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Abstract. In a pharmacokinetics study, six patients were
treated i. v. with epirubicin (EPI) at the two dose levels of
60 and 120 mg/m?2, whereas a further six patients were
treated at 75 and 150 mg/m?2. Both groups were studied
according to a balanced cross-over design; the aim of the
study was to assess the pharmacokinetic linearity of
epirubicin given at high doses. Both the absolute goodness
of fit and the Akaike Information Criterion (AIC) point to
a linear, tricompartmental open model as the choice frame-
work for discussing EPI plasma disposition after 16/24
administrations, independent of the delivered dose. After §
treatments, the minimal AIC value corresponded to a non-
linear tissue-binding model. However, even in these cases,
second-order effects were present only during the early
minutes following treatment. In a model-independent
framework, mean EPI plasma clearance was identical at
the two dose levels of 60 and 120 mg/m?2 (65.4 + 8.0 vs
65.3 + 13.4 I/h, P = 0.92). Both the mean residence time
(MRT) and the volume of distribution at steady-state (Vss)
were similar as well (MRT: 22.6 & 2.9 vs 24.2 + 3.7 h;
P=046; Vss: 21.3 + 1.5 vs 22.6 £ 6.5 kg, P=0.46).
No statistically significant difference could be found in
mean statistical-moment-theory parameters determined
after 75- and 150-mg/m2 EPI doses (plasma clearance,
PICIL: 834 £ 135 vs 68.5 £ 12.8 I/h, P = 0.12; MRT:
226 £ 48vs21.9 £39h, P=0.60; Vss: 26.7 + 105 vs
21.2 £ 7.0 Vkg, P =0.17). Analysis of variance also failed
to reveal any significant correlation between dose and
plasma clearance. However, when data relative to single
patients were examined, a trend toward nonlinear drug
distribution as well as a consequent increase in peripheral
bioavailability could be observed in 4/6 patients of the
75-mg/m? vs the 150-mg/m?2 group. No significant dose-
dependent variation was observed in the ratio between
the molecular-weight-corrected areas under the concen-
tration-time curve for the metabolites and those for EPI
[60 vs 120 mg/m?2: epirubicinol (EPlol), 0.23 £ 0.10 vs
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0.22 £ 0.06, P = 0.20; epirubicin glucoronide (G1),
0.46 % 0.14 vs 0.62 £ 0.40, P = 0.26; epirubicino! gluc-
uronide (G2), 0.21 £ 0.05 vs 0.30 = 0.16, P = 0.06; and
75 vs 150 mg/m2: EPlol, 0.33 + 0.22 vs 0.32 =+ 0.19,
P=0.42;G1,051 £ 023vs 046 £ 0.17, P=0.53; G2,
0.18 £ 0.10 vs 0.22 + 0.10, P = 0.34]. In conclusion, all
the metabolic pathways seemed well preserved when the
dose was doubled, and no evident sign of “saturation kinet-
ics” could be found.

Introduction

The new anthracycline antibiotic epirubicin (4’-epidox-
orubicin, EPI) differs from doxorubicin (DX) in the
epimerization of the OH group in position 4” of the amino-
sugar moiety. Preclinical studies in animal models and
extensive clinical trials have proven that this compound is
less toxic than DX at similar equipotent therapeutic doses
[13, 15,27, 28]. DX and EPI are significantly metabolized
in cancer patients. Both drugs are reduced to the 13-hy-
droxy derivatives doxorubicinol (DXol) and epirubicinol
(EPIol), respectively. In all patients, DXol is the main DX
metabolite in both plasma and urine. Compounds lacking
the aminosugar moiety can also be detected for both drugs.
An additional metabolic pathway is possible for EPL. Con-
jugation with glucuronic acid takes place at the oxydryl
group in position 4’ of the aminosugar; the glucuronide
4’-0-B-p-glucuronyl-4"-EPI (metabolite G1) and 4'-O-p-
D-glucuronyl 13-dihydro-4’-EPI (metabolite G2) represent
the majority of the EPI-derived circulating species 3, 3, 7,
20, 22, 25]. The main pharmacokinetic consequence of this
additional EPI detoxication route is a more efficient and
faster elimination of the unchanged drug as compared with
DX, as demonstrated by the statistically significant differ-
ences between the two compounds in terms of the area
under the concentration-time curve (AUC), plasma clear-
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Table 1. Characteristics of the patients and detail of treatments

Patient Tumor Age Weight Height  Perf.Stat. Low-dose treatment High-dose treatment
number (years) kg) (cm) (WHO)
Line2 Dose Infusion Line? Dose Infusion
(mg) time (min) (mg) time {min)

1 Lung 62 78.5 166 1 2 110 7.50 1 225 6.75

5 Lung 49 59.3 170 1 1 100 4.00 2 220 6.00

6 Lung 63 79.0 169 0 1 110 4.00 2 220 9.50

8 Lung 64 67.0 168 1 1 105 4.08 2 210 9.67
10 Lung 61 61.2 170 1 2 100 6.25 1 200 9.00
11 Lung 37 61.8 170 1 2 100 2.92 1 200 6.92

2 Lung 64 81.5 177 1 1 150 6.00 2 300 10.00

3 UNK 59 78.0 174 1 1 150 5.50 2 280 13.00

4 UNK 41 77.0 179 1 2 140 4.50 1 280 10.50

7 Lung 67 78.0 170 1 2 145 5.92 1 280 9.00

9 Lung 64 71.2 175 1 2 135 4.17 1 280 10.33
12 Lung 50 54.7 171 1 1 125 3.83 2 240 7.83

2 Iine 1, first treatment; line 2, second treatment
Perf. stat., Performance status; UNK, Unknown primary

ance (PICl), mean residence time (MRT), and half-life
(t12) of the slow disposition phase [5, 11].

The lower toxicity of this new analog when it is given at
the same dose as DX appears to be related to the above-
mentioned pharmacokinetic factors rather than to a differ-
ent mode of action. This behavior has prompted several
clinical trials that have investigated the feasibility and effi-
cacy of high-dose EPI therapy; obviously, it is worth trad-
ing off the lower toxicity of the new anthracycline with its
increased efficacy.

We report the results of a pharmacokinetics study in
which six patients were treated with EPI at the two dose
levels of 60 and 120 mg/m?2, whereas another group of six
patients were treated at 75 and 150 mg/m?2. Both groups
were studied according to a balanced cross-over design.
The aim of our study was to assess the linearity in the
pharmacokinetics of EPI given at “high” doses. The data
presented support the conclusion that a linear, com-
partmental pharmacokinetic model can adequately explain
EPI plasma disposition. The best nonlinear kinetic model
capable of approximating EPI plasma concentrations is
also described. Finally, plasma concentrations of both EPI
and its metabolites are discussed within a model-indepen-
dent framework to see how dose variations influence EPI
elimination, distribution, and biotransformation.

Patients and methods

Patients

A total of 12 inpatients with advanced cancer were included in this study,
which was conducted at the Division of Oncology, M. Malpighi Hospital,
Bologna, Italy, during a phase I study for the evaluation of epirubicin
given at high doses. All patients gave their informed consent to partici-
pate in the study. After pharmacokinetic evaluation, the patients who
entered the study continued the treatment with epirubicin as long as was
medically required.
The eligibility criteria were:
A. Progressive neoplastic disease not previously treated with chemother-

apy
B. A life expectancy of >3 months

C. A performance status of 0, 1, or 2 according to the WHO scale
D. A WBC count of >4,000/mm? and a platelet count of >120,000/mm?3
E. Creatinine clearance of >60 ml/min
F. A total bilirubin level of <1.2 mg/100 ml, SGOT and SGPT values of
<435 mU/ml, and an alkaline phosphatase level of <130 mU/ml
G. Informed consent

The exclusion criteria were:
A. The presence of cardiac disorders
B. The presence of documented liver metastases with or without hepatic
dysfunction (a total bilirubin level of >1.2 mg/100 ml and/or SGOT and
SGPT values of >45 mU/ml and/or an alkaline phosphatase level of
>130 mU/m])
C. A previous episode of severe drug allergy
D. Mentally incapacitated subjects

Each patient was treated at two EPI dose levels: 60 and 120 mg/m? or
75 and 150 mg/m2. The treatment was assigned according to a ran-
domized, balanced cross-over design.

The patients’ characteristics and the treatment details are reported in
Table 1.

EPI was given as a constant-rate, rapid intravenous (i.v.) infusion
(Farmorubicina, lyophylized powder for i. v. injection, 50-mg vials). The
infusion time was always recorded exactly (Table 1). Blood samples
were drawn before treatment and at O (i.e., immediately after the i.v.
infusion), 5, 15, 30, and 60 min and 2, 4, 8, 12, 24, 36, 48, 72, 96, 120,
144, and 168 h after drug administration. Plasma separated by centrifuga-
tion was kept frozen at ~20° C in light-protected tubes; drug and metabo-
lite analysis was performed no later than 48 h after sampling.

Analytical methods

A high-performance liquid chromatographic (HPLC) assay with
fluorimetric detection was applied for the quantitative determination of
EPI and its known fluorescent metabolites. The method was specific for
the simultaneous assay of unchanged drug, epirubicinol (EPIol), 7-
deoxy-Adriamycinone (metabolite C), Adriamycinone (metabolite D),
7-deoxy-13-dihydro-Adriamycinone (metabolite E), 13-dihydro-Adri-
amycinone (metabolite F), 4’-0-B-p-glucuronyl-4-EPI (metabolite G1),
and 4'-0-B-p-glucuronyl-13-dihydro-4-EPI (metabolite G2). A detailed
description of the analytical method has been published elsewhere [4].

Pharmacokinetic analysis
A model-independent pharmacokinetic analysis, a compartmental model,

and a nonlinear tissue-binding model were adopted for the interpretation
of plasma disposition kinetics.



Linear compartmental model. As shown by Manaka et al. [18], the
three-compartment open-model with elimination from a peripheral com-
partment (called the “first-pass” model and often used in disposition
kinetics studies) is not globally identifiable, i. e., a given set of input-out-
put data does not uniquely identify a single parametrization vector. A
tricompartmental openmodel with elimination from the central compart-
ment does not present this problem and was therefore preferred in our
computations according to the principle of parsimony in model building
and to the Akaike Information Criterion (AIC).

Plasma EPI concentrations were computer-fitted to the differential-
equation system:

dx1/dt = —(kiz+kis+ke)xs+ka1 xo+ks1 x3+kou
dxo/dt = kjaxi—ko1 x2
dxs/dt = k13x1—ka1 X3,

with zero initial state:

x1(t=0) = 0; x2(t=0) = 0; x3(t=0) = 0 and
c1 = X1/vy,

where x;, x2, and x3 are the amounts of drug in compartments 1, 2, and 3,
respectively; ko is the zero-order infusion rate (set equal to zero in the
postinfusion decay phase); u is the delivered dose, ¢; is the EPI concen-
tration in compartment 1; and v; is the apparent volume of compart-
ment 1.

Nonlinear model. A nonlinear tissue-binding model [24], modified to
take into account the non-zero infusion time, was also tested. In linear
models, it is accepted that drugs interact with “tissues” present in super-
abundance; the fraction bound in tissues at steady-state is therefore
essentially constant and independent of the drug concentration. The
nonlinear tissue-binding model used in this work to describe EPI disposi-
tion removes the pseudo-first-order assumption and lets EPI compete
with a limited amount of binding sites.

EPI plasma concentrations [EPI] were computer-fitted to the differ-
ential-equation system:

d[EPT}/dt= (ki [EPI)[T}+ke[EPI]) + ko[EPLT] + ko/v
d[EPLT}/dt=—ko[EPLT] + ki [EPT][T],

with

[EPHi0 =0,

[Th=o0 = Ton,
[EPLT)=0 = 0, and
[T] =To/v - [EPLT],

corresponding to the kinetic scheme:

ki
EPI+T > EPLT

ko

kel . .
EPI ——p Metabolites + Excretion,

with zero-order EPI infusion (at a rate ko) in a system of apparent volume
v containing an amount To of “tissue.” The term “tissue” (or “binding
site”) is used herein to indicate any species capable of reversibly binding
EPIL. The complex EPI.tissue that is formed constitutes a new species not
measured as EPI in the analytical assay.

Several more complex models can be easily depicted and numerically
solved. However, checks following the AIC have indicated that any
increase in the number of independent parameters runs counter to the
principle of parsimony in modelbuilding.

Minimization procedure and model selection. Nonlinear fitting of the
experimental data points to a mathematical model was performed with
specifically designed double-precision FORTRAN programs based on
the CERN MINUIT package [17]. Kinetic microconstants (and errors)
were directly determined by interfacing a numerical differential-equation
solver (Runge-Kutta algorithm) with the minimization package. Experi-
mental uncertainties on concentration data were explicitly taken into
account by weighting the chi-square error function F as described else-
where [6, 9, 10, 17]. The selection of the mathematical model describing
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the drug and metabolite concentration-time course was performed ac-
cording to the AIC, which is a mathematical formulation of the principle
of parsimony in model building [1, 26].

Model-independent parameters. The experimental data were analyzed
according to statistical moment theory [14], which requires the evalua-
tion of the area under the concentration-time curve (AUC) and the area
under the concentrationxtime-time curve (AUMC). Although these data
could be computed according to the trapezoidal rule, a better approxima-
tion to AUC, AUMC, and ti2 values (as well as to 1 SD errors on these
parameters) can be obtained with interpolation procedures [5, 6].
Experimental concentrations (C) of EP1, EPIol, glucuronide G1, and
glucuronide G2 measured over the 0- to 168-h interval were therefore
computer-fitted with a linear combination of exponential terms:

C= Z Aiexp(_ai(t_T))»

i=1

with:

XA,' = Co.

i=1

For EPI, 7, representing the time lag for the appearance of the product
in plasma, was always fixed at zero.

The time of infusion (i) was also taken into account. The corrected
A’ preexponential terms [12] were computed according to the formula:

Aiting

1 — elaitinp
and AUC and AUMC were then computed as usual:

AUC:i A ;AUMC=21&;

i=1 i i=1 4i

The mean residence time (MRT, corrected for the input mean transit
time) was obtained {21] as:

AUMC  tug

AUC 2

Plasma clearance (PIC1) and the volume of distribution at steady-state
(Vss) were calculated as usual [14, 21]. Metabolite AUC and AUMC
values were computed according to the trapezoidal rule and/or from the
interpolation equation, with no correction for infusion time.

Error analysis. In a cross-over experiment, in which intrasubject data are
compared, the only way to state with statistical significance whether
parameter g differs between the two measurements in the same patient is
to take the experimental error into account [6]. Errors on pharmacokinet-
ic parameters were computed according to standard error-propagation
rules [2]:

oq dq
Ag= (— A% .. +(— AD?,
ox oz

starting from the parameter errors computed in the interpolation proce-
dure, and represent 1 SD errors.

When relevant, a z-test [2] was performed to check whether corre-
sponding parameters were identical within the experimental error
(P = 0.05) as measured after conventional- and high-dose treatment in
the same patient. Differences outside the experimental error are asterisk-
flagged in the tables.

Group comparison was performed with the BMIDP package [8] ac-
cording to the Wilcoxon signed-rank test (the nonparametric analog of a
matched-pairs ¢-test), the Mann-Whitney rank-sum test (the non-para-
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Table 2. Low- versus high-dose EPI administration: half-lives of the three decay phases

11/2a1 11222 11/2a3
Patient 60 mg/m? 120 mg/m? 60 mg/m? 120 mg/m? 60 mg/m? 120 mg/m?
1 4.13 £ 0.23 371 £0.19 3.08 £ 0.52 2.87 = 0.78 372 £ 1.5 338+ 14
5 2.80 £+ 0.13 3.08 £ 0.12 7.67 £ 0.61% 3.66 = 0.76* 53.0 + 5.5% 38.8 £ 2.1*
6 351 £0.21 3.96 + 0.25 0.53 £+ 0.10* 1.62 + 0.40* 30.7 £+ 0.9* 336 + 1.1*
8 3.31 £ 0.16* 4.01 + 0.21* 2.39 + 0.33* 4.87 £ 0.72% 324 + 14* 38.0 £ 2.0
10 2.60 £ 0.13* 3.33 £ 0.24% 0.71 £ 0.15 1.03 + 0.18 285 + 0.9 29.0 £ 0.8
11 2.50 + 0.12% 1.73 + 0.31* 3.67 + 0.80* 0.15 * 0.04* 303 1.0 28.8 £ 0.7
Mean 3.14 min 3.30 min ‘3.01h 237h 35.34h 33.67h
SD 0.63 0.85 2.60 1.76 9.13 4.26
11/2a1 17222 117243
75 mg/m? 150 mg/m? 75 mg/m? 150 mg/m? 75 mg/m? 150 mg/m?
2 3.28 = 0.19 343 £ 0.28 0.88 + 0.23 0.33 + 0.31 23.0 ~ 0.6* 20.9 + 0.3*
3 3.15 £ 0.18 3.60 = 0.27 1.96 + 0.35 178 £ 0.21 290 £ 1.1 28.1 £ 0.8
4 2.83 + 0.25 3.28 £0.23 1.03 + 0.10 1.35 £0.19 337 £ 1.1 35.6 £ 1.7
7 3.29 + 0.16 2.87 £ 021 7.72 £+ 1.04* 141 + 0.38* 357 £ 2.5 355+ 1.7
9 4.10 = 0.30* 2.90 £ 0.18* 3.15 £+ 0.49* 533 + 0.58% 363 1.5 358+ 1.9
12 2.73 = 0.15 2.96 + 0.18 393 £ 0.57* 1.12 = 0.30* 349 £ 1.7 308+ 14
Mean 3.23 min 3.17 min 3.11h 1.89h 32.10h 31.12h
SD 0.48 0.30 2.55 1.76 5.19 5.93

* Data significantly different as measured after low- vs high-dose administration in the same patient

metric version of the two-sample #-test), and the Kruskal-Wallis test
(corresponding to one-way analysis of variance). Only the Wilcoxon test
is cited in the discussion in cases for which the tests gave equivalent
results.

Results

The best fit (according to the AIC) to the plasma concentra-
tion-time course of EPI after i.v. treatment was obtained
for all the patients by a triexponential equation. The results
of the biexponential analysis are not reported herein be-
cause in all cases, the fit with the experiment was rather
poor.

The mean half-lives of the three exponential decay
phases (Table 2) were similar at all dose levels, and on the
whole, no statistically significant difference could be
found. Two subjects (patients 6 and 8) showed a limited
but significant (i.e., outside experimental uncertainty) in-
crease (+11.6% and +6.8%) in terminal half-life when the
dose was increased (from 60 to 120 mg/m?2). In contrast,
patients 2 and 5 showed a significant decrease in terminal
half-life when the dose was doubled. Of the 12 patients, 7
showed a significant variation in a2 half-life, but no de-
finite trend toward an increased or decreased value could
be found. Similarly, in 2/12 patients the value for f1/2a1 rose
significantly with the dose, whereas in 2/12 subjects a
reversed effect was observed.

Figure 1 reports the relative AIC values [(AICi—
AICn)/AIC1] obtained by fitting the tricompartmental lin-
ear model (AIC) and the nonlinear tissue-binding model
(AICn) to the experimental EPI concentrations. Negative

values indicate a better agreement of the experiment with
the linear model.

In each case, the covariance matrix at the minimum was
positive-definite and a satisfactory error estimation could
be carried out. The minimal F values found in the minimi-
zation procedure using Runge-Kutta integration of the
differential equation system relative to the tricompartmen-
tal open model were quite close to the corresponding
values obtained in the triexponential interpolation, as
theoretically expected. As a check of goodness-of-fit, par-
ameters of the triexponential equation can also be back-
computed from the kinetic microconstants of the linear
model [24]; the agreement is within the experimental error.

Some intrasubject variability of kinetic parameters
could be observed after two consecutive administrations,
but no statistically significant difference related to the
delivered dose was found. In particular, the kinetic con-
stant Kel, describing all irreversible processes resulting in
the elimination of EPI from the sampling compartment,
was remarkably stable at all dose levels (Table 3). As in the
linear case, the kinetic constant kel computed for the non-
linear tissue-binding model did not significantly depend on
the delivered dose (ke 60 mg/m2, 8.64 =+ 2.34h-1;
120 mg/m?2, 7.23 + 3.28 h-1, P60 -120 = 0.46; 75 mg/m2,
8.83 + 3.69 h-1; 150 mg/m2, 8.01 £ 2.81h-1, P75-150
=0.46).

The statistical-moment-theory parameters (calculated
from the coefficients of the triexponential equation) are
reported in Table 4 together with their 1 SD errors. Mean
EPI plasma clearance was identical at the two dose levels
of 60 and 120 mg/m? (P = 0.92). Only patient 10 showed a
significant variation in this parameter. Both the MRT and
the Vss values were similar as well (MRT, P = 0.46; Vs,
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0.25
"low" dose
0.15 B8 "high” dose
Positive values: Non-
linear tissue-binding
0.05 -+
model preferred
-0.05 -]
015 Negative values: Linear,
’ tri-compartmental open
model preferred
-0.25

Pt#1 Pt#5 Pt#8 P1#8 Pt#10 Pt#11 Pt#2 P1#3 Pt#4 Pt#7 Pt#9 Pt#12

Fig. 1. Relative AIC values ([AIC; — AICn)/AIC)) obtained by fitting the tricompartimental linear model (AIC;) and the nonlinear tissue-binding model
(AICy) to the experimental EPI concentrations. Negative values indicate a better agreement of the experiment with the linear model

Table 3. Kinetic microconstants, linear model

60 mg/m?2 120 mg/m? 75 mg/m? 150 mg/m?
kiz (h'1) 35 £27 24 +038 45 +19 38 £20
ka1 (h1) 06 =05 1.2 +21 06 =04 08 +0.7
ki3 (b1 44 +19 57 %39 37 £15 48 +21
kst (b1) 0.04 + 0.01 0.05 + 0.02 0.04 + 0.01 0.05 + 0.03
ke (b71) 56 =12 53 £13 47 +1.3 50 *+09
Ve @ 120 +24 13.0 +44 194 +8.7 141 +38

Data represent mean values + SD

Table 4. High-dose EPI administration: model-independent parameters

PICI MRT Vs
Patient 60 mg/m? 120 mg/m? 60 mg/m? 120 mg/m? 60 mg/m? 120 mg/m?2
1 70.0 & 4.6 60.0 = 4.3 243 +24 207 =19 216 £35 158 2.6
5 50.2 + 3.8 529 + 3.7 27.1 £ 43 20.6 + 2.1 229 + 5.4 16.3 + 2.8
6 66.9 £ 3.8 56.9 t 3.6 2377 + 1.8% 293 £ 2.2% 200 + 2.6 20.6 =29
8 674 +£43 659 +438 194 + 1.9 232+ 25 19.5 + 3.1 219 +£39
10 73.3 + 4.3% 90.8 £ 5.9* 21.0 £ 1.7 230 + 1.8 233 +3.2 312 +£45
11 64.8 £ 4.5 65.0 +5.3 20.2 + 2.0* 28.2 £ 2.5* 20.7 = 3.5 29.7 + 5.1
Mean 65.41h 653 1h 226h 24.2h 213 Vkg 22.6 Vkg
SD 8.0 13.4 29 37 1.5 6.5
PIC1 MRT Vss
75 mg/m? 150 mg/m?2 75 mg/m? 150 mg/m? 75 mg/m? 150 mg/m?
2 85.1 £52% 55.5 #+ 3.1* 182 £ 14 203+ 13 19.0 = 2.6 13.6 + 1.6
3 92.9 + 6.7*% 585 £ 4.5% 16.5 £ 1.7 154 £ 14 19.7 + 3.4% 11.4 + 1.9%
4 77.1 + 49 89.6 *+ 6.6 245 £ 21 244 +24 249 + 3.7 28.4 =49
7 63.6 +5.6 689 + 5.7 21.1 £33 269 + 2.8 172 £ 4.2 237 + 44
9 102.6 =+ 7.3* 76.7 + 5.8% 28.6 £ 3.0 21.9 £ 25 413 £ 7.2* 24.1 + 4.5%
12 79.1 + 5.6% 61.8 + 4.5% 265 + 2.8 222 + 20 383 £ 6.7 262 £ 43
Mean 83.41/Mh 68.5 1/h 22.6h 219h 26.71/kg 21.2 Vkg
SD 135 12.8 4.8 39 10.5 7.0

* Data significantly different as measured after low~ vs high-dose administration in the same patient
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Table 5. EPI glucuronide, mean pharmacokinetic parameters + SD

60 mg/m? 120 mg/m? 75 mg/m? 150 mg/m?
t12a1 (h) 066 + 024 0.65 + 018 047 = 0.12 054 + 049
tia2 (h) 143 + 030 171 £ 054 1.64 £ 0.66 255 £ 192
11203 (h) 203 + 51 231 + 40 250 £ 438 2719 =+ 86
Time delay (h) 0.081 = 0.063 0.072 = 0.045 0.065 + 0.035 0.029 = 0.060
Time to peak (h) 147 + 037 154 =+ 020 127 + 034 123 = 077
Crnax (ng/ml) 163 +63 317 + 140 200 + 111 322 =+ 187
Table 6. EPIol glucuronide, mean pharmacokinetic parameters + SD

60 mg/m? 120 mg/m? 75 mg/m? 150 mg/m?
117221 (h) 1.15 = 049 123 + 027 0.76 = 0.41 1.1 £+ 040
1222 (h) 200 £ 1.04 1.77 £ 0.50 2.04 + 0.68 236 + 1.69
t172a3 (h) 20.80 £ 29 215 + 27 241 £ 717 241 = 87
Time delay (h) 0.17 £ 0.08 0.15 = 0.09 0.16 = 0.05 0.18 £ 0.14
Time to peak (h) 225 £ 064 242 £ 041 192 + 0.81 239 £ 0.69
Crmax (ng/ml) 50 +18 104 44 44 +25 104 £ 50

Table 7. Molecular-weight-corrected AUC values for the parent drug and its metabolites

60 mg/m?2 120 mg/m? 75 mg/m? 150 mg/m?
EPI 2966 £ 382 6203 £ 1298 3179 £ 593 7640 = 1505
EPlol 664 + 292 1334 £ 423 1027 = 685 2481 + 1927
Glucuronide G 1298 + 339 3401 + 1878 1590 + 843 3313 + 1288
Glucuronide G2 623 + 172 1654 + 664 578 + 391 1540 £ 735
Aglycone C 687 + 546 1640 + 1280 784 + 895 1802 + 1073
Aglycone D 301 + 538 539 + 609 492 + 916 1142 + 1854
Aglycone E 985 + 458 2413 + 1723 786 + 1290 1873 + 1830
Aglycone 112 + 118 371 = 348 104 + 141 297 + 224

Data represent mean values + SD (expressed in pmol h m1-1)

P = 0.46). Therefore, at a macroscopic level, no differ-
ences are found in EPI elimination and distribution when
the dose is increased from 60 to 120 mg/m2. No statistical-
ly significant difference could be found either in mean
statistical-moment-theory parameters determined after 75-
and 150-mg/m2 EPI doses (PICI, P =0.12; MRT, P = 0.60;
Vss, P =0.17). Analysis of variance (ANOVA) also failed
to reveal any significant correlation between dose and
plasma clearance at these two dose levels (regression,
P =0.085,72=0.194; i.e., only 19.4% of the variability in
PICl is explained by correlation with the delivered dose).
When ANOVA was performed taking into account all four
dose levels, only about 1% of the variability in plasma
clearance was found to be related to the delivered dose.
Conversely, the relationship between the delivered dose
and the EPI AUC was highly significant (P = 0.007;
r2 =0.986).

The EPI metabolic pathways observed in this study are
consistent with those previously reported in the literature
by us and by other authors [3, 5, 7, 22, 25]. Four main
biotransformation routes can be observed: (1) reduction of
the C-13 keto group with the formation of EPIol, (2) con-
jugation with glucuronic acid with the formation of 4’-O--
D-glucuronyl-4"-EPI (metabolite G1), (3) loss of the ami-
nosugar moiety through a hydrolytic process with the for-
mation of the aglycone Adriamycinone (metabolite D), and
(4) loss of the aminosugar moiety through a redox process

with the formation of the deoxyaglycone 7-deoxy-Adri-
amycinone (metabolite C). EPlol formed through biotrans-
formation 1 can also follow metabolic routes 2, 3, and 4
with the formation of metabolites 4’-O-B-D-glucuronyl-13-
dihydro-4’-EPI (metabolite G2), 13-dihydro-Adriamy-
cinone (metabolite F), and 7-deoxy-13-dihydro-Adriamy-
cinone (metabolite E), respectively.

The glucuronide G1 and G2 plasma concentration-time
course can be well simulated by a triexponential equation
with A1 =— (A2 + A3) and a time-delay t. The mean values
obtained for the half-lives of the input phase a1, and of the
two decay phases az and a3, for the time delay 7, for the
time to peak, and for Cmax (computed by putting equal to
zero the first derivative of the plasma concentration curve)
are reported in Tables 5 and 6 for EPI glucuronide and
EPIol glucuronide, respectively.

A difference in behavior can be observed between the
plasma concentration-time courses of EPIol and glucuro-
nide G1, both of which are formed directly from EPIL
Metabolite G1 is characterized by a well-defined triphasic
concentration-time curve with a time delay of 0—10 min
before its appearance in plasma, followed by a rapid in-
crease in the plasma concentration and by two decay
phases with half-lives of about 1-2 and 20-30 h, respec-
tively (Table 5). The appearance of EPIol is considerably
faster, and the first decay phase is not as well defined as
that in the G1 time curve. As EPIol decay is equally well



explained (in terms of the error function F) by bi- and
tri-exponential equations, the less complex biexponential
model was selected according to the AIC. A reliable esti-
mation of the EPIol input half-life was possible only in two
subjects (patients 6 and 7). In all other cases, only the
terminal decay phase was studied (7122 60 mg/m?2,
204 + 5.2 h; 120 mg/m2, 30.2 £ 5.2 h; 75 mg/m?2,
30.8 + 8.7 h; 150 mg/m?, 31.2 £ 7.2 h).

The molecular weight-corrected AUC values obtained
for EPI and its metabolites are shown in Table 7. Inter- and
intrasubject variability was more evident in the metabolite
data than in the unchanged-drug bebavior. The coefficient
of variation (CV) on the EPI AUC was between 13% and
21% at each dose level. The EPIol CV was 32%-78%; a
similar range was observed for the CV on the AUC of
glucuronic acid conjugates (26% —68%). Aglycone deriva-
tives were nearly absent in some patients, whereas in others
they represented a major metabolic pathway. These com-
pounds are also known to be formed when plasma samples
are mismanaged; this problem is well recognized in our
laboratory, and care has been taken to avoid artifacts. As a
rule, deoxyaglycones C and E are the main deglycosylated
products found in plasma that derive from EPI and EPIol,
respectively.

As in the case of the unchanged drug, mean metabolite
terminal half-lives were not significantly influenced by the
delivered dose. In individual patients, differences (exclud-
ing the experimental uncertainty) between terminal half-
lives at the two dose levels could sometimes be detected,
but no definite trend toward a f1/2 increase or decrease with
dose was found.

Discussion

The aim of this work was to discuss the “linearity” of EPI
pharmacokinetics after fast i. v. infusion. This problem has
recently been considered by other authors. In a paper de-
signed to establish the maximum tolerated EPI dose, Tjul-
jandin et al. [23] state that “. . . interpatient variation
occurred in the pharmacokinetics at each dose level but
overall there were dose-dependent pharmacokinetics.” The
main reason for this statement was the absence of a signif-
icant linear correlation between the delivered dose and the
AUC. In a study on 78 patients with metastatic breast
cancer who were randomized to 4 different dose levels (40,
60, 90, and 135 mg/m?2) of EPI, Jakobsen et al. [16] instead
found a significant linear correlation between the delivered
dose and the AUC, notwithstanding a large interpatient
variability in this pharmacokinetic parameter.

In our study, we tried to optimize the experimental
detail to obtain representative results. First, we followed a
randomized cross-over design to avoid interpatient vari-
ability (in both of the above-mentioned investigations, no
dose escalation was undertaken in individual patients).
Second, as the half-life of the EPI first decay phase is of the
same order as the infusion time, the approximation of a
“fast infusion” to an i.v. bolus (with all the drug being
forced instantaneously into the central compartment) is not
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acceptable. The infusion times were therefore explicitly
considered. Finally, sampling times and a nonlinear fitting
procedure were selected in this work for a better estimation
of the fast a-decay phase and of the long terminal half-life
typical of anthracycline drugs. Omission of the t = 0 data
point (relative to the sample taken immediately after drug
administration in the contralateral arm) in the interpolation
procedure results in very large errors in the Al intercept.
When the sampling is limited to 24 — 30 h after treatment,
information on the slow terminal phase is lost. Our inter-
polation procedure also explicitly takes into account the
analytical precision of experimental data points by weight-
ing each concentration with its variance [6].

The triexponential decay of EPI plasma concentration
after i.v. administration observed herein is in agreement
with a linear, “tricompartmental” pharmacokinetic model,
but not with Michaelis-Menten kinetics, which generates
inward-curved semilogarithmic plasma-level plots [24].
Similar behavior has been observed by us and by other
authors for related anthracycline antibiotics such as doxo-
rubicin and idarubicin {3, 5, 6]. The selection of a triex-
ponential equation is based on the (restrictive) AIC. Tjul-
jandin and co-workers [23] prefer a two-exponential equa-
tion to describe EPI disposition because “. . . the coefficient
of correlation for the two-exponential parameters was in ail
cases slightly higher than for three exponents.” In non-
linear fittings, a high “coefficient of correlation” between
parameters is an indication not of good fit but rather of
poor modeling [9, 10]. In most of Jakobsen et al.’s patients
[16], a triexponential decay was found to be adequate ac-
cording to the AIC. In our experiments, no dose-dependent
variation in EP] half-lives was observed.

Deterministic, linear compartmental systems as well as
nonlinear, saturation-limited models are often only rough
approximations of biological reality; nevertheless, they are
operationally accepted to describe drug disposition. Little
physiological significance can generally be attached to the
numeric values of the kinetic constants determined follow-
ing these kinds of treatment; we shall not, however, discuss
every single constant but the model itself. If sharp devia-
tions from kinetic linearity are present, no linear model can
describe any single concentration decay curve obtained at
doses above the “linearity” threshold. On the contrary, a
nonlinear model can collapse into a linear model if far
removed from the saturation conditions and thus well de-
scribes a “linear” decay curve [19].

Both the absolute goodness of fit and the AIC point to a
linear model as the choice framework for discussing EPI
plasma disposition in 16/24 of our cases. The pattern of the
kinetic constants is typical of drugs with a “deep” peripher-
al compartment. In these cases, the long terminal decay
phase represents not slow metabolism or elimination but
rather the balance between slow drug release from the
inner compartment (described by k31) and a relatively fast
elimination phase (described by ket).

The AIC prefers the nonlinear tissue-binding model in
8/24 cases. However, as can be observed in Fig. 2, even in
the case in which the difference in AIC between the linear
and the nonlinear model is greater, both models actually
give a good apparent fit of the experimental data. The
amount of binding sites available for complexation with
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Fig. 2. Patient 7 represents the case in which
the difference between the AIC obtained with
the tricompartmental linear model (AIC

= 100.5) and that calculated with the non-

0.10
0

T T 1 T T ¥
0 20.00 40.00 60.00 80.00 100.00  120.00
Time, hours

|
|
!
|
0

the free drug is as a rule in excess of the amount of free
drug, and second-order effects scarcely influence the
plasma decay curve. From an operativistic point of view, it
can be concluded that the deviation from linearity is of a
limited degree, even in the eight treatments for which a
nonlinear description must be preferred.

Clinicians are generally more concerned with macro-
scopic events such as bioavailability changes than with
subtle model-dependent variations in kinetic microcon-
stants. Statistical moment theory (SMT) is, in our opinion,
the best framework for deriving clinically relevant infor-
mation. A theoretical reservation can be raised a priori: the
model-independent approach was originally developed to
deal with linear systems, and some of the conclusions
drawn are strictly true only if all dispositional processes
can be described by first-order kinetics with the elimina-
tion occurring from the sampling system. On the other
hand, we have proven that a linear model with elimination
from the sampling system gives an appropriate description
of the experimental data; SMT can therefore be used to
derive relevant disposition parameters for each treatment.

Our study was designed to detect at an alpha level of
0.05 with power = 0.8 an average difference in EPI plasma
clearance of 30% between two dose levels, estimated to be
clinically significant and larger than the average intersub-
ject variability. A straightforward examination of SMT
parameters shows that mean EPI plasma clearance is iden-
tical at the two dose levels of 60 and 120 mg/m?; the
average difference of 18% between PICI as determined
after 75- and 150-mg/m?2 EPI doses is not significant under
the study design. Nevertheless, it cannot be ignored that in
the latter group, patients 2, 3, 9, and 12 displayed a 22% —
37% decrease in plasma clearance when the delivered dose
was increased to 150 mg/m2. This variation was outside the
experimental error and can be explained by distribution
factors; in each patient, the decrease in PICI was paralleled

140.00

* t linear tissue-binding model (AIC = 84.3) is
greater. Even in this case, both models actu-
ally give a good apparent fit of the experi-

mental data
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by a similar decrease in the volume of distribution at steady
state.

We can therefore conclude that in our patient sample,
the impact of dose on relative plasma EPI bioavailability
could be observed only in individual patients at the highest
(150 mg/m2) dose level; moreover, it was of limited scope
and its magnitade was similar to the random intersubject
variation. When present, increased plasma bioavailability
is the consequence of a reduced extraplasmatic distribution
of the unchanged drug. This was the main reason why we
preferred to test a nonlinear tissue-binding model instead
of “Michaelis-Menten” saturation kinetics as a source of
kinetic nonlinearity. It is also noteworthy that all patients
who showed reduced plasma clearance at the highest dose
level actually had an above-average baseline EPI clear-
ance.

The EPI metabolic pathways observed in this study are
consistent with those previously reported in the literature
by us and by other authors. If EPI metabolism is controlled
by Michaelis-Menten kinetics, then it is supposed that rel-
ative amounts of metabolites formed through saturation-
controlled processes will decrease with an increase in
dose. A quantitative discussion of metabolite bioavailabil-
ity changes is not possible, however. The plasma bioavaila-
bility of a metabolite can change for at least three different
reasons: (1) a variation in the formation rate, (2) a variation
in the volume of distribution, and (3) a variation in the rate
of excretion (or subsequent biotransformations). Currently,
the only way to quantify metabolite pharmacokinetics de-
pends on the availability of disposition data obtained by
i.v. administration of the metabolite itself.

However, a qualitative examination can be carried out
by discussing the ratio between the molecular-weight-cor-
rected AUC values for the metabolites and the correspond-
ing parameter for the parent drug (60 vs 120 mg/m2: EPIol,
0.23 + 0.10 vs 0.22 =+ 0.06, P =0.218; G1, 0.46 = 0.14



vs 0.62 =+ 040, P = 0.631; G2, 0.21 + 0.05 vs
0.30 + 0.16, P = 0.218; and 75 vs 150 mg/m2: EPlol,
0.33 £ 0.22vs0.32 £ 0.19, P=0.218; G1, 0.51 = 0.23
vs 046 £ 017, P = 0.68; G2, 0.18 = 0.10 vs
0.22 £+ 0.10, P = 0.68). No statistically significant dose-
dependent variation can be observed. In conclusion, all of
the metabolic pathways seem well preserved when the dose
is doubled, and there are no evident signs of “saturation
kinetics.”

Given the different shape of the concentration-time
curve, care must be taken when the AUC values for the
unchanged drug are compared with those for the metabo-
lites. For instance, the EPI-G1 AUC ratio (molecular-
weight-corrected) calculated for patient 1 was equal to 1.7
as measured during the 5-min to 24-h interval but was
equal to 3.0 as measured from the start of the infusion to
infinity.

In conclusion, the data collected in this work indicate
that when the EPI dose was increased from 60 to
120 mg/m? in patients with normal liver and kidney func-
tions, drug-dependent nonlinearity was completely absent.
When the dose was increased from 75 to 150 mg/m?2, a
trend toward nonlinear drug distribution as well as a con-
sequent increase in peripheral bioavailability was observed
in four of six patients. In these four patients, however, the
EPI terminal half-life and the MRT did not significantly
increase. Experimental EPI disposition after cach treat-
ment could be adequately described by a linear pharmaco-
kinetic model. After 8/24 treatments, a nonlinear tissue-
binding model gave a.slightly better description of the
experimental data. However, even in these cases, the de-
viation from linearity was of a very limited degree. Actu-
ally, only rather sophisticated plasma sampling and mathe-
matical procedures are capable of detecting these devia-
tions from linearity. We also reject a Michaelis-Menten
nonlinearity. To quote a text-book notion, “If Michaelis-
Menten kinetics are operative then one expects: (a) the
percentage metabolized by the Michaelis-Menten path to
decrease with an increase in dose; (b) the area under the
concentration, time curve to increase more than propor-
tionately with increases in dose and (c) semilogarithmic
plots of blood levels to curve inwards” [24]. None of these
conditions was satisfied in our patient sample.
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