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Summary. A flow-limited physiologic pharmacokinetic model
using volume terms, flow rates, distribution ratios, metabolic
rate constants, and clearance terms restricted to physiologic or
measured values was used to simulate the disposition of cisplatin
in children and adolescents. Physiologic model simulations of
parent cisplatin and total platinum serum concentrations were
not statistically different from concentrations of these platinum
species measured in 14 patients. A simplified first-order
multicompartment operational model was also developed, and
produced comparable simulations of parent cisplatin disposition
but less accurate simulations of total platinum serum concen-
trations. These data provide further clarification of cisplatin
disposition in humans and provide the basis for previously
observed changes in the renal clearance of total platinum.

Introduction

cis-Diamminedichloroplatinum (CDDP, cisplatin) is an anti-
neoplastic drug with established activity for several pediatric
[11] and adult [12] malignancies. In a previous paper [5], we
have described the serum disposition and renal clearance of
total platinum in children receiving cisplatin. Serum concen-
trations of total platinum declined in a biphasic manner
following a 6-h IV infusion, with t,, a and t, 8 0f 0.42 £ 0.10 h
and 44.4 + 8.23 h, respectively. Renal clearance of total
platinum changed during the 48-h interval following the IV
dose, declining from 36.4 * 12.8 mi/min/m? in the 0—3h
interval to a constant value of 2—4 ml/min/m® beginning 6 h
after the dose. Using the ultrafiltration-atomic absorption
spectrophotometric procedure of Bannister et al. [l] to
measure serum concentrations of the parent drug (cisplatin)
[8], we also observed that serum concentrations of this
platinum species declined rapidly to undetectable levels, with a
ty, of 1.3 = 0.4 h.

The purpose of this paper is to describe the development of
two pharmacokinetic models (a physiologic flow-limited model
and a first-order multicompartment operational model) that
simulate the disposition of cisplatin in humans.

Methods
Physiologic Pharmacokinetic Model

Model Development. The flow-limited physiologic pharmaco-
kinetic model of Bischoff and Dedrick [3], which has been
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Fig. 1. Scheme of the modified physiologic flow-limited pharmaco-
kinetic model for the simulation of cis-diamminedichloroplatinum
disposition

modified to describe cisplatin disposition in dogs [8], served as
the framework for model development. The basic model
structure is shown in Fig. 1. Volumes, flow rates, distribution
ratios, rate constants, and clearance terms were restricted to
physiologic or measured values, and were derived as fol-
lows.

Volume Terms. The volumes of serum, kidney, liver, gas-
trointestinal (GI) tract, and skin were scaled to patient weights
according to the previously derived [2] equations shown in the
Appendix. The volume of muscle was adjusted to patient
weight throughout childhood and adolescence [9]. A value of
25% of body weight (kg) was used for patients 1—8 years of
age, 33% for patients 9—15, and 40% for patients 16~20 years
of age [9]. The volume of distribution for the parent compound
(Vd,) was calculated from the standard equation [13]:

Ko (=)

Vd, =
" K, Cpy

where K, is the zero-order drug infusion rate, K, is the
measured elimination rate constant for parent platinum, ' is
the duration of infusion, and Cp, is the parent platinum serum
concentration at the end of the infusion. Clinical pharmaco-
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kinetic studies conducted to determine these parameters were
described in an earlier paper [5]. Thus,
250 ug/min/m*  (0.961)

p = — = 14.833 mi/m” .
0.009 min

Kug/ml

Flow Rates. Plasma flow to the various model compartments
was scaled to patient weight or body surface area using the
equations shown in Appendix I, which were derived from
previously published data [2].

Tissue-Plasma Distribution Ratios. The tissue-plasma distribu-
tion ratios (R) of total platinum for all tissues except muscle
were assumed to be the same as those previously reported by
LeRoy et al. {8] from canine experiments. Since the data of
LeRoy indicated that a muscle-plasma ratio of 0.7 overesti-
mates muscle concentrations during and shortly after drug
administration a smaller value of 0.4, calculated from pub-
lished data [8], was used for our model.

Metabolic Rate Constants. The previously reported [8] first-or-
der rate constant for nonenzymatic transformation of CDDP in
aqueous media at 37°C (K,, = 0.006 min~!) was used to
describe the conversion of parent drug to the aquation
products (metabolites).

Clearance Terms. The renal clearance of cisplatin metabolites
(Cir,) was calculated as previously described {5], using
fractionated urine collections obtained from 3 to 48 h following
the cisplatin dose. Renal clearance of total platinum during this
time interval ranged from 1.0 to 6.2 mV/min/m? and was
assumed to represent renal clearance of metabolites since free
platinum (parent) serum concentrations were undetectable
(< 5% of total platinum) after 3h. A value of 4.0 ml/min/m?
was used for model simulations.

Renal clearance of parent CDDP (Clrp) was calculated
using the equation:

Clr, = Vd, x Kr,.

Kr, = Ke — Km, where Kr, equals the first-order renal
elimination rate constant, Ke equais the first-order elimination
rate constant calculated from the slope of free platinum serum
concentrations® (0.0089 min~!), and Km equals the first-order
metabolic rate constant previously described (0.006 min™').
Thus,

Kr, = 0.0089 — 0.006 = 0.0029 min~'.

Calculating renal clearance of parent drug as Clr, = Vd, X Kr,,
using the previously calculated Vd,:

Clr, = 14,833 ml/m? x 0.0029 min™! = 43 ml/min/m?.

Biliary clearance (Cl,,) for cisplatin metabolites was
assumed to be 0.0035 ml/min/kg, as previously calculated by
LeRoy et al. {8] in canine experiments. Complete GI
reabsorption of platinum was assumed, since previous studies
have documented biliary excretion and the presence of
platinum in the upper part of the intestine {4, 13} but have
failed to detect platinum in fecal samples [14].

Mathematical Equations for Model Simulations. A set of
differential equations (Appendix) describing the mass-balance
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Fig. 2. Scheme of first-order multicompartment operational model for
the simulation of cis-diamminedichloroplatinum disposition

of each model compartment was used to simulate the
concentration of drug in each compartment as a function of
time. These differential equations were simultaneously solved
by a numerical method using the Runge-Kutta [10] algo-
rithm.

Multicompartment Operational Model. Since the physiologic
model contains several tissue compartments which cannot be
readily assessed from clinical samples, a simplified first-order
multicompartment pharmacokinetic model was designed to
simulate cisplatin disposition. The model, shown in Fig. 2,
combines all tissues into one compartment and utilizes
intercompartment distribution rate constants (Kj;, K,,) der-
ived from previously reported data {6] by subtracting the
concentrations of parent drug at early time points and fitting
the resulting curve to a two-compartment model. The values
for these constants were K, = 0.003 min~! and K,; = 0.00165
min~!. The volume terms for parent cisplatin (Vd,), the
first-order rate constant for nonenzymatic metabolism of
cisplatin (Km) and the clearance terms for parent cisplatin
(Clr,) and platinum metabolites (Clr,,) are the same as those
described above for the physiologic model. The volume of the
metabolite compartment (Vd,,) is an apparent volume, derived
from the concentration of total platinum at 15 min following
the end of the infusion. This value was determined to be 8,454
ml/m?. A series of three differential equations (Appendix) was
solved simultaneously to simulate the concentrations of parent
cisplatin and total platinum.

Statistical Analysis. To assess the accuracy of simulations by
either model, the mean, standard error, and 95% confidence
limits of measured serum concentrations at each time point
were calculated and compared with simulated data. When the
simulated values fell within the 95% confidence limits of the
measured data, the two were considered statistically equiva-
lent.

Results

The physiologic model simulations of total platinum and
unchanged cisplatin concentrations are shown in Fig. 3. The
mean (* SE) serum concentrations of 14 patients given 90 mg
cisplatin/m? as a 6-h IV infusion are shown for comparison.
Demographic characteristics of these patients have been
described in detail in a previous paper [5]. As shown, the
physiologic model accurately simulates serum concentrations
of both parent cisplatin and total platinum through at least 48 h
post-infusion. Model simulations of both parent cisplatin and
total platinum were within the 95% confidence limits of the
measured concentrations at all time points (Fig. 5), thus
indicating that model simulations were not statistically differ-
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ent from measured data. The serum half-life derived from the
terminal slope of the total platinum simulation is 44.2 h, which
is in agreement with measured values (44.4 = 8.2 h). Renal
clearances of total platinum simulated by the model were
comparable to renal clearances previously measured in
children and adolescents [S]. This supports our previous
hypothesis that decreasing renal clearance of total platinum
during the 48h post-infusion period is a result of two

independent first-order clearance rates for parent cisplatin and -

metabolites, and not a result of changing renal function, urine
flow, or total platinum concentration.

As shown in Figs. 4 and 5, simulations obtained with the
simplified multicompartment operational model were accurate
for parent cisplatin but were less accurate for total platinum
serum concentrations, when compared to the physiologic
model. At one time point (1 h) the simulated concentration
exceeded the 95% confidence limits of the measured data,
while the simulation fell within these limits at all other time
points. Thus, the overall accuracy of the simplified model is
lower than that of the physiologic model. Moreover, this
model does not allow simulation of cisplatin disposition in
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Fig. 3. Physiologic pharmacokinetic model simulations of parent
cisplatin { ), cisplatin metabolites (... ... ), and total platinum
(— — —) serum concentrations following a 6-h IV infusion of cisplatin
90 mg/m?. Serum concentrations (mean * SE) of parent (free)
cisplatin (O) and total platinum (®) measured in 14 patients given 90
mg cisplatin/m? as a 6-h infusion are shown for comparison
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Fig. 4. First multicompartment operational model simulations of
cisplatin disposition. Serum concentrations (mean * SD) measured in
14 patients are shown for comparison. See Fig. 3 for symbol key

individual extravascular tissues and cannot be used to predict
alterations in cisplatin disposition induced by changes in
selected physiologic variables (i.e., biliary obstruction,
decreased muscle mass, etc.).

These data provide further clarification of the disposition
of cisplatin in children and adolescents. However, further
investigations are needed to precisely define the accuracy of
tissue compartment simulations produced by either pharma-

‘cokinetic model. Moreover, the clinical significance of the

rapid decline in serum concentrations of parent drug is
unknown, since the contributions of the parent drug and the
various platinum metabolites to cisplatin’s therapeutic effects
and/or toxicity are currently unclear. Previous cell culture
studies [7] demonstrating that the protein-bound fraction is
inactive and that only the free-circulating platinum species has
cytotoxic activity, coupled with the pharmacokinetic data
described herein, suggest a potential rationale for the
long-term continuous infusion or regional administration of
cisplatin.
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Differential Equations for Physiologic Model

Parent Cisplatin:

Plasma:

dCp, _ Ko(d) = (Clr, - Cp,) = (Ko Vd, - CP,)
- vd, ’

dt

Cisplatin Metabolites:

1.

12.

13.

14.

25

. Pennington RH (1965) Introductory computer methods and

numerical analysis. Macmillan, New York

Pratt CB, Hayes A, Green AA, Evans WE, Senzer N, Howarth
CB, Ransom VL, Crom WR (1981) Pharmacokinetic evaluation
of cisplatin in children with malignant solid tumors: a phase II
study. Cancer Treat Rep 65: 1021-1026

Prestayko AW, D’Aoust JC, Issell BF, Croule ST (1979) Cisplatin
(cis-diamminedichloroplatinum-II). Cancer Treat Rev 6:17-39
Sawchuk RJ, Zaske DE (1976) Pharmacokinetics of dosing
regimens which utilize multiple intravenous infusions: gentamicin
in burn patients. J Pharmacokinet Biopharm 4: 183195
Smith PHS, Taylor DM (1974) Distribution and retention of the
antitumor agent '*"Pt-cis-dichiorodiammineplatinum (II) in man.
J Nucl Med 15: 349351

Received October 13, 1980/Accepted July 6, 1982

K- Vd, Cp, + Q C’+Q C"+Q 0y & (0/+Q C
m’ n " 1 R T m° sk ° - + + Om+ Qu) - m
dem f pl ! RI * Rk Rm « R.\‘k ! * Q Q k) P
Plasma: =
Vo
0] (C C") Clr,y-
* m ™ T} r'm:™ —
. dCy A Ry k
Kidney: — =
‘ Vi
0 Q)(C Cl)+Q (Cx C/) ci C
- d(‘l 1 I P RI I Rg R[ b RI
Liver: — = .
dt V1
0 (C C‘") ra
o Pm — b
Gl: ilfﬁ = ut !
(1[ VKi
Q (C C\'k)
o dCy * P R
Skin =
dt Vi
QA (Cv (:m)
dCl“ n pl" R"’
Muscle: —— = :
dt Vin



26

Where:
Tissue-plasma distribution ratios equal

Kidney: R, =8
Liver: R, =6
GL: R, =1
Skin: Ry =35
Muscle: R, =04

and.
Ko = zero-order infusion rate
t = time

Clr, = renal clearance of parent cisplatin

Clr,, = renal clearance of cisplatin metabolites
Cl, = biliary clearance of metabolites
Vd, = apparent distribution volume of parent cisplatin.

Differential equations for operational model
Parent Cisplatin

dCp, Kot) = (K- Vd, - Cp,) = Clr, - Cp,
di vd,

Plasma:

Cisplatin Metabolites

dCp, K- Vd, Cpp+ Kzy - At — K2 Cpo - Vp,, — Clry,

) (wpn

Plasma: =
de Vi

. dAt
Tissue: T = (KIZ ' Cpm - me) - (Kzl N A[)
at

Where: At = amount of drug in tissue
K>, K>; = intercompartment distribution rate constants

Volumes equal

Plasma: V, = 44 - W/

Kidney: V; = 7.5 - WA
Liver: V,= 34 - wWi¥
GI: V, = 49 - Wi

Skin: Vg = 1640 - BSA (m”)
Muscle: V,, = (see text)

and
Organ plasma flow equals

Kidney: Oy = 24.5 - w7
Liver:  Q; = 29.96 - W'’
Gl Q,=0.82-Q,

Skin:  Qu = 32.8 - BSA (m’)
MUSC‘CZ Qm 18 l 7 - W(“""m .

il



