE and the BE analyses of the 
pharmacokinetic parameters (A3/VI, tl/2 elimination, and c48 h) were 
performed using Student's paired t-test. 

Results 

Population characterist ics  

P o p u l a t i o n  c h a r a c t e r i s t i c s  c o m p u t e d  fo r  t he  p o p u l a t i o n  

g r o u p  f r o m  the  30  c o n c e n t r a t i o n - t i m e  c u r v e s  are  s u m m a -  

r i z e d  in T a b l e  2. F r o m  t h e s e  c h a r a c t e r i s t i c s ,  i t  c a n  b e  s e e n  

r 
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Fig. l.  Intraindividual variation of DOX tl/2 elim. from course to comse 
for patients TIX (n = 5, g]), VAS (n = 6, II), BOU (n = 7, &), COM 
(n = 6, C)), DEN (n = 4, O), GON (n = 6, A), and QUA (n = 4, 0 ) .  n, 
Number of successive courses 

t h a t  )~I w a s  t he  p a r a m e t e r  e x h i b i t i n g  t he  l o w e s t  c o e f f i c i e n t  
o f  v a r i a t i o n  ( C V ,  1 9 . 5 % )  a n d  A2/V1 w a s  t ha t  d i s p l a y i n g  
t he  h i g h e s t  o n e  (CV,  9 9 . 8 % ) .  T h e  m e a n  a n d  s t a n d a r d  de-  

v i a t i o n  (SD)  fo r  t he  p a r a m e t e r s  o f  t he  t e r m i n a l  l o g - l i n e a r  

p h a s e  w e r e  A3/V1 = 3 .458  • 10 -4 + 1.73 x 10 .4  1-1 (CV,  

5 0 % )  a n d  tl/2 = 3 3 . 6 2 + 1 2 . 3  h ( r ange ,  2 2 . 1 - 8 2 . 2  h;  C V ,  
36.5~ 

Intraindividual variation o f  the pharmacokine t ic  
parameters  

L a r g e  i n t r a i n d i v i d u a l  v a r i a t i o n s  in  D O X  k i n e t i c s  w e r e  ob-  
s e rved .  A l l  o f  t he  p h a r m a c o k i n e t i c  p a r a m e t e r s  i n c r e a s e d  or  
d e c r e a s e d  at  r a m d o m ,  s h o w i n g  C V  v a l u e s  r a n g i n g  f r o m  
6 %  to 5 7 %  [15].  F i g u r e  1 s h o w s  t he  v a r i a t i o n  o f  D O X  tl/2 
e l i m i n a t i o n  (tl/2 dim.) o b t a i n e d  fo r  the  s e v e n  p a t i e n t s  w h o  

r e c e i v e d  at  l e a s t  f o u r  s u c c e s s i v e  cou r se s .  

Table 2. Population characteristics computed from 30 concentration-time curves 

A1/V1 (I t) 7.148 • 10 z 2.035 • 10 3 
A2/V1 (1 1) 9.68 x 104 2.195 • 10 -5 
A3/V1 (1-1) 3.458 x 104 1.473 x 10 6 
)vl (h -1) 7.604 4.325 • 10 -2 
)v2 (h q)  5.262 x 10 1 2.77 x 103 
~,3 (h -l)  2.061 x 10 .2 -1.585 x 10 .5 

Residual error: 1.199 x 10 -2 

9.3415 • 10 .7 
8.743 • 104 2.99 x 10 -8 
4.336 • 10 .4 1.602 • 10 _5 2.205 
1.189 • 10 ~ 1.753 • 10 -5 1.361 • 10 -~ 5.842 • 10 -2 
1.453 x 10 6 9.048 x 10 .7 1.347 x 1(~ 3 9.215 • 104, 5.651 • 10 5 

The mean value for each parameter is shown in the first column. The variance-covariance matrix follows; the variance of each parameter (squared 
standard deviation) is presented on the diagonal of the matrix and the covariances are shown in the lower triangle 



Table 3. Bias, precision, and coefficient of variation after Bayesian estimation using tl, t2, and t4 

Bias Precision CV % 
(ME) (RMSE) 
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AjfVL -0.408 x 10 -4 1.34 x t0 -~ 32.53 _+ 26.8 
(1-1) (-0 832x 10-4; 0.0164 x 10 4) (0.477 x 1@5; 2.2 x 10 -5) 

t 1/2 elim. 1.77 17.45 36.62 -+- 31 
(h) (0.34; 3.2) (l 1.97; 22.99) 

c48 h -1.33 2.31 21.6 -+- 16.69 
(ng/ml) (-2.33; -0.317) (0.363: 4.26) 

The values in parentheses represent the 95% confidence intervals 

Sampling times 

For each course, the corresponding reduced sampling 
times were computed using Eqs. 6 and 7 as corrected for 
the weight factor [1/c(t)] and taking into account the true 
infusion time. For example, for T = 0.17 h, the sampling 
times were 0.17, 055,  1.4, and 3.2 h (+ ~). To check the 
consistency of the results obtained based on the assump- 
tion of a variance of experimental error proportional to c(t) 
[w = 1/c(t)], the previous calculation was repeated assum- 
ing a constant experimental error (w = 1); in this case, for 
T = 0.17 h, the sampling times computed were 0.17, 0.23, 
1.98, and 48.6 h (+ ~). Due to practical reasons of feasi- 
bility and compliance, BE was performed using only three 
points (tt = 0.17 h, t2 = 1.5 h, and t4 = 4 8  h, when 
T = 0.17 h); for each course, the closest points among the 
available observations were taken. Due to the large interval 
between t2 and t4, we decided to apply the alternative 
four-point sampling protocol, by which an additional 
sample is taken at t3 = 24 h. This strategy was used for 
ldnetic reasons so as to identify better the kinetic parame- 
ters of the terminal elimination curve. 

Evaluation of  BE pharmacokinetic parameter prediction 

The 38 concentration-time curves that were not used to 
estimate the population characteristics were applied to 
compute the A3/VI, tl/2 elimination, and c48 h values ac- 
cording to the BE procedure. 

Results obtained using tl, t2, and t4. Using the popula- 
tion characteristics and the three theoretical sampling 
times, the mean pharmacokinetic parameters computed by 
BE were A3/V1 = 2.74 x 10-4-+ 1.28 • 10-4 1-1 (range, 
0.609 • 10-4-5.36 • 10 -4 1-1), tl/2 elimination = 
40.1-+8.65 h (range, 23.7-58.5 h), and c48h = 
5.2_+ 3.84 ng/ml (range, 1.26-15.72 ng/ml). These values 
were close to those determined using MLE: 3 .1 •  10- 
4-+ 1.42• 10 4 1-~ (range, 0.852 • 10-4-6.29 x 10 4 1-1), 
34.03 + 14.9 h (range, 17.1-95.9 h), and 
6.52-+4.54 ng/ml (range, 0 .83-19.35 ng/ml), respec- 
tively. 

Using Student's paired t-test, slightly statistically sig- 
nificant differences (P <0.05) were found between the 
MLE and the BE estimates of  DOX t:t/2 elimination (t = 
-2.155) and c4~ h (t = 0549).  No significant difference was 
found for A3/V~. The performance of BE in pharmacoki- 

Table 4. Percentage of en~or between MLE and BE estimates of the 
parameters 

CV % Number of cases 

A3/VI tl/2 elim. c48 h 

3points 4points 3 points 4points 3points 4points 

<10 9 29 12 29 15 27 
10-25 13 9 11 9 15 9 
25-50 13 0 8 0 6 2 
50-80 3 0 4 0 2 0 
>90 0 0 3 0 0 0 

netic parameter prediction as expressed by bias and preci- 
sion are given in Table 3. The analysis of mean error (ME) 
did not reveal a significant bias for A3/V~. The DOX 
elimination half-life was overestimated by BE (ME, 
1.77 h), and the plasma concentrations at t = 48 h were 
underestimated (ME, -1.33 ng/ml); the confidence inter- 
vals confirmed that bias was slightly significant (P <0.05). 

Using these three points, the Bayesian procedure 
enabled a good estimation of individual pharmacokinetic 
parameters for subjects whose tl/2 elimination ranged from 
26 to 50 h. In the other cases (tl/2, <26 or >50 h), the BE 
estimates were not correct (CV, >50%). 

Analysis of the individual data revealed that for the 
terminal half-life, for A3/VI and for c48 h, the percentage of 
error (CV) between the MLE and the BE estimates ranged 
from <10% to 90% (n : 3 cases; Table 4). 

Results obtained using tl, t2, t3, and t4. Using the popula- 
tion characteristics and four individual plasma DOX deter- 
minations, the mean pharmacokinetic parameters com- 
puted by BE were A3/V1 = 3.11 • 104_+ 1.35 x 10-41-1 
(range, 0.904 • 10m-6.55 • 10-4 1-1), tl/2 elimination = 
34.4_+13A h (range, 17.9-86.9 h), and C48h = 
6.3 --+4.38 ng/ml (range, 0 .843-  18.76 ng/nfl). For all these 
parameters, the mean values obtained using BE were close 
to those determined by MLE. 

Using Student's paired t-test, we found no statistically 
significant differences between the MLE and the BE ana- 
lyses. The performance of BE in pharmacokinetic parame- 
ter prediction as expressed by bias and precision are given 
in Table 5. No significant bias was found, and the precision 
was much better than that obtained using the three-point 



58 

E 

131 
C 

c 
+_ 
u 

a 
0 

,4 

10: 

100 

10_ 

I 
I i i i 1 

0 10 20 30 40 50 

H o u r s  

ld 

100 

10. 

i 

1 I I i i I 

0 10 20 30  40 50  

Hours 

Fig. 2A,  B. Plasma DOX levels observed in patient COM at a dose of 
80 mg (sixth course). A MLE procedure; the data were fitted to a three- 
compartment model. B BE procedure 

sampling strategy. Analysis of the individual data revealed 
that for the terminal half-life, for A3/V1 and for c48 h, the 
percentage of error (CV) between the MLE and the BE 
estimates ranged from <10% to 50% (n = 2 cases; Table 4). 

As an example, the DOX concentration versus time 
curves obtained when the data of one subject were fitted 
using either the MLE or the BE procedure are shown in 
Fig. 2. 
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Fig. 3A,  B. Plasma DOX levels observed in patient COM at a dose of  
80 mg (third course). A MLE procedure; the data were fitted to a two- 
compartment model. B BE procedure 

For six courses, the pharmacokinetic parameters were 
estimated by MLE using a two-compartment model that 
minimized the Fisher test, although the goodness of the fit 
seemed to be better for the three-compartment model. The 
Bayesian approach together with the same population 
characteristics found for the other courses was a good 
predictor of parameter estimation for these six courses 
(Fig. 3). 

Discuss ion  

In many clinical situations, including hepatic impairment 
and obesity of patients associated with difficult venous 

Table 5. Bias, precision, and coefficient of variation after Bayesian estimation using tl, t2, t3 and t4 

Bias Precision CV % 
(ME) (RMSE) 

A3/V1 -0.0315 • 10 .4 0.304 • 10 -5 7.78 + 6.01 
(1 -I) (-0.132 x 10.4; 0.0695 x 10 4 )  (0.245 x lO-S; 0.363 • t0 -5) 

tl/2 elirn. 0.0839 3.34 7.41 _+5.83 
(h) (-1.03; 1.19) (0.52; 6.16) 

c48 h -0.22 0.659 8.69 _+6.34 
(ng/ml) (-0.480; 0.04) (0.437; 0.882) 

The values in parentheses represent the 95% confidence intervals 
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access, the determination of DOX pharmacokinetic para- 
meters may be relevant [16, 24]. The BE procedure is of 
great clinical interest because it minirmzes the number of 
blood samples required. DOX population characteristics 
were estimated according to an open three-compartment 
model in the present study. The evaluated population was 
representative enough to exhibit interindividual variability. 

The present report describes a method for the estimation 
of individual pharmacokinetic parameters for each patient 
using the BE procedure following a brief infusion of DOX. 
BE was compared with the classic MLE procedure, and the 
coefficient As/V1, the half-life of elimination, and the re- 
sidual plasma level at 48 h were chosen so as to evaluate 
the performance of the Bayesian procedure. The main rea- 
son for the choice of these three parameters, all of which 
are related to the elimination of DOX, was that the terminal 
phase of DOX elimination is the most critical aspect of this 
drug's pharmacokinetics, since it controls the drug accu- 
mulation process and is more sensitive to assay. The preci- 
sion of the prediction of these three parameters 
(0.304• 10 -5 1-1, 3.34 h, and 0.659 ng/ml, respectively) 
remained lower than the interindividual standard deviation 
(1.42 x 10 4 1-1, 14.9 h, and 4.54 ng/ml~ respectively). The 
ratios of precision/standard deviation were 0.0214, 0.224, 
and 0.145, respectively. 

These low values showed that the Bayesian procedure is 
a good predictor of estimated pharmacokinetic parameters 
in very different subjects belonging to the same population. 
The total clearance value found using the proposed BE 
procedure was always very close (46.95 + 15.64 l/h) to that 
determined by the reference procedure (46.5 2 • 13.94 l/h). 
The sampling times used were either exactly those com- 
puted for the study of the sensitivity function (three points) 
or those in addition to an extra sampling point at 24 h. The 
application of the three-sample strategy, with only one 
point lying in the terminal phase, yielded enough informa- 
tion that we could compute the elimination half-life using 
the BE procedure for subjects whose pharmacokinetic par- 
ameters lay within the range of population characteristics 
computed in this study. This procedure did not enable the 
accurate determination of this parameter for subjects ex- 
hibiting tl/2 elimination values that were lower (<26 h) or 
higher (>50 h) than the range established for the overall 
population. The four-sample strategy, which included two 
points in the terminal elimination phase., gave better results 
in all cases. 

Conclusions 

This approach is a good method for the efficient estimation 
of pharmacokiuetic parameters at a minimal clinical cost 
and for subsequent determination of the optimal dosage 
required to achieve the desired plasma concentrations in a 
given patient. When DOX is given by brief i.v. infusion, 
the population characteristics obtained in the present study 
can also be used for the adaptive control of the drug dosage 
during a long-term continuous infusion of DOX so as to 
obtain a given steady-state plasma level, as has previously 
been done by Iliadis et al. using methotrexate [13, 14] and 
cisplatin [13]. 
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