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Abstract

Aim This study aims to determine if intracellular forma-

tion of gemcitabine triphosphate (dFdCTP), an active

metabolite of gemcitabine, is saturable at doses used for

treatment of Asian patients with lung cancer.

Methods From a phase II trial, plasma concentrations of

gemcitabine, its inactive metabolite 20-20-difluorodeoxy-

uridine (dFdU), and mononuclear cell concentrations of

gemcitabine-triphosphate were measured in 56 and 33

patients, respectively. The pharmacokinetics of gemcita-

bine and metabolites were modeled using nonlinear mixed

effects modeling (NONMEM). A reduced dataset of ten

randomly selected patients was employed to compare

first-order and saturable formation of dFdCTP from

gemcitabine.

Results The median population clearance estimate for

dFdCTP formation with the full dataset was 70.2 L/h/

70 kg/1.7 m. Modeling Michaelis–Menten formation of

dFdCTP on a reduced dataset estimated Km to be 3.6 times

higher than the maximum gemcitabine concentration

(72.2 lM) measured in this study.

Conclusions The results showed that first-order and

nonsaturable clearance described intracellular dFdCTP

formation at clinically applied doses of gemcitabine.

Keywords Gemcitabine � Gemcitabine triphosphate �
Pharmacokinetics

Introduction

Gemcitabine (20, 20-difluorodeoxycytidine, dFdC) is a syn-

thetic, cytotoxic agent that exhibits broad-spectrum activity

against several solid tumors including lung, pancreatic,

bladder, ovarian and breast cancers [12, 19]. Gemcitabine

has a complex metabolic pathway. Gemcitabine is deami-

nated by cytidine deaminase both extracellularly and

intracellularly to its main metabolite 20, 20-difluorodeoxy-

uridine (dFdU). Gemcitabine is transported into the cell and

phosphorylated by deoxycytidine kinase (dCK) to its

monophosphate (dFdCMP), and subsequently to its active

diphosphate (dFdCDP) and triphosphate (dFdCTP) metab-

olites. Gemcitabine triphosphate is then incorporated into

DNA inhibiting DNA polymerase, and DNA synthesis, as

well as, masking DNA chain termination. Through multiple

mechanisms of action gemcitabine is able to exhibit self-

potentiation of cytotoxic activity [10, 14, 22, 23].

Two previous mass balance studies using radio-labeled

gemcitabine reported somewhat differing urinary recov-

ery of the drug and its metabolites. Storniolo et al.
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reported 92–98% of the total dose was recovered within

1 week after administration of which 99% of the parent

drug and dFdU was recovered in the urine and less than

1% was excreted via the feces [26]. Abbruzzese et al.

described that a median of 77% (range 30–96%) of the

administered dose was recovered in the urine within

24 h. The majority was eliminated within the first 6 h, of

which a median of 5% was excreted as unchanged

gemcitabine [1]. To date, few clinical studies have

attempted to describe the relationship between plasma

gemcitabine concentrations and intracellular dFdCTP

(typically in blood mononuclear cells) [7, 8, 17, 20, 25,

29]. The method for measuring intracellular dFdCTP

involves a delicate sample preparation process that

includes the harvesting and counting of intact white

bloods cells from freshly drawn blood samples.

Saturable formation of dFdCTP from gemcitabine has

been postulated in both in vitro and in vivo reports. On the

basis of the saturable formation hypothesis, it has been

further suggested that the dosing of nucleoside analogues

such as gemcitabine should most likely be based on the

intracellular pharmacokinetics of their active metabolites

because there may be a nonlinear relationship between

plasma gemcitabine and its presumably active intracellular

metabolite. Grunewald et al. conducted an in vitro study by

incubating various concentrations of gemcitabine with

leukemia cells harvested from four patients for 1 h, to

demonstrate that increasing dFdC concentrations beyond

20 lM did not result in further intracellular formation of

dFdCTP [7]. In two separate Phase I studies, Abbruzzese

et al. and Grunewald et al. reported intracellular dFdCTP

pharmacokinetics when gemcitabine was given over a

range of increasing doses over 30 min. Peak concentrations

in mononuclear cells did not increase further when plasma

gemcitabine was above 20 lM. Large variability was

observed in the peak concentrations and half-lives reported

[1, 8]. In another phase I trial, Grunewald et al. reported a

linear correlation between dFdCTP accumulation and

increasing gemcitabine concentrations given over various

infusion durations at 10 mg/m2/min reaching peak dFdCTP

concentrations of 17–2,235 lmol/L [9]. The median

accumulation rate was 163 lM and saturation of dFdCTP

was reported in 3 out of 22 patients, at intracellular

concentrations of 350 and 750 lM at 2 h and 650 lM at

4 h. A previous report of our study suggested possible

saturation in the study arm that was given gemcitabine at

1,000 mg/m2 over 30 min but not in the 10 mg/m2/min

over 75 min arm [25]. Other reports have also examined

possible schedule-dependence behavior of dFdCTP for-

mation [30] and the effects of other co-administered

anticancer agents [18]. Conclusions about the saturable

formation of dFdCTP by graphical examination of drug

concentrations are problematic. We conclude from this

review of currently available literature that there is a lack

of conclusive evidence from a quantitative pharmacology

perspective for assuming that dFdCTP formation is satu-

rable within the range of clinically applied doses of

gemcitabine in patients. It will be important to determine if

dFdCTP formation could be optimized using a fixed dose

rate infusion regimen at 10 mg/m2/min.

The primary objective of this study was to discern if a

saturable or a first-order formation of dFdCTP better

describes concentrations observed after clinically admin-

istered doses of gemcitabine. The secondary objective of

this study is to identify covariates that may predict vari-

ability in the clearance of gemcitabine and its metabolites

in Asian lung cancer patients.

Methods

Data

The gemcitabine, dFdU plasma concentrations and

dFdCTP intracellular concentrations used in this study

were collected prospectively from a randomized controlled,

phase II trial aimed at comparing the effects of gemcitabine

infused at a fixed dose rate of 750 mg/m2 over 75 min

(10 mg/m2/min, n = 28) versus 1,000 mg/m2 over 30 min

(n = 28), given on days 1 and 8 every 3 weeks in Asian

stage IIIB or IV, non-small cell lung cancer patients [25].

Carboplatin dose was administered as a 1 h infusion just

prior to gemcitabine on day 1 of every cycle, to patients in

both treatment arms based on a target carboplatin area

under the concentration (AUC) time curve of 5 min mg/

mL. The study protocol was approved by the Domain

Specific Review Board and a signed informed consent

obtained from all patients prior to participation in this

study.

Blood samples were drawn on day 1 of cycle 1 based

on the following protocol times: baseline, 10, 30 min

into the infusion, 10 min before the end of infusion, 30,

60 and 120 min following completion of the infusion. At

each sampling, 10 mL of venous blood were drawn of

which 2 mL was sent for a differential full blood count

at the National University Hospital’s Department of

Laboratory Medicine and the remaining 8 ml was drawn

into heparinized tubes pre-loaded with tetrahydrouridine,

a cytidine deaminase inhibitor to prevent ex vivo con-

version of gemcitabine to dFdU. After separating plasma

by centrifugation, peripheral mononuclear cells were

isolated immediately from the remaining buffy coat via

Ficoll-Hypague PLUS density gradient centrifugation

(Amersham Biosciences, Sweden). Cell pellets were

washed and suspended in 6 ml PBS for counting. After

centrifugation, the final cell pellets in PBS was adjusted

56 Cancer Chemother Pharmacol (2008) 63:55–64

123



as 100 lL and stored in freezer (-80�C) until HPLC

analysis. Patients who did not manage to have their

blood samples drawn on day 1 of cycle 1 had their blood

samples taken at subsequent cycles of chemotherapy.

Actual infusion and sampling times were recorded for

pharmacokinetic modeling purposes. Because of potential

discrepancies between clinical records of infusion dura-

tion and measured concentrations it was decided to try to

estimate the variability around the recorded infusion

duration.

Reference standards for bioanalysis of gemcitabine,

dFdU and dFdCTP were provided by Eli Lilly and Com-

pany. Analysis of plasma samples for determining dFdC

and dFdU concentrations were performed by an isocratic

ion-pair reversed phase high performance liquid chroma-

tography (HPLC) method [34]. Intracellular dFdCTP

concentrations were determined by a gradient anion-

exchange high performance liquid chromatography

(HPLC) assay modified from Heinemann et al. [11].

HONE1 cell line was used as control biological matrix

because of difficulty in obtaining human white blood cells.

Samples containing 2 million cells were extracted with

perchloric acid and neutralized with potassium hydroxide

before HPLC analysis. Good specificity was achieved as no

endogenous peaks co-eluted with dFdCTP in all patients’

blank cells. The limit of detection was 0.2 lM. Good lin-

earity was achieved for concentration range of 0.4–10 lM

with r2 [ 0.998. Three QC samples showed recovery to be

[90%. The intraday and interday precision was 2–4 and

7–11%, respectively. Accuracy ranged 87–108%. All

validations complied with FDA guidance for industry

bioanalytical method validation (http://www.fda.gov/cder/

Guidance/4252fnl.pdf). The amount of dFdCTP deter-

mined in mononuclear cells was corrected for the number

of mononuclear cells in the sample and by the mean cell

volume of each sample. The assumption made was that

dFdCTP was uniformly distributed among all the cells in

each sample.

Computation

Computation of population pharmacokinetics parameter

estimates was performed using nonlinear regression

(NONMEM version VI release 1.1; GloboMax LLC,

Hanover, MD, USA). The first-order conditional estimation

(FOCE) method with interaction was applied to derive

population pharmacokinetic parameter estimates, between

subject variability (BSV) and residual unexplained

variance (RUV) from observed concentrations. The Intel

Visual Fortran compiler (Version 9.1) was used to compile

NONMEM with options/nologo/nbs/w/4Yportlib/Gs/

Ob1gyti/Qprec_div.

Pharmacokinetic model

Gemcitabine and its intracellular metabolite, dFdCTP,

were initially fitted simultaneously using subroutines from

the NONMEM library (Fig. 1a). The estimated population

parameters were gemcitabine volumes of distribution for

the central (V1G) and peripheral (V2G) compartments, inter-

compartmental gemcitabine clearance (Q), and gemcita-

bine clearance into the intracellular compartment to form

dFdCTP (CLG2T). Volume of distribution at steady state

(Vss) for gemicitabine was reported based on the summa-

tion of V1G and V2G. Subsequently, the extracellular
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Fig. 1 a Structural model of gemcitabine and dFdCTP. Q intercom-

partmental clearance; CLG2O gemcitabine clearance; CLG2U

gemcitabine clearance (dFdU formation); CLG2T gemcitabine clear-

ance (intracellular dFdCTP formation); CLT2O dFdCTP clearance;

V1G gemcitabine volume of distribution in central compartment; V2G

gemcitabine volume of distribution in peripheral compartment; VT

dFdCTP volume of distribution; b Structural model of gemcitabine

and dFdCTP with dFdU. CLU2N non-renal clearance of dFdU; CLU2R

renal clearance of dFdU; VU dFdU volume of distribution
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metabolite, dFdU, was added to the data and all con-

centrations were fitted simultaneously. Clearance of

unchanged gemcitabine, CLG2O, and clearance to dFdU,

CLG2U were predicted from CLG2T by assuming the frac-

tional conversion of gemcitabine into the respective

metabolites reported from a mass-balance study by

Abbruzzese et al. [1]. In that study, 77% of radioactive

gemcitabine was recovered in the urine of which a median

of 5% was being excreted as unchanged gemcitabine.

Hence, the remainder of the drug that was unaccounted for

was assumed to have been phosphorylated intracellularly to

dFdCTP. Therefore, the fraction of gemcitabine converted

to dFdCTP was assumed to be 23% (F2T). The fraction of

gemcitabine excreted unchanged was assumed to be 4%

(F2O) and this leaves the fraction deaminated by cytidine

deaminase to dFdU as 73% (F2U). Thus total clearance of

gemcitabine, CLG was predicted from CLG2T/F2T, CLG2O

from CLG 9 F2O and CLG2U from CLG 9 F2U. This

parameterization of clearance was chosen in order to make

it simpler to test a mixed order process for formation of

dFdCTP.

Two models were compared to describe formation of

dFdCTP. These were either a first order conversion of

gemcitabine to dFdCTP (CLG2T) or a mixed order con-

version
Vmax;G2T

KmþC : Vmax is the maximum conversion rate in

lmol/h/70 kg/1.76 m, Km is the Michaelis–Menten con-

stant in lM and C is gemcitabine concentrations in lM.

CLG, CLG2O and CLG2U were computed during solution of

the differential equations using the value of CLG2T pre-

dicted from
Vmax;G2T

KmþC at each gemcitabine concentration.

Because of the extensive computational time associated

with the solution of the full Michaelis–Menten model

based on differential equations (ADVAN 6), a reduced

dataset of ten randomly selected patients with 60 gemcit-

abine, 60 dFdU and 40 dFdCTP observations was used.

By adopting a sequential fitting approach, using the

population pharmacokinetic parameters and data (PPP&D)

method, the estimates for a gemcitabine model were fixed

before the dFdU compartment was added [36]. The best

estimates from this sequential model were then employed

as the initial estimates for a simultaneous fit of the model to

concentrations from all three compounds.

Model selection was based on changes of the NON-

MEM’s objective function value (DOBJ) and visual

predictive checks. A decrease in objective function value

(DOBJ) of [3.84 (P \ 0.05) was considered statistically

significant for the addition of a fixed effect (df = 1). The

final model was evaluated using a non-parametric bootstrap

and a visual predictive check. The visual predictive check

assesses the adequacy of the model when it is used to

simulate the median and 90% prediction interval and

compared to the corresponding median and 90% observa-

tion interval obtained at similar times.

Predictable sources of between subject variability

In order to examine possible relationships between gemcit-

abine and its metabolites with patient characteristics, the

covariates recorded and used for fitting included, age, body

size, Karnofsky performance status (KPS), NSCL cancer

staging of IIIB or IV, creatinine clearance, sex, race, and

smoking history. Creatinine clearance for a standard 70 kg

patient was calculated from serum creatinine concentrations

and creatinine production rate based on the Cockcroft–Gault

formula. Renal function (RF) was calculated as the ratio of

predicted creatinine clearance standardized to 70 kg, to the

nominal standard of 100 ml/min/70 kg. A new size

descriptor, normal fat weight (NFWT) was compared with

actual body weight to account for differences in size and

body composition. Standardized NFWT (SNFWT) is a

derivative of body size centered on a standard individual

with a weight of 70 kg and height of 1.76 m. The derivation

of NFWT is as follows:

Derivation of normal fat weight for an individual:

Lean body mass in kg, LBM ¼ LBMMAX � HT2

� WT

ðWT50 þWT� HT2Þ
ð1Þ

Normal fat weight in kg, NFWT

¼ LBMþ FFAT� ðWT � LBMÞ ð2Þ

where LBMMAX are lean body mass and maximum lean

body mass in kg, respectively, HT is height in cm, WT and

WT50 are actual weight and 50% of maximum actual

weight in kg, respectively. FFAT is a representation of the

fat fraction in the body.

Derivation of normal fat weight for a standard subject

with height 1.76 m and weight 70 kg:

Lean body mass for standard subject in kg, LBMSTD

¼ LBWMAX � 1:762 � 70

ðWT50 þ 70� 1:762Þ ð3Þ

Normal fat weight for standard subject in kg, NFWTSTD

¼ LBMSTD þ FFAT� ð70� LBMSTDÞ ð4Þ

Derivation of the size descriptor: standard normal weight,

which is centered on 1 based on ratio of Eqs. 2 to 4,

Standard normal fat weight, SNFWT ¼ NFWT

NFWTSTD

ð5Þ

Standard weight computed from total body weight

divided by 70 kg or SNFWT was then used in an

allometric model to predict between subject differences

in clearance and volume parameters [13].

In addition, covariates were fitted into the model in a

stepwise approach. Categorical variables, treated as
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dichotomous, and continuous variables were tested as

follows:

Categorical: CL ¼ CLPOP � ð1þ covariateeffectÞ ð6Þ

Continuous: CL ¼ CLPOP � expðcovariateeffect � ðcovariate

�medianÞÞ
ð7Þ

where CLPOP is population clearance and median is the

median value for the covariate being tested.

Total gemcitabine clearance adjusted for covariate val-

ues was predicted as follows:

CLG;GRP ¼ ðCLGRP;G2T þ CLGRP;G2U þ CLGRP;G2OÞ ð8Þ

where CLGRP is the group value of each clearance com-

ponent obtained after accounting for covariate effects.

CLG2T is gemcitabine clearance to dFdCTP, CLG2U is the

clearance of dFdU and CLG2O is the clearance of unchan-

ged gemcitabine.

Random sources of between subject variability

The random effect for between subject variability (BSV) of

any gemcitabine clearance was described using an expo-

nential model such as the one showed for CLG2T:

CLG2T ¼ CLGRP;G2T � expðBSVCL;G2TÞ ð9Þ

where BSVCL,G2T is the between subject variability esti-

mate for gemcitabine clearance to dFdCTP.

Similar exponential functions were used for BSV of

other parameters.

Residual unexplained variability

Residual unidentified variability (RUV) was described by

assuming a combined model with proportional and additive

normal distributions of random differences of the obser-

vations from the predictions.

Between subject parameter variability in the residual

error model was estimated for each observation by

obtaining THETA estimates of proportional (RUV_CV)

and additive (RUV_SD) residual error parameters. Random

between subject differences in RUV (gPPV_RUV,i) were

obtained by estimating its variance (PPV_RUV,i) [15]. The

e random effect was fixed with a unit variance.

SD¼sqrt Ci; j �hRUV CV

� �2þ hRUN SDð Þ2
� �

�exp gPPV RUV;i

� �

Yi; j¼Ci; jþSD � e

Bootstrap confidence interval

In the final step, a non-parametric bootstrap method with

replacement was used to construct confidence intervals

(CIs) for the uncertainty of the parameters. Re-sampling

was repeated 1,000 times and the 5th and 95th percentiles

of the bootstrap parameter estimates were used to define

the 90% confidence intervals for each parameter estimate.

Results

Patients

A total of 327 plasma gemcitabine and 328 plasma dFdU

concentrations from 56 patients and 180 intracellular

dFdCTP concentrations from 33 patients were utilized for

pharmacokinetic modeling. Patient demographics for all 56

subjects who were included in this study as listed in

Table 1. The majority (83.9%) of the patients were diag-

nosed to as having stage IV non-small cell lung cancer.

Pharmacokinetics of gemcitabine and intracellular

gemcitabine 50-triphosphate (dFdCTP)

and 20-20-difluorodeoxyuridine (dFdU)

In the initial structural model consisting of just gemcitabine

and dFdCTP (Fig. 1a), the standard normal fat weight

(SNFWT) size descriptor was found to be better than

allometric scaling (DOBJ = -25.68, df = 4) which was

Table 1 Patient characteristics

Mean

Age, in years (±SD) 58.2 ± 9.7

Sex

Male 39

Female 17

Race

Chinese 45

Malays 10

Indians 0

Others 1

Cancer staging

IIIB 9

IV 47

Karnofsky performance status

70–80% 11

90–100% 45

Weight in kg (±SD) 58.1 ± 11.9

Height in m (±SD) 1.61 ± 0.08

CLcr in ml/min (±SD) 74.7 ± 18.9

Smoking history

Current smoker 10

Ex-smoker 21

Non-smoker 25

Cancer Chemother Pharmacol (2008) 63:55–64 59
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better than a base model without a size descriptor

(DOBJ = -15.7, df = 1). In this size descriptor model, the

fat fraction of body composition was estimated to be zero,

thereby reducing the size descriptor as equivalent to the

lean body mass, a derivation of height and weight. Inclu-

sion of other covariates did not show significant

improvements in the model.

The concentration-time profiles of gemcitabine and

dFdU in plasma, versus intracellular concentrations of

dFdCTP in a typical patient is depicted in Fig. 2. The

median of the final estimates for the pharmacokinetic

parameters, their between subject variabilities and 90%

confidence intervals obtained from 1,000 runs in the

bootstrap method are listed in Table 2. From the bootstrap,

the median values for mean residence time (MRT) of

gemcitabine in the central compartment and total

gemcitabine clearance (CLG) with standard deviation were

to be 0.17 h and 305.2 ± 13.8 L/h/70 kg/1.76 m, respec-

tively. The median values of the proportional and additive

standard deviations of the hybrid model for residual

unexplained variability were 0.35 and 0.03 lmol/L for

gemcitabine, 0 and 35.9 lmol/L for dFdCTP and, 0.15 and

4.09 lmol/L for dFdU.

The Michaelis–Menten model conducted on a reduced

dataset of ten patients did not produce an objective function

value lower than that of a first-order model for dFdCTP

formation from gemcitabine fitted to the same dataset. The

Michaelis–Menten constant, Km and maximum conversion

rate, Vm, values obtained were 263 lM/h and 23800 lM/

70 kg/1.76 m, respectively. The concentrations for gem-

citabine in this study ranged from 0.027 to 72.24 lM.

Discussion

Using a population pharmacokinetic modeling technique,

the final model adequately characterized the pharmacoki-

netic profiles of gemcitabine and its metabolites. The final

estimate for total gemcitabine clearance, derived from the

summation of all routes of gemcitabine elimination in this

model was 305.2 ± 13.8 L/h/70 kg/1.76 m. This value

was comparable to the values reported for Chinese patients

in a small study of six patients (236.4 ± 40.3 L/h) as well

in the Western population (153–244.8 L/h) [28]. Due to the

complexity of gemcitabine’s metabolic pathway, reports on

the pharmacokinetic parameters of its metabolites have

been scarce. In the only other paper that adopted a multi-

compartmental approach to describe gemcitabine and

dFdU pharmacokinetics, Venook et al. reported dFdU

clearance of 5.57 L/h in a cohort of patients with hepatic or
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Fig. 2 The concentration-time profiles of gemcitabine (solid circles)

and dFdU (open circles) in plasma and dFdCTP (solid triangles) in

white blood cells from a typical patient

Table 2 Median values, 90%

confidence intervals and

between subject variability of

pharmacokinetic parameters

from bootstrapping of the final

model

a 90% CI reported where

applicable

Variables Parameters Estimates (90% CI)a Between subject

variability (90% CI)a

Body size descriptor FFAT 0 Fixed

Gemcitabine Vss (L/70 kg/1.76 m) 51.3 (43.7, 59.8) Fixed

MRT (h) 0.17 (0.1, 0.2) Fixed

Q (L/h/70 kg/1.76 m) 156 (124, 201) 0.3 (0.05, 0.4)

CLG2T (L/h/70 kg/1.76 m) 70.2 (65.3, 75.7) 0.3 (0.2, 0.4)

V1G (L/70 kg/1.76 m) 2.96 (0.20, 7.8) 2.4 (1.6, 4.9)

V2G (L/70 kg/1.76 m) 47.6 (41.3, 56.4) 0.1 (0.001, 0.2)

CLG2U (L/h/70 kg/1.76 m) 222.8 (207.2, 240.3) Fixed

CLG2O (L/h/70 kg/1.76 m) 12.2 (11.4, 13.2) Fixed

CLG (L/h/70 kg/1.76 m) 305.2 (283.9, 329.1) Fixed

dFdCTP CLT2O (L/h/70 kg/1.76 m) 3.0 (2.6, 3.4) 0.4 (0.3, 0.5)

VT (L/70 kg/1.76 m) 4.6 (4.1, 5.1) 0.4 (0.3, 0.5)

dfdU CLU2O (L/h/70 kg/1.76 m) 21.5 (19.8, 23.5) 0.3 (0.2, 0.4)

VU (L/70 kg/1.76 m) 52.6 (49.3, 55.9) 0.3 (0.2, 0.3)
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renal dysfunction. The corresponding dFdU clearance from

this study of patients with renal and hepatic function values

within normal laboratory limits was 21.5 L/h/70 kg/1.76 m

or 7% of total gemcitabine clearance. No other reports of

dFdCTP pharmacokinetic parameters exist to date [30].

Since the relative formation of dFdU and dFdCTP from

gemcitabine was not directly identifiable in this study,

assumptions were made based on estimates from a radio-

active metabolic profiling study of gemcitabine to allow

estimation of plausible values for the pharmacokinetic

parameters [1].

Model adequacy was checked using a visual predictive

check method through simulating 150 datasets and com-

paring the median and prediction intervals of gemcitabine

and its metabolites from these simulations with the actual

observations (Fig. 3). In most parts, the median values and

90% prediction intervals of the simulated concentrations

for gemcitabine and dFdU were very close to that of the

median values and 90% observation intervals of the

observed concentrations although dFdCTP concentrations

appeared less well predicted. We attribute this to the

smaller number of observations that were available for

dFdCTP.

A comparison of the objective function values from the

reduced dataset of ten patients showed that a first-order

model for dFdCTP formation from gemcitabine fitted the

data as well as the Michaelis–Menten model. Since Km

far exceeds Cmax in the Michaelis–Menten model, we can
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Fig. 3 a Visual predictive check of gemcitabine concentrations using

150 simulated datasets over a study period of 3 h. Plots of (i)

observed concentrations (grey dots), simulated median concentration

(thick solid line) and its 90% prediction intervals (thin solid line) of

simulated dataset; (ii) median values of observed concentrations

(perforated solid line) and that of its 90% observation intervals (thin

perforated lines) versus median (thick solid line) and 90% predicted

intervals (thin solid lines) of simulated datatset. b Visual predictive

check of dFdU concentrations (symbols are similar to Fig. 3a, c).

Visual predictive check of dFdCTP concentrations (symbols are

similar to Fig. 3a)
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conclude that within the clinically used doses of gemcit-

abine in this study, there is no evidence to support

saturable formation of dFdCTP. The maximum gemcita-

bine concentration achieved in our study (72.2 lM) was

comparable to the mean peak concentrations achieved in

clinical studies by Abbruzzese et al. and Grunewald et al.

at similar doses [1, 9]. Since the Km value we have

estimated was above gemcitabine concentrations achieved

with clinical doses administered in this study, the evi-

dence supports a linear relationship between plasma

gemcitabine and dFdCTP at steady state. It should be

noted that the intracellular dFdCTP concentrations, which

ranged from 39.7 to 431.4 lM, were performed in

mononuclear white cells. There are some ex vivo evi-

dence to suggest that these cells are not representative of

the target tumour cells in terms of mechanism and rate

and extent of conversion of gemcitabine to dFdCTP [20].

In addition, since saturation of dFdCTP formation was not

achieved, the results of this modelling approach supports

our previous clinical observations that patients who

received the fixed dose rate infusion of 75 mg/m2 for

75 min and 1,000 mg/m2 over 30 min showed compara-

ble clinical effectiveness and safety profile [25]. It may be

necessary to re-examine the effects of infusion duration

for fixed dose rate regimens.

From this study, the covariates that predicted differences

in clearance were weight and height. In an abstract by

Allerheiligen et al., they reported that age, gender, body

surface area and duration of infusion influenced the dis-

position of gemcitabine [2]. Although age was tested in this

model, the range was narrower in our study, ranging from

39 to 74 years old compared to 29 to 78 years in Aller-

heiligen’s study. After accounting for body size using the

size descriptor, standard normal fat weight, (SNFWT)

instead of body surface area, we found that sex could not

further explain variability in gemcitabine clearance. Allo-

metric scaling has been widely used for predicting human

pharmacokinetics based on animal data. Its application in

population pharmacokinetics modeling is also becoming

increasingly useful. In the typical allometric model, the

‘‘3/4 power law’’ is applied to a standard weight descriptor

[13, 21, 27, 28, 35] more often being either the actual body

weight or lean body weight. Body surface area (BSA),

derived from body weight and height, via the Du Bois and

Du Bois formula, is commonly applied in oncology and

pediatric dosing of drugs. This appears to be just a tradition

that has spread from routine clinical practice, despite crit-

icisms on its lack of adequate validation [3]. Other size

descriptors, such as predicted normal weight, have been

evaluated in obese populations [5, 6, 15]. In our study, we

compared actual body weight and SNFWT for allometric

scaling in our model. Interestingly, the SNFWT size

descriptor has an estimated fat fraction that was zero,

reducing it to just lean body mass. This confirmed that the

fat content of the body can be ignored when choosing an

effective size descriptor for gemcitabine.
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Our study offers further understanding of gemcitabine

metabolism, in particular the pharmacokinetics of its main

metabolites. We have successfully modeled the pharmacoki-

netics of gemcitabine and its metabolites. The other reported

active diphosphate metabolite (dFdCDP) of gemcitabine was

not studied for the reasons that its effects cannot be distin-

guished from the major and more active triphospahte

metabolite (dFdCTP) and dFdCTP remained the most com-

monly reported active metabolite of gemcitabine. In addition,

since this study was performed in combination with carbo-

platin, which is of the same pharmacological class as cisplatin,

and the latter has been shown to influence dFdCTP accumu-

lation in patients and tumor cells, the effects of carboplatin on

gemcitabine pharmacokinetics were not distinguishable from

this model [3, 30, 31]. Nevertheless, this model does serve to

pave the way for investigating possible explanations of

pharmacokinetics variability by genetic polymorphisms,

demographics or other environmental factors by testing the

covariate effects of these factors in appropriate pathways within

this model. This may in turn provide some explanation for

between subject variability in drug response.

Conclusions

The results of this study identified lean body mass as an

important size descriptor having an effect on the pharma-

cokinetics of gemcitabine and its metabolites. We have

tested the hypothesis that saturable formation of dFdCTP

from gemcitabine occurs when gemcitabine was given in

clinically used doses. The time course of concentrations of

gemcitabine and its major metabolites give no support for

saturable formation with these doses and administration rates

used in the current study.
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