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Abstract Purpose: To evaluate the population phar-
macokinetics of pemetrexed disodium in cancer patients
enrolled in four different open-label, multicenter, non-
randomized phase II studies. Methods: Pemetrexed
disodium was administered as a 10-min intravenous in-
fusion (600 mg/m?) every 21 days. A total of four blood
samples were to be collected each cycle per patient
(n =103 patients) during cycles 1 and 3. Plasma
concentration-time data were analyzed by nonlinear
mixed-effect modeling using NONMEM to estimate
pemetrexed disodium pharmacokinetic parameters
(mean, and between- and within-patient variability) as
well as relationships between the pharmacokinetic pa-
rameters and various patient-specific factors (demo-
graphic and physiologic data). Results/Conclusions: The
pharmacokinetics of pemetrexed disodium were best
characterized by a two-compartment model with initial
distribution and terminal elimination half-lives of 0.63 h
and 2.73 h, respectively. The typical value of systemic
clearance (CL) in liters per hour included a relationship
to creatinine clearance (CrCL) with a slope of 0.0292.
Typical values of central volume (V.), distributional CL
(Q), and peripheral volume (V,,) were 11.3 1, 3.21 1/h, and
5.20 1, respectively. Between-patient variability was
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19.6%, 15.6%, and 21.7% for CL, V., and V,, respec-
tively. A combined additive/proportional error model
was used to describe residual variability, with a coeffi-
cient of variation of 23.7% for the proportional com-
ponent and a standard deviation of 0.0410 pg/ml for the
additive component. Significant patient-specific factors
on CL were calculated CrCL, body weight, and to a
lesser extent alanine transaminase and folate deficiency.
Gender and body weight were significant factors on V.
while both body surface area and albumin were signifi-
cant factors on V. In conclusion, population phar-
macokinetic modeling revealed relationships between
pharmacokinetic parameters and various patient specific
factors.
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Introduction

Pemetrexed disodium (ALIMTA, LY231514) is a novel
multitargeted antifolate that inhibits multiple enzymes in
the folate cascade such as thymidylate synthase (TS),
dihydrofolate reductase (DHFR), and glycinamide ri-
bonucleotide formyltransferase (GARFT) [1, 2]. TS is
involved in the de novo synthesis of thymidylates for
DNA synthesis while GARFT is involved in the de novo
synthesis of purines for DNA synthesis. In preclinical
models, pemetrexed has shown antitumor activity
against different tumor types including thymidine- and
hypoxanthine-deficient murine tumor cell lines as well as
human tumor xenograft models. Pemetrexed, an excel-
lent substrate for folypolyglutamate synthase (FPGS), is
metabolized to polyglutamates intracellularly. The pen-
taglutamate form of pemetrexed is the predominant in-
tracellular form and is more potent in its ability to
inhibit TS than the monoglutamate [1].

The pharmacokinetics of single-agent pemetrexed in
humans have been evaluated separately in three phase I
dose-escalation studies. Pemetrexed disodium was
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administered as a 10-min intravenous infusion every
21 days [3], as a 10-min infusion every 7 days for 4 weeks
followed by 2 weeks of rest [4], and as a 10-min infusion
once a day for five consecutive days followed by 16 days
of rest [5]. Pemetrexed was shown to have a small steady-
state volume of distribution (Vg about 15 1) suggesting
that the compound has limited tissue distribution.
Pemetrexed is eliminated rapidly from plasma with ter-
minal elimination half-life values that range from about 2
to 5 h at doses of 525 to 700 mg/m”. The primary route
of elimination is by urinary excretion of unchanged drug
(70% to 90% of dose). Pemetrexed exhibits dose-pro-
portional increases in plasma concentrations, since C.x
and AUC,... values increased linearly with dose in each
study.

Based upon results from phase I studies, a 600-mg/m?
dose administered intravenously over 10 min every
21 days was selected as the phase II dosage regimen.
Limited blood samples were collected from cancer pa-
tients in phase II studies for pharmacokinetic assessments.
The patient population for this analysis consisted of pa-
tients with colorectal, pancreatic, breast, and esophageal
cancers. A pharmacokinetic analysis was performed on
plasma concentration-time data from these initial phase I1
studies to quantitatively assess systemic pemetrexed ex-
posure. A population approach was used to characterize
the pharmacokinetics of pemetrexed using relatively
sparse plasma concentration-time data. The objective of
this investigation was to construct a pharmacostatistical
model to identify the important sources of variability
(relevant demographic or pathophysiologic factors) in the
pharmacokinetic parameters and estimate the magnitude
of the residual variability. Measures of systemic exposure
were used in a subsequent safety analysis to help guide
further clinical development of this compound.

Materials and methods

Patients

Pharmacokinetic assessments were performed in patients with
metastatic colorectal cancer, pancreatic cancer, locally/regionally
recurrent or metastatic breast cancer, or esophageal cancer. Male
and nonpregnant, nonlactating, female patients, 18 years of age or
older were enrolled if they met the following criteria: (1) perfor-
mance status of 0 to 2 on the ECOG (Eastern Cooperative On-
cology Group) scale; (2) a life expectancy of at least 12 weeks; (3)
adequate bone marrow reserve as defined by a white blood cell
count >3.5 x 10°/1, platelets 2100 x 10°/1, hemoglobin =9 g/dl, and
absolute granulocyte count > 2.0 x 10°/1. Patients with inadequate
liver function, defined as bilirubin more than 1.5 times above the
normal range, aspartate transaminase (AST) and alanine trans-
aminase (ALT) greater than three times normal, with the exception
that AST and ALT could be elevated to five times normal in pa-
tients with known metastatic disease in the liver, and patients with
a calculated creatinine clearance (CrCL) of less than 45 ml/min
were excluded from these studies. CrCL was calculated using a
modified version of the method of Cockcroft and Gault based upon
lean body weight where:

CrCL = [140 — age(years)| x lean body weight (kg)/
[71 x serum creatinine(mg/dl)]

This formula was generated from data collected at the Lilly Clinic,
Eli Lilly and Company, and has been used extensively throughout
clinical development of pemetrexed.

Drug administration

Pemetrexed disodium was administered as a 10-min intravenous
infusion of 600 mg/m? every 21 days. The same dosing regimen was
used in all patients. A maximum total dose was limited to 1800 mg
for patients whose BSA exceeded 3 m?. Dosage adjustments were
permitted at the start of a subsequent course of therapy based on
nadir white blood cell count or maximal nonhematologic toxicity
from the preceding course of therapy.

Study design

A total of eight blood samples (10 ml) for analysis of pemetrexed in
plasma were collected during the first cycle (day 1, four blood
samples) and third cycle (day 42, four blood samples). Based upon
results from a phase I study using the same dosing schedule [3],
blood sampling times were determined and used to construct the
blood-sampling paradigm used in this study [6]. Each blood sample
was collected according to a randomization schedule during each of
four collection intervals which encompassed the optimal sampling
times: 0 to 2, 2 to 6, 6 to 12, and 12 to 36 h after the start of the
infusion. A predose sample was collected prior to drug adminis-
tration on the third cycle only. The investigators were asked to
document the dose, date, and time of day of pemetrexed adminis-
tration and sample collection.

Pharmacokinetics and statistical analysis

Plasma pemetrexed concentrations were determined by reverse-
phase high-performance liquid chromatography (HPLC). A volume
of 0.5 to 1 ml plasma was extracted on a preconditioned solid-phase
extraction (SPE) cartridge (Bond Elut Certity II, part no. 1210-
2080; Varian, Harbor City, Calif.). The SPE cartridges were pre-
conditioned with 2 ml HPLC-grade methanol, followed by 2 ml of a
pH 7.0 phosphate buffer. Immediately following the addition of the
sample, the column was washed with 2 ml of the pH 7.0 phosphate
buffer, and then with 2 ml methanol. The absorbed pemetrexed was
eluted with 2 ml 40% acetonitrile and 60% buffer solution. The
eluate was evaporated to dryness under nitrogen. The residues were
reconstituted with 200 pl distilled, deionized water and then filtered
through 0.1-um Ultrafree-MC centrifuge filters (Millipore, Bedford,
Mass.). The extraction efficiency of pemetrexed from plasma was
60%. The chromatographic procedure consisted of injecting 150 pl
of the filtrate onto an octadecyl column (YMCbasic, 25 cm X
4.6 mm; YMC, Wilmington, N.C.) preceded by a YMC basic pre-
column (23 cm x 4 mm). The mobile phase consisted of 14%
acetonitrile and 86% pH 3.0 phosphate buffer solution, pumped at a
rate of 0.8 ml/min, and monitored by UV detection at 250 nm. The
internal standard used was dideazatetrahydrofolate (Lometrexol;
Eli Lilly, Indianapolis, Ind.), with a retention time of approximately
13 min. The retention time for pemetrexed was approximately
17 min. Two calibration curves were used in the assay of the plasma
samples. A low concentration range (10 to 400 ng/ml) was used for
the 1-ml plasma samples, and a high concentration range (400 to
20,000 ng/ml) for the 0.5-ml plasma samples. Both concentration
curves were linear over their respective ranges, with a correlation
coefficient of more than 0.96. The lower limit of quantitation of
pemetrexed in plasma was 10 ng/ml.

Plasma concentration-time data were analyzed using a nonlin-
ear mixed-effects model (NONMEM version V) [7] to estimate
population pharmacokinetic parameters (mean, between-patient,
and residual variability) as well as relationships between the
pharmacokinetic parameters and various patient-specific factors
(demographic or physiologic data).

The minimum value of the NONMEM objective function
(MOF) was used to discriminate between various models during



the model-building process. Since the difference in MOF between a
proposed model with one additional parameter and a reduced
reference model approximates a ¢> distribution, any decrease that
exceeds 3.8 in the MOF was considered statistically significant. A
visual representation of the goodness of fit was assessed by visual
inspection of appropriate plots. The following approach, based on
discussions by Mandema et al. [8], Maitre et al. [9], and Ette and
Ludden [10], was used to identify the final pharmacokinetic model.

1. Identify a basic structural pharmacokinetic model (base
model) with no patient-specific factors and determine the best model
to estimate interpatient and residual variability. Both open one- and
two-compartment models were tested. From the basic model, obtain
individual Bayesian estimates of pharmacokinetic parameters for
each patient using the POSTHOC option in NONMEM.

2. Identify initial patient-specific factors that may be important
determinants of the pharmacokinetics using a generalized additive
model (GAM) approach [8] and plots of individual pharmacoki-
netic parameter estimates versus each patient-specific factor.
Following identification of the basic structural pharmacokinetic
model, individual estimates of each pharmacokinetic parameter
were estimated in NONMEM. Using a GAM procedure in SPLUS
(StatSci Division, MathSoft, Seattle, Wash.), individual pharmac-
okinetic parameter estimates were subjected to stepwise regression
analysis starting with CrCL, age, weight (WGT), gender, origin,
BSA, albumin (ALB), total protein, AST and ALT as initial
patient-specific factors (backward elimination). Selection of statis-
tically significant patient-specific factors for the GAM analysis
were identified using the Akaike Information Criterion (AIC).

3. Each significant patient-specific factor from the GAM anal-
ysis was evaluated one at a time in NONMEM to obtain a full
pharmacostatistical model. Patient-specific factors that produced a
statistically significant (P < 0.05) decrease in MOF were sequen-
tially added to the model. All continuous variables, with the ex-
ception of CrCL, were evaluated as mean/median-centered values
of the patient-specific factors. For example, BSA was included on
the typical value of volume (TVV) as follows:

TVV = 0y + Ogsa - (BSA — 18)

where Oy is the population estimate of volume for a typical indi-
vidual with an average BSA of 1.8 m?, and Opsa is the leading
linear coefficient of the relationship between volume and BSA.

The effect of CrCL on total systemic pemetrexed CL was
modeled as follows:

TVCL = Oy + OccL - CrCL

where ¢y is the intercept of the total systemic CL (portion of the
systemic CL not dependent on calculated CrCL, i.e. when CrCL is
equal to 0) and Oc,cr X CrCL is the portion of the total systemic
CL that is attributed to renal function as assessed by the calculated
CrCL with Oc,cp as the leading linear coefficient for the relation-
ship between renal CL and calculated CrCL.

The effects of categorical variables were modeled as indicated
below for the effect of gender on TVV:

TVV = 0y(1 — Ogpr - GDR)

where GDR is an indicator variable equal to 0 in males and equal to 1
in females. Thus, 6y represents the TVV in male patients and a frac-
tion of that value (1 — Ogpg) represents the TVV in female patients.

4. Attempt to reduce the full model by eliminating each patient-
specific factor one at a time from the full model to determine if a
model with fewer parameters will describe the data. Model dis-
crimination was based upon the magnitude of the increase in MOF.
The P-value for statistical significance was adjusted for multiple
comparisons (P < 0.005). The final model included only those
parameters that produced an increase in the objective function of
that exceeding 7.879 for one degree of freedom when they were
excluded. The error model for residual variability was tested again
during the final analysis.

Between-patient () variability was modeled using a propor-
tional error structure and reported as percent coefficient of varia-
tion (%CV). Between-patient variability was calculated as
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100 - Vw2, where @” is the variance of the normal probability dis-
tribution of #. The 95% CI for interpatient variability was calcu-
lated as 100 - V@2 £ 2 - SE.

Residual variability was most appropriately modeled as a
combined additive/proportional error structure as follows:

Y=F /(P 1o

where F is the predicted plasma concentration, ¢; is the proportional
component to the residual variability, and O, is the proportionality
constant between the coefficient of variation of the proportional
error term and the standard deviation of the additive term.

Model building was performed using the NONMEM first-order
method (FO). The final analysis was performed using the first-order
conditional estimation (FOCE) method. For comparison with the
final model, parameters of the basic pharmacokinetic model were
also estimated using the FOCE method to examine the effect of
patient-specific factors on the interpatient variability.

The 95% confidence intervals (CI) of the estimates of fixed-
effect pharmacokinetic parameters were calculated by objective
function mapping [11]. The overall shape of the parameter space,
confirmed the absence of local minima, and identified 95% Cls.
The analysis was performed by fixing the parameter of interest to
+5, 10, 15, 20, 30, 40, 50, and 60% of the population estimate and
allowing NONMEM to estimate all other parameters. Changes in
the objective function were used to assess the effect of altering the
parameter value on the overall fit of the plasma concentration
versus time data. The curve produced by the objective function
versus parameter value relationship was fitted using polynomial
regression to obtain a 95% CI. Assuming a chi-squared distribu-
tion, the values which produce a change in the objective function of
3.841 represent the 95% CI for that parameter.

Results
Patient characteristics

A total of 632 plasma concentrations that were obtained
from 103 patients who received their first dose of
pemetrexed disodium between September 1995 and
November 1996 were included in the pharmacokinetic
data analysis. Patients received multiple courses of
pemetrexed disodium ranging from 1 to 12 courses. Only
pharmacokinetic data obtained during the first and third
(if applicable) cycles of therapy were used. However,
three patients deviated from the standard blood sam-
pling protocol and had additional blood samples col-
lected on the second (n = 2) and fourth (n = 1) cycles of
therapy. These data were also used in the analysis.

The patient characteristics at the time of their first
dose of pemetrexed disodium are listed in Tables 1 and 2
for continuous and categorical variables, respectively.

Plasma concentrations

Detectable plasma pemetrexed concentrations ranged
from 0.0101 to 225 pg/ml. Scatter plots illustrating the
observed pemetrexed plasma concentrations versus time
profiles following the 10-min intravenous infusion dur-
ing cycles 1 and 3 are shown in Fig. 1.

During the third cycle (about day 42), plasma
pemetrexed concentrations were measured immediately
prior to administration of the dose (predose sample).
Residual plasma pemetrexed concentrations were
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Table 1 Patient characteristics: continuous variables (values of the
variables at the time of administration of the first dose)

Continuous variables Mean + SD*  Median Range
Age (years) 59.6 £ 10.2 58.4 33.9-79.1
Weight (kg) 72.0 £ 16.9 71.7 34.0-138.3
Body surface 1.82 £ 0.24 1.80 1.26-2.49
area (m?)
Creatinine 78.6 + 20.2 76.8 46.0-141.0
clearance (ml/min)
Albumin (g/dl) 3.7 £0.5 3.7 2.2-4.9
Total protein 7.1 £ 0.5 7.1 5.8-8.8
(g/dI)
AST (U/) 29 £+ 20 23 13-159
ALT (U/1) 30 £ 24 22 5-166
ALK (mU/ml) 141 + 121 96 32-713
HCYS (umol/l) 12.1 + 134 10.2 4.7-132.4
MMA (umol/1) 296 + 912 132 29-8507
CYST (umol/1) 241 + 191 183 50-1303
4n = 103 patients with the exception of Weight (» = 100), HCYS

(n = 90), MMA (n = 90), CYST (n = 90)

Table 2 Patient characteristics: categorical variables

Categorical variables Categories Count (%)*
Gender Male 54 (52.4)
Female 49 (47.6)
Ethnic origin Caucasian 89 (86.4)
African-American 10 (9.7)
Hispanic 2(1.9)
Southeast Asian 1(1.0)
Other 1(1.0)
Performance status 0 43 (42.6)
1 50 (49.5)
2 8 (7.9)
Primary tumor Colorectal 37 (35.9)
Pancreatic 40 (38.8)
Breast 13 (12.6)
Esophageal 13 (12.6)
Previous radiotherapy No 86 (83.5)
Yes 17 (16.5)
Baseline liver metastases No 60 (58.3)
Yes 43 (41.7)
Folate deficiency® No 101 (98.1)
Yes 2(1.9)

“n = 103 patients with the exception of Performance status
(n = 101)
Value of the variable at the time of administration of the first dose

above the minimum limit of quantitation in 20 out of
57 patients at approximately 3 weeks after administra-
tion of the previous dose. These predose plasma con-
centrations ranged from 0.011 to 0.3253 pg/ml (mean
0.0522 pg/ml, median 0.0223 pg/ml) which is in the same
range as the plasma concentrations observed 24-36 h
postinfusion. Inclusion of these plasma concentrations
resulted in a very prolonged terminal phase which may
represent a very deep distribution compartment or slow
release from a tight binding site. Considering the mag-
nitude of the predose concentrations relative to those
obtained during the first 36 h postinfusion, this apparent
long terminal phase would have little impact on the
overall disposition of pemetrexed. Therefore, these pre-
dose concentrations were excluded from the analyses.
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Fig. 1 Observed plasma pemetrexed concentrations vs time pro-
files (pemetrexed concentrations were measured on the second cycle
of drug administration in two patients and on the fourth cycle of
drug administration in one patient)

Pharmacokinetic analysis

The plasma concentration-time data was best fitted to an
open two-compartment model. Prior to evaluation in
NONMEM, individual estimates of CL, V., and V,, were
subjected to a GAM analysis to prescreen patient-spe-
cific factors. Based upon the results of the GAM anal-
ysis, those patient-specific factors that were selected by
the GAM analysis for each parameter were added one at
a time to the NONMEM model in the following order:
CrCL and WGT on CL, Gender and WGT on V., WGT
and BSA on V,, ALB, AST, and ALT on CL, and ALB
and TP on V,,. Each continuous or categorical patient-
specific factor was added in NONMEM as described
earlier. Alternative order of addition of these patient-
specific factors as well as other patient-specific factors
[e.g. folate deficiency (FOL), alkaline phosphatase
(ALK), baseline liver metastases (BLM)] were also
tested in NONMEM. Folate deficiency was defined
by the following criteria: homocysteine (HCYS)
>13.9 uM, cystathionine (CYS) >342nM, and



methylmalonic acid (MMA) >73 nM and <271 nM. In
addition to testing folate deficiency as a categorical
variable, vitamin metabolite concentrations (HCYS,
CYS, and MMA) were evaluated. The effects of the
addition of HCYS, CYS, and MMA on systemic CL
were not statistically significant, and these variables were
excluded from the model.

Since there were several missing values in these pa-
rameters, the model was tested both by excluding patients
with missing data, and by assigning a value (median value
or value at another time-point). Since the results obtained
from testing the model with excluded patients were
consistent with those obtained with assigned values, the
final analysis included all patients with missing values
replaced with their respective assigned values.

After completing the model-building process, statis-
tically significant patient-specific factors in the full
model included CrCL, WGT, ALT, FOL, and ALK on
CL, GDR and WGT on V_, as well as BSA and ALB on
Vp. A final model was developed by removing each pa-
tient-specific factor one at a time from the full model as
described above. During the model reduction process,
the increase in the MOF was found to be not statistically
significant when ALK was removed from the model for
CL. Therefore, this was the only factor from the full
model that was not included in the final model.

Estimates of the population pharmacokinetic pa-
rameters, i.e. V., Q, and V,, interpatient variability on
CL, V. and V,, and residual variability are shown in
Tables 3 and 4. The population predicted versus ob-
served concentrations and individual predicted versus
observed concentrations (Fig. 2) were plotted to exam-
ine the goodness of fit of the model. In this patient
population, individual estimates of CL, V, and V,, ran-
ged from 2.68 to 9.63 1/h, 5.02 to 19.8 1, and 2.77 to
11.7 1, respectively.

The final model produced the following relationships
between TVCL, TVV,, and TVV,, and the patient-
specific factors:

TVCL = [Ocr + OcrcL - CrCL + Owar - (WGT — 70)
+0at - (ALT = 30.5)] - (1 - Oror - FOL)
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Table 4 Population estimates of the random effects of the final
model (see text for a description of the final pharmacokinetic
model)

Variability Estimate (95% CI)
Interpatient

CL 19.6 (14.6, 23.6)

Ve 15.6 (0, 23.7)

Q _

Vo 21.7 (11.3, 28.5)
Residual®

Additive 0.0411 (0.0224, 0.0537)

Proportional 23.7 (19.4, 27.3)

#Standard deviation (ug/ml)

where FOL is an indicator variable equal to 0 in patients
with normal functional folate status and equal to 1 in
patients with folate deficiency.

TVV. = [HVC =+ HWGTQ(WGT — 70)} . (1 — QGDR . GDR)

where GDR is an indicator variable equal to 0 in male
patients and equal to 1 in female patients.

TVVp:f)Vp + HBSA(BSA —1.8)+0aLB - (ALB _ 3.67)

Since CL is inversely proportional to overall systemic
exposure as assessed by the area under the plasma
concentration-time curve, the relationships between CL
and those important covariates that affect overall sys-
temic exposure (CrCL and WGT) are illustrated in
Fig. 3.

Estimates of the leading linear coefficients for the
relationships between each patient-specific factor and
the pharmacokinetic parameters are also listed in
Table 3. In addition, the pharmacokinetic parameter
values at the minimum and maximum value of each
patient-specific factor are included in Table 3 to provide
an estimate of the expected range of possible values for
each parameter. These ranges were determined after
fixing the values of all other patient-specific factors to
their respective mean/median-centered values and fixing
the calculated CrCL equal to the population average
value of 78.6 ml/min.

In the final model, after accounting for the effects of
the different patient-specific factors, interpatient vari-

Table 3 Population estimates

. Parameter Estimate (95% CI) Range of value of parameter
of the fixed effects in the ﬁna}l (range of value of covariate)
model (see text for a description
of the final pharmacokinetic HCL (l/h)a 2.82 (2315’ 333)
model) Ocrcr 0.0292 (0.0226, 0.0358) 3.77-7.37 1/h (33-156 ml/min)
OwaT 0.0475 (0.0368, 0.0590) 3.40-8.35 1/h (34.0-138.3 kg)
OaLT 0.0041 (0.0023, 0.0058) 5.00-7.01 I/h (5495 U/d])
OroL 0.344 (0.212, 0.479) 511 o0r3.351/h (1 = Noor2 = Yes)
Oy, () 11.3 (9.9, 13.01)
OGpr 0.325 (0.222, 0.418) 11.30r7.641(1 = Mor2 = F)
OwaT2 0.105 (0.046, 0.162) 7.52-20.3 1 (34.0-138.3 kg)
0q (1/h) 3.21 (2.46, 4.19)
Ov, () 9.78 (7.69, 12.06)
Osa 4.28 (2.662, 6.028) 2.67-8.151(1.21-2.49 m?)
OaLB —-1.25 (-0.732, -1.793) 7.91-3.66 1 (1.5-4.9 U/d])

# Represents the nonrenal clearance
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Fig. 2 Observed plasma pemetrexed concentrations vs population
predicted concentrations (top) and individual predicted concentra-
tions (bottom). The solid lines are the lines of identity

ability was 19.6%, 15.6%, and 21.7% for CL, V., and
V,, respectively. The addition of patient-specific factors
to the basic pharmacokinetic model produced decreases
in interpatient variability (%CV) in CL, V., and V,, of
4.6%, 7.6% and 14.8%, respectively, from the basic
pharmacokinetic model (FOCE method). The propor-
tional portion of the residual variability decreased by
3.5% while the additive component (0.) of residual
variability increased slightly from 0.142 to 0.173.

Residual variability was characterized by a propor-
tional error component with a coefficient of variation of
23.7% and a standard deviation for the additive error
term of 0.0410 pg/ml. Thus, at higher concentrations,
the proportional error component would dominate with
an overall residual variability of approximately 23.7%.
At lower concentrations, especially those approaching
the minimum limit of quantitation for the drug assay,
the influence of the additive term would become domi-
nant. The coefficient of variation was calculated for
different plasma pemetrexed concentrations. For plasma
pemetrexed concentration of 0.01, 0.1, 1, and 10 pg/ml,
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the residual variability is expected to be 410.8%, 47.4%,
24.1%, and 23.7%, respectively.

Discussion

The population pharmacokinetics of pemetrexed ad-
ministered as a 10-min intravenous infusion in cancer
patients were adequately characterized by a two-com-
partment model. Based on the final population param-
eter estimates, pemetrexed pharmacokinetics were
demonstrated to have an initial/distribution half-life of
0.63 h, an effective terminal/elimination half-life
of 2.73 h, and a volume of distribution at steady-state of
16.5 1. These values are consistent with those from a
previous phase I study in which a terminal half-life of
2 h and a steady-state volume of distribution of 6 1/m?
(about 11 1) were found. Interpatient variability of the
pharmacokinetic parameters was relatively small with
coeflicients of variation of 22% or less. Therefore, the
pharmacokinetics of pemetrexed behaved in a highly
predictable fashion.

The patient-specific factors tested in NONMEM were
preselected based on results from a GAM analysis, which
represents an advantage in terms of time of analysis. One
limitation to the above approach is that only the value of
each patient-specific factor observed at the time of the
first dose was used for this analysis, even if the value of
the variable changed with time for a patient. During the
NONMEM analysis, the numerical value of each pa-
tient-specific factor that corresponded to the time and
date of the actual administered dose was used. Hence,
time-dependent changes in patient-specific factors were
incorporated into the model-building process.

The typical value of CL was found to be dependent
on CrCL, body weight, alanine transferase, and folate
deficiency. At the population mean CrCL of 78.6 ml/
min, total systemic CL of pemetrexed was 5.11 1/h. Of
the total CL, 45% was attributed to renal function. The
proportion of the systemic CL that could be attributed
to renal function in the population analysis was lower
than found in a phase I study in which 70% of the dose
was excreted into urine as unchanged drug [3]. In this
patient population, the lowest value of CrCL was 33 ml/
min. Thus, extrapolation of systemic CL when the CrCL
is near 0 may not be accurate. Based on the results of this
analysis, the systemic CL would be 2.81 1/h in patients
with no renal function.

The coefficient for folate deficiency indicated that
patients who were folate deficient had a systemic CL that
was 67.3% of the CL observed in patients with no folate
deficiency. Only 2 out of 103 patients were categorized as
being folate deficient and 1 additional patient changed
from no deficient to being folate deficient between the
first and third course. Since these results were generated
based on a very small number of patients, the effect of
folate deficiency on systemic CL is inconclusive
prompting further evaluation in future studies.
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Although ALT remained in the final model for CL as
a statistically significant patient-specific factor, the
overall effect of this enzyme level on CL was minimal. A
100-fold increase in ALT values would be expected to
produce only a 1.4-fold (Table 4) increase in CL.

All three pharmacokinetic parameters CL, V. and V,,
were dependent on some measure of body size. Both CL
and V. were dependent on weight while V, was depen-
dent on BSA. When body weight or BSA was first in-
troduced in the NONMEM model, the alternate body
size measure was tested as well. The appropriate patient-
specific factor was selected solely based on the MOF
value. Since body weight is correlated to a large extent
with BSA, we substituted BSA for body weight on CL in
the final model to evaluate its effect. Inclusion of BSA in
place of body weight resulted in a small increase in MOF
(<3 units) but still significant relative to the base model.
Even though body weight was slightly better than BSA
for predicting systemic CL, it appears that dosing pa-
tients based upon BSA is also an appropriate dosing
strategy.

The effect of gender on V. was not solely related to
differences in body weight between male and female
patients since both variables were necessary in the
model. Male patients had a 1.5-fold larger volume of
central the compartment relative than female patients.
However, this difference is probably not clinically sig-
nificant. In addition to a relationship with BSA, a re-
verse relationship was observed between albumin and
Vp. In patients with higher albumin concentrations, the
volume of distribution of the peripheral compartment
would be smaller.

The primary determinant of systemic pemetrexed
exposure is the area under the plasma concentration-
time curve which is inversely proportional to CL.
Changes in patient-specific factors that alter CL will
impact overall drug exposure. Since drug toxicity is
partially related to systemic exposure, factors affecting
exposure may affect the toxicity profile of the drug.
Patient-specific factors were evaluated with respect to
the volume terms to try to explain as much of the vari-
ability in the data as possible. Therefore, relationships
between patient-specific factors and the volume terms
are not as clinically meaningful as those that affect CL
but are included in the analysis to account for all
possible sources of variability in pharmacokinetics.

In this evaluation, we characterized the pharmac-
okinetics of pemetrexed in patients with metastatic
colorectal cancer, pancreatic cancer, locally/regionally
recurrent or metastatic breast cancer, or esophageal
cancer. Monitoring plasma concentrations of cancer
agents has been shown to be useful in different cases
where a relationship between pharmacokinetics and the
efficacy and/or toxicity exists. The pharmacokinetic
model described here was used to predict pemetrexed
concentrations in these patients and to develop a
model describing the relationship between plasma
concentrations and dynamic response. In conclusion,
population  pharmacokinetics modeling revealed
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relationships between various patient specific factors
and pharmacokinetic parameters.
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