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Summary. Recombinant human granulocyte colony-stim- 
ulating factor (G-CSF) has been shown to reduce neutro- 
penia following cytotoxic therapy, thereby enabling dose 
escalation to improve the response rate. It is important to 
know whether drug kinetics change as doses are increased. 
Doxorubicin was selected because of its broad spectrum of 
activity and its known efficacy in metastatic breast cancer. 
Doses of 75, 100, 125 and 150 m g / m  2 were given to 11 
patients with metastatic breast cancer by infusion over 
30 min. Serum concentrations of parent drug and metabo- 
lites were determined during the first 48 h following the in- 
fusion by high-performance liquid chromatography 
(HPLC). The serum concentration vs time curve decayed 
as a triple exponential function in four patients and as a 
double exponential function in seven. A four-compart- 
ment model, one central and three peripheral, would 
predict concentrations to within 1 SE of the observed 
values. Doxorubicinol was the principal metabolite, and 
doxorubicinone and 7-deoxydoxorubicinone were clearly 
identified. There was a linear increase in the AUC~owith 
dose. In addition, a small and transient increase in cir- 
culating levels of doxorubicinol and other important meta- 
bolites was observed 6 h following the administration of 
doxorubicin, which suggests the existence of an entero- 
hepatic, or other, re-circulation mechanism. We conclude 
that in the dose range selected the kinetics of doxorubicin 
are linear and that the increase in toxicities seen with the 
higher doses of doxorubicin, following the second and 
third fortnightly administration, may be due to intracel- 
lular drug accumulation in tissues. 

Introduction 

Since its introduction in clinical practice in the early 
1970's, doxorubicin has been widely used in the manage- 
ment of a variety of malignancies [5]. It has a very complex 
metabolism, particularly in the liver, and over 11 metabo- 
lites have been identified in human bile [2]. It is reduced to 
doxorubicinol, which remains an active cytotoxic agent, 
by ubiquitous cytosolic aldoketoreductase enzymes. The 
drug binds rapidly to plasma proteins and cell membranes 
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and is concentrated within cells [1]. Using thin-layer 
chromatography, Benjamin et al. [21 have shown that the 
plasma disappearance curve of unaltered doxorubicin is 
tri-phasic, with half-lives of 11.3 min, 3.5 h and 28.1 h. The 
relatively long terminal elimination half-life reflects doxo- 
rubicin distribution into a deep tissue compartment. Some 
metabolites disappeared from plasma according to a bi- 
phasic pattern, and the majority of the parent drug and its 
metabolites appeared to be retained in the body tissues for 
long periods of time. With modern high-performance liq- 
uid chromatographic (HPLC) techniques the kinetics of 
doxorubicin have been adequately described by a bi-ex- 
ponential equation, with an initial half-life of 8 rain and a 
terminal half-life of 30 h [11], or by both bi- and tri-ex- 
ponential equations [17]. 

Although mathematical models for doxorubicin dis- 
tribution have generally assumed linear pharmacokinetics 
[16], other studies have suggested that there might be dose- 
dependent elimination of doxorubicin [6]. However, in 
these studies low doses were usually given (17-40 mg /m 2) 
and drug concentrations were determined with the less 
sensitive drug-fluorescence assays. 

The dose-limiting acute toxicity of  doxorubicin is 
usually myelosuppression, but the advent of recombinant 
human granulocyte colony-stimulating factor (G-CSF) has 
recently enabled an up to 4.5-fold increase in dose-inten- 
sity in patients with metastatic breast cancer by enhancing 
the recovery from neutropaenia [4]. Because response rates 
and acute toxicity appear to be dose- and schedule-de- 
pendent [5], we decided to investigate the plasma con- 
centrations of doxorubicin and its metabolites in 11 of 
these patients. 

Patients and methods 

Patients .  A total of  11 patients with metastatic breast carci- 
noma underwent pharmacokinetic analysis of doxorubicin 
given at the following doses: 75 mg /m 2 (n = 3 patients), 
100 mg/m 2 (n = 3), 125 m g / m  2 (n = 3) and 150 mg/m 2 
(n = 2). The median age of the patients at the start of 
therapy was 51 years (range, 39-61 years), and 9 of them 
had > 2 sites of disease. All patients had a serum bilirubin 
level of <25 ~tmol/1 and none had received previous 
anthracyclines. Two patients, who had clinical ascites 
before therapy, had their ascitic fluid drained prior to drug 
administration, and none of the subjects were clinically 
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obese (defined as a body weight of > 20% over the ideal). 
Patients received up to three courses of high-dose doxoru- 
bicin at intervals of 2 weeks given with infusions of G-CSF 
(Amgen, Thousand Oaks, Calif) to reduce the periods of 
neutropaenia. Informed consent was obtained from each 
patient. The study protocol was approved by the South 
Manchester Ethical Committee. 

Blood sampling. All patients were studied during their first 
course of doxorubicin, which was infused via a central 
vein catheter in 250 ml saline over 30 min to minimise 
peak levels. Blood samples were drawn before the infusion 
from a peripheral vein and at 0, 0.167, 0.5, 1, 1.5, 3, 6, 9, 
12, 24 and 48 h after the end of the infusion. Samples were 
centrifuged for 10 rain at 500 g, after which the serum was 
separated and stored at - 2 0  ~ C prior to assay. 

Analytical method. The method used was essentially that 
described by Israel et al. [13], with minor modifications, 
using daunomycin as an internal standard. 

Materials. Adriamycin, Adriamycinol, Adriamycinone, 
daunomycin and 7-deoxyadriamycinone were generously 
donated by Pharmacia (Upsala, Sweden). All other 
reagents were of Analar grade. 

Extraction procedure. Stored serum was thawed and 0.5 ml, 
removed. To each sample, 40 ~tl daunomycin (1 ~tg/ml) 
was added, and the solution was precipitated with 1.5 ml 
ice-cold methanol and then centrifuged at 2,000 g for 
15 min at 4 ~ C. The supernatant was removed and 4.5 ml 
chloroform, added. The mixture was then shaken to dis- 
perse the chloroform completely and further centrifuged at 
650 g for 10 min at 20 ~ C. Following centrifugation, the 
upper lipid layer was discarded and the chloroform solu- 
tion was passed through phase-separation filter paper into 
clean tubes to remove any remaining aqueous phase. The 
chloroform was evaporated to dryness in a Buchler Vortex 
Evaporator and the residue was resuspended in 100 p~l 
HPLC mobile phase prior to assay. This solution was 
centrifuged at 11,600 g for 10 rain at 4 ~ C, and 25-1xl ali- 
quots of the resulting supernatant were injected into the 
HPLC column. The extraction efficiencies from serum 
were 53% for doxorubicinone, 43% for doxorubicinol, 42% 
for doxorubicin, 36% for daunomycin and 21% for 7-de- 
oxydoxorubicinone. The coefficients of variation for these 
extraction efficiencies were: Adriamycin, 7.8%; Adria- 
mycinol, 5.9%; Adriamycinone, 6.4%; and 7-deoxyadria- 
mycinone, 3.3%. 

HPLC method. The HPLC assay was carried out using a 
Waters Associates U6K injector and 6000A pump. Separa- 
tion of the parent compound, metabolites and internal 
control was achieved using a 23 c m x 4  mm Technicol 
(Stockport, UK) ODS Hypersit column (5-l.tm particle size 
and 120-A pore size), which was isocratically eluted with 
an acetonitrile/ammonium formate buffer (38:62, v/v) 
(pH 4) at a flow rate of 1.5 ml/min. Fluorescence was 
monitored with a Schoeffel FS970 detector (Cambridge, 
UK) using an excitation wavelength of 233 nm and a 
550-nm cut-off emission filter. Levels of drug and metabo- 
lite in patient samples were quantified by comparison with 
a standard curve using peak height ratios of the drug and 
metabolites to that of the internal control. 
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Fig. 1. Representative chromatogram from one patient treated 
with 75 mg/m 2 doxorubicin. Parent drug, internal standard 
(daunomycin) and main metabolites are clearly identified. Typical 
HPLC elution profile of serum sample from a patient 60 rain 
after treatment with doxorubicin 75 mg/m 2. A, doxorubicinol; 
B, doxorubicin; C, doxorubicinone; D, daunomycin (internal con- 
trol); E, 7-deoxydoxorubicinone 

Pharmacokinetic analysis. The use of Nelder and Mead 
non-linear optimization [3], with the numerical methods 
used for the solution of differential equations of the phar- 
macokinetic model, was not found to be effective. Monte- 
carlo methods for non-linear optimization [8] were there- 
fore used and were found to be much more robust. The 
values for the different volumes of distribution (Vd 1 -4)  
and for the inter-compartmental rate constants (k1-4) and 
the four elimination rate constants (kel-4) of a four-com- 
partment model were derived from this computer pro- 
gram. Double and triple exponential decay curves were 
fitted by a MODFIT computer program [15] based upon a 
steepest-descent algorithm. The total area under the time- 
drug concentration curve (AUC3 was calculated using the 
trapezoidal rule from time 0 to 48 h + C/kel, where C rep- 
resents the concentration at the final data point. It has 
been suggested that the AUC=can be underestimated when 
a drug is given by i. v. infusion, if the infusion period is ig- 
nored and the post-infusion data are analysed as if they 
derived from a bolus injection. The charts by Freedman 
and Workman [9] were used to determine the approximate 



Table 1. The main pharmacokinetic parameters of  high-dose doxorubicin. Mean values and standard errors 

437 

Dose Pts Peak Terminal Clearance Doxorubicin Doxorubicinol 
( m g / m  2) Conc.  l/2 life AUC AUC 

(~tM) (hours)  ( m l / m i n )  (~ tMhl-  1) ( lxMhl -  1) 

75 3 3 .5+0 .62  30 .7+  1.2 1173+ 45 3.06__+0.18 2.14_+0.54 
100 3 4.8__ 1.01 27.9 + 2.5 1482 + 216 3.43 + 0.45 2.11 +0 .52  
125 3 5.5_+ 1.4 37.8_+9.0 1502_+ 123 4.20_+0.21 3.03 +0 .39  
150 2 6.7-+2.3 29.1 -+3.4 1574-+ 152 4.47-+0.21 3.46_+0.18 

underestimation of AUC=values. Clearance (C1) was cal- 
culated from the equation C1 = Dose /AUC~ and half-life 
values (tl/2) were determined from the equations tl/2~ = 
0.693/ct, tl/2~ = 0.693/~, tl/2~ = 0.693/y. 

Results 

Figure 1 shows a representative chromatogram of doxoru- 
bicin and its major metabolites. The serum concentration 
vs time curve decayed as a triple exponential function in 
four patients and could be described by the equation 
Ct = Ae - ~  + Be - ~  + Ce -~ .  but in the remaining seven 
patients it decayed as a double exponential function ex- 
pressed by Ct = Ae - ~  + Be -~ .  This difference was 
probably not dependent on the dose of doxorubicin since 
the triple exponential decay was observed in one patient in 
each of the groups treated with 75 and 100 mg/m 2 and in 
two patients at 125 mg/m 2 but was not seen at 150 mg/m 2. 
The median short, intermediate and long half-lives were 
5.5 min (range, 4.5-6.7 min), 1.8 h (range, 0.8-3.9 h) and 
3.4 days (range 1.2-3.8 days). In the seven patients whose 
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Fig. 2. Plasma decay curves in one patient treated with 100 mg/m 2 
doxorubicin, showing a transient increase in the concentrations of 
all metabolites at 6 h post-infusion 

pharmacokinetic profiles were bi-phasic, the median short 
and long half-lives were 5.6 min (range 4.4-11 min), and 
24 h (range 18.3-32 h), respectively. The main phar- 
macokinetic, model-independent parameters are shown in 
Table 1. Doxorubicinol was the principal metabolite 
(Fig. 2). A small and transient increase in circulating levels 
of doxorubicinol and other major metabolites was ob- 
served in 9/11 patients some 6 h following the administra- 
tion of the parent drug. 
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Fig. 3. Four-compartment model of  doxorubicin distribution�9 The 
four compartments drawn have the following volumes of  distribu- 
tion: Vdl ,  87 1; Vd2, 89 1; Vd3, 37 1; Vd4, 103 1. The intercom- 
partmental rate constants have the following values: kk2 , 217; 
k2j ,  8.4; kl,3, 295; k 3 1, 22; k I 4, 4.6; k 4 1, 8.2. The elimination rate 
constants are as follows: kel (1E), 0.4;'ke2 (2E), 0.2; ke3 (3E), 5.8; 
ke4 (4E), 0.9 
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Fig. 4. Doxorubicin dose vs A U C d  the mean and standard error 
of  3 values up to 125 mg/m 2 and 2 values at 150 m g / m  2 are repre- 
sented 
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The data fitted both a three- and a four-compartment 
model to within l SE of the observed values. The four- 
compartment model is shown in Fig. 3. Input occurs 
through a "false" central compartment, with a large vol- 
ume of distribution (Vdl) due to rapid equilibration 
during the infusion period, and  three peripheral compart- 
ments (Vd2-Vd4) with individual exit routes (1 E - 4  E). 
there was a linear increase in AUCoowith dose (Fig. 4). 
Using the charts by Freedman and Workman [9] to deter- 
mine the approximate underestimation of AUC=in  the 
seven patients whose pharmacokinetic profiles were bi-ex- 
ponential, we found that their AUCs had been underes- 
timated by between 10% and 20% in all cases. Blood 
samples were taken for pharmacokinetic analysis from one 
patient at 125 mg/m 2 following her first and third doses of 
doxorubicin. Doxorubicinol levels following her last dose 
of doxorubicin were increased by 187% when compared 
with the levels following her first dose, and qualitatively 
similar yet quantitatively minor increases were also found 
for 7-deoxydoxorubicinone but not for doxorubicinone or 
doxorubicin (data not shown). 

Discussion 

As G-CSF has been shown to be tolerated well by patients 
and to enable dose escalations of doxorubicin to improve 
response rates to chemotherapy [4], more studies using this 
growth factor in combination with other cytotoxic agents 
are likely to follow. Therefore, it is important to know 
whether drug kinetics change as the doses of cytotoxic 
agent increase. The present study shows that in the dose 
range selected the kinetics of doxorubicin were linear. The 
fact that AUC~ values, when corrected for the infusion 
period, had been underestimated by between 10% and 20% 
in all patients did not change the linearity of the relation- 
ship between dose and AUC= 

Other authors have reported bi- or tri-exponential 
equations describing the pharmacokinetic profiles for 
doxorubicin in patients, and the selection of a two- or 
three-compartment model appears to be dependent on the 
number and timing of blood samples, the duration of 
the i.v. infusion and the methods used for assaying the 
drug [7]. A ten-compartment physiological model using 
data from normal rabbits has also been proposed [12]. We 
found that our data fitted both a three- and a four-com- 
partment model to within 1 SE of the observed values. Be- 
cause a three-compartment model has previously been 
described by others [16], the four-compartment model is 
described in this paper. 

Input occurs into a central compartment with a large 
volume of distribution (Vdl = 87 1) and very rapid inter- 
compartmental rate constants (kl, 2 and k~. 3)- This pattern 
is consistent with an initially rapid distribution of doxoru- 
bicin (during and immediately after the infusion period) 
into tissues highly perfused with blood, followed by dis- 
tribution into other tissues. Our model predicts two shal- 
low compartments (Vd2 and Vd3) and a deeper compart- 
ment with slow equilibration rates. It is tempting to specu- 
late that the two shallow compartments mainly reflect the 
liver, lungs, spleen, lymph nodes and turnout tissue. The 
liver is the main site of metabolism of doxorubicin, and 
tumour tissue and lymph nodes are known to have the 
second highest tissue concentrations of doxorubicin in 

patients [14]. All patients in this study had considerable 
tumour burden as assessed both clinically and radiologi- 
cally [4]. The deeper compartment could represent skin, 
muscle, adipose tissue, bone marrow and connective tis- 
sue. However, we cannot equate pharmacokinetic com- 
partments with physiological or anatomical entities be- 
cause our data consisted of plasma concentration deter- 
minations only, rather than direct tissue determinations, 
and the pharmacokinetic model is theoretical. 

Similarly, to suggest what the elimination rate con- 
stants mean would involve conjecture, but ke3 could pos- 
sibly represent hepato-biliary elimination and the others, 
local biotransformation or metabolism. The fact that we 
observed a transient increase in circulating levels of 
several metabolites some 6 h following administration sug- 
gests the existence of an entero-hepatic, or other, re-cir- 
culation mechanism. Data from one patient would also in- 
dicate that the repeated administration of doxorubicin 
changes the metabolism of this drug. Similar changes in 
the kinetics of doxorubicin during successive courses of 
treatment have been reported by others [10]. 

Finally, the two higher doses of doxorubicin (125 and 
150 mg/m 2) led to higher response rates, but also to a 
marked increase in epithelial toxicities, particularly fol- 
lowing the third dose at 125 mg/m 2 and the second at 
150 mg/m 2 [4]. This toxicity was most marked in epithelial 
areas with high turnover rates (such as oral and vaginal 
mucosa and the palms and soles), and epithelial regenera- 
tion occurred within 2 weeks after the end of chemother- 
apy. At 125 mg m 2, recovery from neutropenia following 
the third cycle of chemotherapy was also slower than that 
following the first two cycles. Since this increase in toxicity 
was not due to non-linear kinetics, it could have been re- 
lated to the large tissue capacities for doxorubicin and the 
prolonged elimination half-lives which are known to 
predispose to accumulation. As suggested by previous 
studies in man and rat, this intra-cellular accumulation of 
drug in tissues may be responsible for the greater toxicity 
of treatment schedules with short intervals between con- 
secutive doses [I 8]. 
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