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Abstract Purpose: The objectives of these population
pharmacokinetic analyses were to (1) assess the overall
disposition of pemetrexed, (2) characterize between-
patient and within-patient variability and identify
influential covariates with respect to pemetrexed phar-
macokinetics; and, (3) provide individual empirical
Bayesian estimates of pharmacokinetic parameters for
use in a subsequent pharmacokinetic/pharmacodynamic
evaluation of neutropenia following pemetrexed
administration. Patients and methods: Data from 287
patients who received 441 cycles without folic acid or
vitamin B, supplementation during participation in one
of ten phase II cancer trials were evaluated by popula-
tion pharmacokinetic analysis using NONMEM. Start-
ing doses were 500 or 600 mg pemetrexed per m* body
surface area, administered as 10-min intravenous infu-
sions every 21 days (1 cycle). The model was developed
using data from eight of the ten studies. Predictive per-
formance was evaluated using data from the other two
studies. Results: The population pharmacokinetics of
pemetrexed administered as a 10-min intravenous infu-
sion are well characterized by a two-compartment
model. Typical values of total systemic clearance, central
volume of distribution, distributional clearance, and
peripheral volume of distribution were 91.6 ml/min,
12.9 1, 14.4 ml/min, and 3.38 1, respectively. Based on
these parameter estimates, the terminal elimination half-
life of pemetrexed was approximately 3.5 h. Renal
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function was identified as a covariate with respect to
total systemic clearance, and body surface area as a
covariate with respect to the central volume of distri-
bution. Conclusion: Total systemic exposure (AUC) for a
given dose of pemetrexed increases as renal function
decreases. Since pharmacodynamic analyses have shown
that AUC and not Cy,, is the primary determinant of
neutropenic response to pemetrexed, this suggests that
dose adjustments based on renal function, rather than
body surface area, might be considered for pemetrexed.

Keywords Cancer - Pemetrexed - Population
pharmacokinetics - NONMEM - Clearance -
Renal elimination - Alimta

Introduction

Pemetrexed is a novel anticancer agent that has recently
been approved in combination with cisplatin for treat-
ment of malignant pleural mesothelioma [46] and as
single-agent therapy for second-line treatment of non-
small cell lung cancer [17]. As a cytotoxic agent, the
primary mechanism of action of pemetrexed is inhibition
of the enzyme thymidylate synthase (TS) [43, 16], which
decreases the thymidine available for DNA synthesis
[15, 39]. Pemetrexed also inhibits dihydrofolate reduc-
tase (DHFR) and glycinamide ribonucleotide formyl
transferase (GARFT), a folate-dependent enzyme that is
involved in purine synthesis [43]. Pemetrexed is clinically
active in a range of solid tumors, including mesotheli-
oma, nonsmall cell lung, bladder, head and neck, breast,
cervical, colorectal, pancreatic, and gastric cancers
[1, 27, 38, 36, 29, 30, 44, 14, 9, 23, 3].

The pharmacokinetics of pemetrexed following sin-
gle-agent administration as a 10-min intravenous infu-
sion were evaluated in three phase I dose-escalation
studies [34, 35, 21]. Pemetrexed had a small steady-state
volume of distribution (Vg ~ 151), was eliminated
rapidly from plasma (effective terminal elimination half-
life of 2-5h at doses ranging from 525 mg/m? to
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700 mg/m?) primarily by urinary excretion of unchanged
drug (70-90% of dose), and exhibited dose-proportional
increases in plasma concentrations.

A more extensive evaluation of the pharmacokinetics
of pemetrexed was performed using population phar-
macokinetic techniques with plasma concentration-time
data from 287 patients that participated in 10 phase II
cancer trials. The studies were prospectively designed to
include sparse blood-sampling strategies. After estab-
lishing the model and confirming its predictive ability,
individual empirical Bayesian estimates of clearance
based on the model were used to explore the impact of
dosing regimens (body surface area [BSA]-based, fixed,
and renal function-based) on pemetrexed total systemic
exposure. Individual estimates of pharmacokinetic
parameters were also incorporated into a subsequent
pharmacokinetic/pharmacodynamic evaluation charac-
terizing the time course of neutropenia following
pemetrexed administration [18].

Methods
Clinical studies and biological sampling

Ten phase II studies of single-agent pemetrexed in
individual tumor types (Table 1) were included in the
population pharmacokinetic analyses. The primary
objective for each of these nonrandomized, single-arm
studies without controls was to determine the response
rate in each tumor type for patients treated with
pemetrexed. The trials were approved by the relevant
ethics committee at the participating medical institutions
and sponsored by Eli Lilly and Company. All partici-
pants gave written informed consent, and studies were
conducted in accordance with the ethical principles of
the most recent version of the Declaration of Helsinki.

Eligibility criteria included: male and nonpregnant,
nonlactating female patients; 18 years of age or older;
histologically or cytologically confirmed carcinoma with
bidimensionally measurable lesions with clearly defined
margins as assessed by medical photograph, computer-

ized tomography, magnetic resonance imaging, other
imaging scan, or palpation; estimated life expectancy of
at least 12 weeks; and a performance status of 0-2 on
the Eastern Cooperative Oncology Group/World Heath
Organization scale.

Each study was prospectively designed to include
sparse blood-sampling strategies. Three to five samples
per patient were collected at cycles 1 and 3. Sampling
times were randomly selected from designated collection
intervals (0-2, 2-6, 612, and 12-36 h) relative to the
start of pemetrexed infusion. The collection intervals
were selected based on the full pharmacokinetic profile
obtained from a phase I study [35] to provide an ade-
quate characterization of the pharmacokinetic profile
after intravenous administration.

Doses and formulation

Patients were dosed based on BSA and were initially
assigned to receive pemetrexed 500 or 600 mg/m> as a
10-min intravenous infusion every 21 days (1 cycle).
Patients did not receive folic acid or vitamin B, sup-
plementation. Dose adjustments (i.e., reductions) at the
start of subsequent courses of therapy were based on
nadir counts or maximal nonhematologic toxicity from
the preceding cycle of therapy.

Measurement methods

Two assays were used to quantitate the plasma
pemetrexed concentrations used in these analyses.
Samples from four of the studies were analyzed using a
high-performance liquid chromatographic (HPLC)
method with ultraviolet detection as previously de-
scribed [34]. An assay based on HPLC coupled to tan-
dem mass spectrometry with electrospray ionization was
used for the remaining six studies [7]. The plasma sample
(0.5 ml) and internal standard (ISTD: [?H4]pemetrexed)
were precipitated with 7% perchloric acid. The samples
were centrifuged for 5 min at 21,000 RCF. A sufficient

Table 1 Summary of data
contributed to the population

Total patients Total treatment

pharmacokinetic analyses by (F/M) cycles
study
Studies included in the index dataset
Colorectal 39 (15F, 24M) 68
Pancreatic 35 (16F, 19M) 53
Breast 25 (25F, OM) 36
Esophageal 11 (4F, TM) 18
Renal 27 (6F, 21M) 39
Head and neck 26 (3F, 23M) 43
Bladder 14 (OF, 14M) 15
Cervical 32 (32F, OM) 52
Index dataset total 209 (101F, 108M) 324
Studies included in the validation dataset
NSCLC(1) 55 (19F, 36M) 87
NSCLC(2) 23 (8F, 15M) 30
Validation dataset total 78 (27F, S1M) 117
F female; M male; NSCLC Total of index and validation datasets 287 (128F, 159M) 441

nonsmall cell lung cancer




amount of supernatant was filtered through a 0.22 um
filter and transferred to an autosampler vial. The sample
was chromatographed under reverse phase conditions
on an YMC Basic™ C8 column using a gradient system
with water and acetonitrile containing 0.2% formic acid.
Results were calculated using a weighted linear regres-
sion of the standard curves [l/(concentration)?]. The
validated standard curve was 10-2,000 ng/ml. The in-
terassay precision for the low-range assay was < 10.3%
and the interassay accuracy ranged from —3.4% to
10.0%. A second method was validated with an ana-
lytical range from 1,000 ng/ml to 200,000 ng/ml. Except
for plasma volume (0.1 ml), details of the second
method are identical to the aforementioned low-range
assay. The interassay precision for the high-range assay
was < 9.6%, and the interassay accuracy ranged from
—2.8% to 0.3%. Pemetrexed (for concentrations up to
200,000 ng/ml) was stable in human plasma for at least
26 months when stored at either approximately —20°C
or approximately —70°C.

Pemetrexed concentrations for approximately 6% of
the samples were reported as below the quantifiable limit
(BQL) of the assay. Therefore, BQLs were excluded
from the population pharmacokinetic analyses. The
majority of these results (>70%) were 14-21 days after
dosing.

Values for creatinine clearance (CrCL; standard
Cockcroft-Gault formula [CrCLg q] and lean body
mass [LBM] formula [CrCL bm]) and BSA were cal-
culated using standard formulae [8, 40].

Data analysis

The analyses included data from 287 patients (441
cycles) enrolled in 10 studies as summarized in Table 1.
A population pharmacokinetic model was developed
using an index dataset from eight of the ten studies. In
order to verify that the model adequately described data
beyond that used for model development, the predictive
ability of the final model was then evaluated using a
validation dataset comprised of data from the two
remaining studies. All analyses were performed using the
nonlinear mixed-effect modeling program, NONMEM
(version V) with PREDPP (version V) using first-order
conditional estimation (FOCE) with interaction (6—Q
interaction) [4, 42, 45].

Pharmacostatistical Base Model Development

An open two-compartment model with constant rate
input (intravenous infusion) and parameterized in terms
of clearance (CL), central volume of distribution (),
intercompartmental clearance (Q), and peripheral vol-
ume of distribution (V,) was selected to describe the
pharmacokinetics of pemetrexed. The selection of this
model was based on results from phase I studies where
extensive serial blood sampling was performed [35] and
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on an earlier analysis [28] of interim data using a portion
of the patients in the current dataset.

A series of two-compartment pharmacostatistical
models were systematically evaluated to identify the
model that best described the data. Between-patient
variability was modeled using an exponential error
structure (log-normal distribution). The following
models were tested: between-patient variability on CL;
between-patient variability on CL and V; between-pa-
tient variability on CL, V|, and V>,; and between-patient
variability on CL, V;, V,, and Q. For each of the
between-patient variability models tested, three residual
error models (additive, proportional, and combined
additive and proportional) were evaluated.

Covariate identification

Patient factors evaluated as potential covariates were
specified a priori and included the following continuous
variables: age, alanine transaminase, albumin, alkaline
phosphatase, aspartate transaminase, body mass index,
BSA, body weight, CrCL, dose, serum creatinine, total
bilirubin, and total protein. Categorical variables eval-
uated as potential covariates included: alcohol use, assay
method, ethnic origin, vitamin deficiency marker status,
gender, smoking status, and cycle. Each potential co-
variate was tested for relationships with CL, V', and V.
Continuous covariates were tested using linear additive,
proportional, and power models. For linear and pro-
portional models, potential covariates were normalized
by their population median; for example, linear models
were coded P=0,+ 0,8 COV, where P is the individual’s
estimate of the parameter (e.g., CL, V1, or V>), 0, rep-
resents the typical value of the parameter, 6, represents
the effect of the covariate, and COV is the ratio of the
individual’s covariate value to the population median
value.

Since pemetrexed is eliminated primarily by renal
excretion of unchanged drug, a strong relationship
between CL and CrCL,, q Was observed (change in the
minimum value of the objective function [AMOF] with
inclusion of CrCL.qq as a covariate=—95.065).
Therefore, all other potential covariates were tested in
combination with CrCLg q.

Potentially significant covariates were identified,
based on maximum likelihood criterion, as those which,
when added on a single parameter to the model con-
taining CrCL, g as a covariate relative to CL, resulted
in a decrease in the NONMEM objective function of
3.84 points or more (P value < 0.05 based on y° dis-
tribution with one degree of freedom).

Final model development
A full model was developed using established covariate

search and model development strategies. Potential co-
variates were added to the model sequentially, based on
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the change in objective function for the individual
covariate in combination with CrCL, «q4; those covari-
ates that reduced the objective function the greatest
amount when added in combination with CrCLgs 4
were added to the model first. Potential covariates that
did not result in a decrease in the objective function of
3.84 points or more on sequential addition to the model
were removed from the analysis. Once a full model was
established, the process was then reversed, with each
potential covariate being removed individually from the
full model. Covariates retained in the final model were
those that resulted in a statistically significant increase in
MOF (=10.8 points for 1 degree of freedom, P <0.001),
when removed from the full model.

Model evaluation

Objective function mapping [41, 20], leverage analysis
[20, 12], and an assessment of predictive ability based on
prediction errors [22] were used to evaluate the robust-
ness of the final population pharmacokinetic model.

Evaluation of pemetrexed pharmacokinetics by cancer
type

Once the predictive ability of the final model was con-
firmed, cancer type was evaluated as a covariate on the
established pharmacokinetic model. Although altera-
tions in the pharmacokinetics of pemetrexed by cancer
type might be statistically significant, results were only
considered clinically relevant as follows: CL >20%
change; V| or V,>40% change. Therefore, although
statistically significant, a result was not considered

clinically relevant unless the 95% confidence interval
contained 0.8 or 1.2 for CL or 0.6 or 1.4 for V; or V>.
The criteria for clinical relevance were based on AUC
(not Cpax oOr fj) having been identified a primary
determinant of neutropenic response [35].

Results
Patient characteristics

Population pharmacokinetic evaluations included 287
patients. As indicated in Table 2, patient characteristics
were similar between the index and validation datasets.

Plasma concentration and doses

The index dataset was comprised of 1,184 concentra-
tions from 209 patients (324 cycles) or about 75% of the
available data, and the validation dataset was comprised
of 412 concentrations from 78 patients (117 cycles). The
clinical trials were conducted using BSA-based dosing,
which yielded a dose range of 126 mg/m? to 838 mg/m?
(mean 561 mg/m?). Pharmacokinetic modeling was
based on absolute dose with a corresponding dose range
of 244 mg to 1,494 mg (mean 990 mg). The distribution
of doses was similar between the two datasets.

The distribution of blood sample collection times
relative to the beginning of pemetrexed infusion was
sufficient to characterize the disposition of pemetrexed.
The overall profile was consistent with phase I data
where plasma concentrations of pemetrexed declined
over three orders of magnitude within 48 h after the
start of infusion (Fig. 1).

Table 2 Summary of patient

characteristics Patient characteristic

Index dataset (n=209)

Validation dataset (n="78)

Mean (%CV) Median Range Mean (%CV) Median Range

Age (years) 57.3 (19) 57.3 26.3-79.1  60.6 (16) 62.3 36.6-80.2
BSA (m?) 1.76 (14) 1.74 1.26-2.50 1.78 (12) 1.77 1.28-2.35
Weight (kg) 68.3 (25) 66.0 34.0-138  69.3 (23) 69.0 36.0-127
CrCL¢g giq (ml/min) 96.9 (32) 92.6 44.3-225  92.8 (27) 94.9 40.7-162
Gender (%)

Female 48 35

Male 52 65
Smoking (%)

Yes 31 31

No 69 40

Unknown 30
Alcohol consumption (%)

Yes 24 24

No 73 46

Unknown 3 30
Ethnic origin (%)

Caucasian 77 76

African descent 17 4

Asian 1 4

BSA body surface area; Hispanic 1 0
CrCL. g 54 standard Cockcroft- Undefined 5 17

Gault creatinine clearance




Base model

A two-compartment model parameterized in terms of
CL, Vi, V,, and Q was determined to be an appropriate
base model. The model also incorporated proportional
between-patient variability for CL, V, and V>, and a
proportional residual error term.

Covariate identification

A linear model (CL=43.0 + 47.2 o CrCL, 4q/92.6,
Table 3) described the relationship between pemetrexed
CL and CrCLg g (Fig. 2). Predicted pemetrexed CL
decreased from 90.2 ml/min to 61.3 ml/min as
CrCLgg g decreased from 92.6 ml/min (population
median) to 36.1 ml/min (population minimum). Thus, a
63% decrease in CrCL produced approximately a 32%
decrease in pemetrexed CL, which corresponded to a
45% increase in overall systemic exposure (AUC).

For pemetrexed clinical trials, enrollment criteria
relative to renal function have been based on an estimate
of CrCLg «q incorporating LBM. The estimate of CrCL

405

using the LBM formula did not offer significant
advantage over the standard Cockcroft-Gault method
when evaluated in the model. Additionally, the LBM
formula is a more complex calculation. Therefore, it was
not explored in further analyses.

Of the indices of body size (weight, BSA, and
body mass index) evaluated as covariates, BSA
was the strongest predictor of ¥V;. A power model
(V,=6.13 « BSA'*2, Table 3) described the relationship
between V; and BSA over a BSA range from 1.21 m? to
2.50 m* (Fig. 2), with V; increasing as BSA increased.
Because BSA is a predictor of V| and not CL, the effect
of BSA is reflected in peak pemetrexed concentration
and not on total systemic exposure to the drug (AUC).

Gender, age, ethnic origin, smoking status, and
alcohol consumption were also examined as potential
covariates. None of these factors met the criteria for
inclusion in the final model (AMOF <10.828 points).
After examining available vitamin deficiency marker
concentrations (653 observations from 115 patients), five
patients were categorized as folate-deficient based on
published criteria (homocysteine >13.9 uM, cystathio-
nine > 342 pM, and methylmalonic acid between 73 M
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Table 3 Pharmacokinetic and
covariate parameters in final
pemetrexed population model

Parameter description

Population
estimate (%SEE)

Between-patient
variability (%SEE)

Clearance (CL)

TVCL, base parameter for CL (ml/min)

0, parameter for effect of CrCL., g on CL (ml/min)*
Central volume of distribution (V)

TVV1, base parameter for V; (1)

©,, parameter for effect of BSA on Vll’
Intercompartmental clearance (Q)

Method: FOCE with interac-
tion

SEE standard error of the esti-
mate; TVCL typical value of
CL; TVV1 typical value of V'
*CL=TVCL + ©8 CrCL, qq/
92.6 where 92.6 is the median
baseline CrCLg sta

®); = TVV1 e BSA®

Parameter for Q (ml/min)

Parameter for V; (1)
Residual error (proportional)

Peripheral volume of distribution (V)

43.0 (16.6) 19.3% (14.1)
472 (14.8)

6.13 (9.04) 16.6% (29.3)
1.32 (11.6)

14.5 (17.6) -

3.38 (10.9) 24.5% (24.6)

28.4% (8.22)
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Fig. 2 Relationship between estimated creatinine clearance (CrCL, sq) and pemetrexed clearance (CL) (left panel) and body surface area
(BSA) and pemetrexed central volume of distribution (V) (right panel)

and 271 uM) [2], each for a single cycle. Pemetrexed CL
was estimated to be 33% lower in these patients than in
those with normal folate status. Since pemetrexed will be
co-administered with folic acid and vitamin B;,, thus
preventing folate deficiency, the effect was not retained
in the final model.

These analyses also demonstrated the pharmacoki-
netics of pemetrexed to be dose-independent (i.e., linear)
and time-invariant.

Final model

The final population pharmacokinetic model is shown in
Table 3. Between-patient variability was 19.3% (14.1 %
standard error of the estimate [%SEE]) in CL, 16.6%
(29.3 %SEE) in V4, and 24.5 % (24.6 %SEE) in V,, and
residual error was 28.4% (8.22 %SEE). The addition of
CrCLg s1q and BSA to the basic pharmacokinetic model
decreased between-patient variability in CL from 25.8%
to 19.3%, in V| from 24.0% to 16.6%, and in V>, from
26.0% to 24.5%. Thus, renal function (i.e., CrCLg 5q)
explained approximately 25% of the between-patient
variability in CL, and body size (i.e., BSA) explained
approximately 30% of the between-patient variability in
V1. Proportional residual variability was essentially un-
changed relative to the base model.

Model evaluation

Objective function mapping, leverage analysis, and an
evaluation of the predictive ability of the model supported
the validity of the model to describe the pharmacokinetics
of pemetrexed in this patient population. The predictive
ability of the model is demonstrated in Fig. 3 by: agree-

ment between predicted and observed concentrations; the
distribution of weighted residuals; and the consistency in
the goodness-of-fit plots between the index and validation
datasets. The predictive ability of the model was further
confirmed quantitatively by the minimal (<10%) differ-
ence in mean prediction error (MPE) (1.33 for the index
dataset versus 1.44 for the validation dataset) and mean
relative error (MRE) (0.112 for the index dataset versus
0.102 for the validation dataset) between the datasets. This
indicates that the overall performance of the model is
similar for the two populations.

Comparison of individual predicted and observed
concentrations (Fig. 3) indicates that concentrations
greater than ~75 ug/ml are underpredicted by the
model. Comparison of prediction errors for concentra-
tions =75 pg/ml relative to those <75 pg/ml (Table 4)
indicated that performance of the model is less than
optimal for the higher concentrations, but it also sug-
gested that the overall predictive performance of the
model was not highly impacted by the concentrations
>75 pg/ml since they represent only a small (5%) por-
tion of the data evaluated. Further, the agreement
between individual predicted and observed concentra-
tions indicates that individual empirical Bayesian esti-
mates of pharmacokinetic parameters based on the
model are suitable for use in subsequent pharmacoki-
netic/pharmacodynamic modeling efforts.

Evaluation of pemetrexed pharmacokinetics
by cancer type

There were no statistically significant (AMOF < 10.8)
alterations in pemetrexed CL by cancer type. Although
patients in one of the two NSCLC studies included in
these analyses had smaller V; (30% lower; 95% confi-
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Fig. 3 Individual predicted concentrations and weighted residuals for final pemetrexed model developed from the index dataset (black
symbols) and for final pemetrexed model applied to the validation dataset (white symbols)

dence interval, 0.683-0.831), the result was not consid-
ered clinically relevant. And similarly, a smaller V', (20%
lower; 95% confidence interval, 0.684-0.892) for breast
cancer patients was not considered clinically relevant.
This analysis indicated that there were no overt differ-
ences in pemetrexed pharmacokinetics by cancer type.
Therefore, the model adequately describes the pharma-
cokinetics of pemetrexed for patients with malignant
pleural mesothelioma, breast, cervical, esophageal, head
and neck, gastric, pancreatic, colorectal, renal, bladder,
and nonsmall cell lung cancer.

Application of results

Individual empirical Bayesian estimates of CL from the
final population pharmacokinetic model and the corre-
sponding measures of CrCL, g and BSA were used to
examine different dosing paradigms. Figure 4 shows the
predicted exposure for three dosing strategies for the
patients included in the pharmacokinetic analyses. Lack
of systematic pattern in predicted exposures (Panel C)
represents the desired outcome that overall exposure is
independent of body size or renal function. Figure 4,
Panel A shows predicted exposure based on fixed-dose
administration. The fixed-dose strategy results in smaller
patients having higher exposure to pemetrexed on
average and, conversely, some of the larger patients
having lower exposure (Panel A, left). The increase in
pemetrexed exposure with decreasing renal function is
also evident (Panel A, right). BSA-based dosing (Fig. 4,
Panel B), the prevailing clinical practice for oncolytic
agents [10, 13, 37, 31, 32], the intent of which is to attain
similar drug exposure regardless of patient size, actually
overcorrects and results in larger patients having higher
exposure to pemetrexed (Panel B, left). The increase in
pemetrexed exposure with decreasing renal function is

uncorrected by this practice, however (Panel B, right). A
renal function-based dosing strategy (Fig. 4, Panel C),
similar to the target-AUC dosing approach used for
carboplatin [6], eliminates patterns in pemetrexed
exposure by BSA (Panel C, left) and by CrCL (Panel C,
right) and may offer additional control of systemic
exposure for pemetrexed as indicated by the decreased
variability represented in the plot. A renal function-
based dosing strategy enables >90% of patients to be
within 25% of a desired AUC, whereas a BSA-based or
fixed-dose regimen results in <75% of patients being
within 25% of a desired AUC.

Discussion

The pharmacokinetics of pemetrexed were adequately
characterized by an open two-compartment model with
constant rate infusion. The typical value of total sys-
temic CL was 91.6 ml/min; V; was 1291, QO was
14.4 ml/min; and V, was 3.38 1. Based on these param-
eter estimates, the terminal elimination half-life of
pemetrexed was approximately 3.5 h. The range of sys-
temic CL estimates that represents approximately 95%
of all patients in the study pogulation was 53.2 to
146 ml/min (31.2-81.3 ml/min/m~). These results are
consistent with those obtained from phase I studies [35,
33]. The final population pharmacokinetic model ade-
quately describes the individual plasma concentration
data in both the index and validation datasets.
Pemetrexed is eliminated primarily by renal excretion
of unchanged drug [35, 24]. The population pharmaco-
kinetic analysis demonstrated a strong relationship
(CL=43.0 + 47.2 o CrCL;4/92.6) between CL and
CrCL¢g 514, With CrCL, g values ranging from 36.1 to
254 ml/min. This population represents patients that
would be considered mild to moderately renally im-
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Fig. 4 Patterns in pemetrexed exposure (AUC) by body surface
area or renal function for each of three dosing strategies. a
illustrates variability in overall exposure for a fixed dose; smaller
patients and those with reduced renal function have higher
pemetrexed exposure. b illustrates variability in overall exposure
for body surface area (BSA)-based dosing; larger patients and those
with reduced renal function have higher pemetrexed exposure;

paired (CrCLg g <80 ml/min) and patients with nor-
mal renal function (CrCLcg q=80 ml/min). The strong
correlation of CL with CrCL, 4 is entirely consistent
with the elimination pathway of pemetrexed. On further
examination, the pattern of CL versus CrCLggqq
(Fig. 2) suggests that the model describing this rela-
tionship might be further refined. The results suggest
that a sigmoid model or split-line model may better
describe the relationship between CrCLgy g and
pemetrexed CL. Since individual empirical Bayesian
estimates of clearance take into account unexplained

Estimated Creatinine Clearance,
Cockcroft-Gault (ml/min)

BSA-based dosing increases the variability in exposure since
clearance correlates with renal function and BSA offers no further
explanatory value. ¢ illustrates variability in overall exposure where
a constant AUC is targeted and the dose is calculated based on
renal function; there is no trend in exposure due to body size or
renal function

interpatient variability, those estimates from the current
model were appropriate for use in predicting exposures
based on dosing regimen and for subsequent use in
pharmacodynamic modeling.

Protein-binding studies have shown pemetrexed to be
approximately 81% bound to plasma proteins [11]. Only
the unbound fraction is expected to be filtered. There-
fore, the product of the fraction unbound (f,) and
glomerular filtration rate (GFR; [f,® GFR; 0.19 e
120 =23 ml/min]) represents the filtration capacity of the
kidney to eliminate pemetrexed. The population esti-



mate of CL from the final model with CrCL, 4 set to
the population median (90.2 ml/min) is approximately
four times that of filtration. Consistent with phase I
results [35] based on the combination of plasma and
urine data, active tubular secretion appears to contribute
significantly to the renal elimination of pemetrexed.

Except for folate deficiency, no additional relation-
ships were identified between CL and the other potential
covariates examined. Based on very limited data (n=4),
pemetrexed CL appeared to be lower in patients who
were folate-deficient. If real, this result further supports
the clinical decision to administer pemetrexed with
vitamins to correct folate deficiencies [5, 25, 26]. Alter-
natively, the association between folate-deficiency and
decreased pemetrexed CL may indicate other underlying
physiological issues [2]. Since measurement of vitamin
deficiency markers to determine folate status is not a
routine practice and pemetrexed will be co-administered
with folic acid and vitamin B, supplementation, thereby
ensuring satisfactory folate status, this effect was not
retained in the final model. Not retaining folate defi-
ciency in the model assumes that vitamin supplementa-
tion corrects whatever is the cause of decreased
pemetrexed CL in these patients. However, it is also
possible that vitamin supplementation will not correct
the cause of decreased pemetrexed CL and these pa-
tients, although no longer folate deficient, will still have
decreased CL.

Consistent with phase 1 data [35, 33], pemetrexed
demonstrated a relatively small volume of distribution
(Vss=16.3 1), suggesting that the compound has limited
tissue distribution. Of this 16.3 1, approximately 80%
was associated with V;. A relationship between V; and
body size (ie, BSA) was shown to be the only significant
predictor of V; (VV;=6.13 ¢ BSA'*?). Since I, probably
represents a combination of total blood volume and
well-perfused organs, it is reasonable that larger indi-
viduals have greater blood volume and organ size and
thus a larger volume of distribution. The relationship
identified between V|, and BSA was consistent with this
assumption. No relationships were established between
V5, and the potential covariates investigated.

An earlier analysis [28] on interim data from four of
the ten studies included in the current analyses was
conducted early in the development of pemetrexed to
support a multivariate safety analysis [25]. The previous
analyses included 632 plasma concentrations from 103
patients, or approximately half of the current index
dataset used for model development. The earlier model,
developed using the first order (FO) and FOCE esti-
mation methods, used slightly more inclusive criteria for
retaining covariates in the final model (increase in MOF
of 27.879 points for one degree of freedom, P <0.005).
The resultant model included effects of body weight,
estimated CrCL (Cockcroft and Gault method based on
LBM), alanine transaminase, and a folate status de-
scriptor on CL; gender and body weight on V;; and BSA
and albumin on V5. Residual variability was previously
modeled using a combined additive/proportional error
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structure. The previous model was used to guide model
development in the current analyses, and all covariates
included in the previous model were examined during
the current analyses.

Interpatient variability in CL was similar for the two
models, while estimates of interpatient variability in V;
and ¥V, from the earlier model were slightly smaller than
those from the current model. Residual error was also
slightly smaller in the earlier model. Although the two
models differ in their complexity and in the interpatient
variability and residual error terms, their predictive
abilities, when applied to validation data not used to
develop either model, were similar (Table 4). Thus, al-
though the earlier model had less unexplained vari-
ability due to the more inclusive covariate retention
criteria, which was reflected in a low MPE (0.383) and
a low MRE (0.0404) relative to its model development
dataset, the model’s predictive ability was not retained
when the model was applied to data that was not used
for model development. Further investigation of the
prediction errors also indicated that, while the earlier
model has the better predictive performance at con-
centrations 275 pg/ml, the situation is reversed at
concentrations <75 pug/ml, and the current model has
the better predictive ability (Table 4).

The current model, based on twice as much data as
the earlier model and developed using a more robust
estimation method (FOCE with interaction), is a simpler
model, performs more consistently than the earlier
model, and is more consistent with the known elimina-
tion pathway of pemetrexed.

There were no clinically relevant alterations in
pemetrexed CL, V', or V, attributable to cancer type.
Therefore, differences in response rate by cancer type are
based on sensitivity of the tumor to pemetrexed and are
not attributable to differences in the pharmacokinetics
of pemetrexed. The established population pharmaco-
kinetic model adequately describes pemetrexed phar-
macokinetics for patients with malignant pleural
mesothelioma, breast, cervical, esophageal, head and
neck, gastric, pancreatic, colorectal, renal, bladder, and
nonsmall cell lung cancer.

The practice of BSA-based dosing for drugs where
BSA is not the main predictor of CL (and therefore
AUQ) is being increasingly questioned [10, 13, 37, 31,

Table 4 Comparison of the predictive abilities of two pemetrexed
population pharmacokinetic models

Current Earlier
model model
Overall (all concentrations)
MPE 1.44 -1.73
MRE 0.102 —0.143
Concentrations 275 pg/ml
MPE 38.7 17.6
MRE 0.833 0.582
Concentrations <75 pg/ml
MPE —0.717 —2.27
MRE —0.106 —0.270
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32]. The results of the population pharmacokinetic
analyses suggest that dose adjustments based on renal
function, rather than BSA, might be considered for
pemetrexed. The need for dose adjustments based on
considerations other than BSA takes into account body
size, renal function, and position within the therapeutic
window. For example, a large individual with low renal
function that is being dosed near the maximum tolerated
dose would benefit from a dose adjustment based on
renal function to lessen the probability of a high sys-
temic exposure that would increase the probability of
toxicity. Likewise, a small individual (low BSA) with
high renal function that is being dosed near the lower
end of the therapeutic window would benefit from a
dose adjustment based on renal function to increase the
probability that their exposure is adequate to obtain an
efficacious response. Additional analyses are planned to
provide further information toward the consideration of
alternative dosing strategies for pemetrexed. The rela-
tionships between exposure (overall exposure and peak
concentration) and toxicity were further explored during
subsequent pharmacodynamic analyses [18] examining
the time course of neutropenia following administration
of pemetrexed.

In conclusion, population pharmacokinetic analyses
showed pemetrexed CL, and therefore total systemic
exposure (i.e., AUC), correlates with renal function,
while V| correlates with BSA. Since pharmacodynamic
analyses have shown that AUC and not C,,, is a pri-
mary determinant of neutropenic response [35, 18, 19],
this suggests that dose adjustments based on renal
function, rather than BSA, might be considered for
pemetrexed.
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