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Abstract Purpose: The objectives of these analyses were
to (1) develop a semimechanistic-physiologic population
pharmacokinetic/pharmacodynamic (PK/PD) model to
describe neutropenic response to pemetrexed and to (2)
identify influential covariates with respect to pharma-
codynamic response. Patients and methods: Data from
279 patients who received 1,136 treatment cycles without
folic acid or vitamin Bj, supplementation during par-
ticipation in one of eight phase II cancer trials were
available for analysis. Starting doses were 500 or 600 mg
pemetrexed per m? body surface area (BSA), adminis-
tered as 10-min intravenous infusions every 21 days (1
cycle). The primary analyses included 105 patients (279
cycles) for which selected covariates—including vitamin
deficiency marker data (i.e., homocysteine, cystathio-
nine, methylmalonic acid, and methylcitrate [I, II, and
total] plasma concentrations)—were available. Classical
statistical multivariate regression analyses and a semi-
mechanistic-physiologic population PK/PD model were
used to evaluate neutropenic response to single-agent
pemetrexed administration. Results: The timecourse of
neutropenia following single-agent pemetrexed admin-
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istration was adequately described by a semimechanis-
tic-physiologic model. Population estimates for system-
based model parameters (i.e., baseline neutrophil count,
mean transit time, and the feedback parameter), which
mathematically represent current understanding of the
process and physiology of hematopoiesis, were consis-
tent with previously reported values. The population
PK/PD model included homocysteine, cystathionine,
albumin, total protein, and BSA as covariates relative to
neutropenic response. Conclusion: These results support
the programmatic decision to introduce folic acid and
vitamin Bj, supplementation during pemetrexed clinical
development as a means of normalizing patient homo-
cysteine levels, thereby managing the risk of severe
neutropenia secondary to pemetrexed administration.
The current results also suggest that the addition of
vitamin Bg supplementation to normalize patient cysta-
thionine levels may further decrease the incidence of
grade 4 neutropenia following pemetrexed administra-
tion. The results also suggest the use of folic acid as a
means of lessening hematologic toxicity following
administration of cytotoxic agents other than antifo-
lates.
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Pemetrexed - Alimta - Population pharmacodynamics -
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Introduction

Pemetrexed (Alimta, Eli Lilly and Company, Indianap-
olis, USA) is a promising novel anticancer agent that
inhibits multiple enzymes involved in purine and
pyrimidine formation. Its mechanism of action and
clinical activity is due to inhibition of thymidylate syn-
thase (TS) [19, 48], dihydrofolate reductase (DHFR) and
glycinamide ribonucleotide formyltransferase (GARFT)
[48] as well as the formation and long-term retention of
intracellular polyglutamates, which likely produces a
more sustained antitumor effect [33]. Pemetrexed has



demonstrated clinical activity in a broad spectrum of
tumor types, including mesothelioma, nonsmall cell
lung, bladder, head and neck, breast, cervical, colorectal,
pancreatic, and gastric cancers [1, 37, 44, 41, 38, 39, 49,
17, 14, 32, 5]. In combination with cisplatin, pemetrexed
is approved for the first-line treatment of malignant
pleural mesothelioma [53]. As a single agent, it is ap-
proved for second-line treatment of nonsmall cell lung
cancer [21].

The principle toxicity of pemetrexed following sin-
gle-agent administration was common toxicity criteria
(CTC) grade 3 or 4 neutropenia [20]. Thrombocyto-
penia was also observed, but it was less frequent and
less severe than neutropenia. Relationships between
systemic drug exposure (area under the curve [AUC]
and maximum plasma concentration [Cy,,«]) and nadir
absolute neutrophil counts (NANCs) were evaluated
previously in a phase I dose-escalation study where
pemetrexed was administered between 50 and 700 mg/
m? as a 10-min intravenous infusion every 21 days in
37 patients with solid tumors. Results indicated that
NANCSs decreased as systemic drug exposure increased
[40]. The severity of neutropenia was more accurately
predicted according to overall systemic exposure
(AUC) rather than a timepoint, at or near the end of,
infusion (Cp,.x). Hence, a clinically meaningful associ-
ation was identified between systemic drug exposure
and NANC:s.

As a class, antifolates have been associated with se-
vere and unpredictable myelosuppression in some pa-
tients. Lometrexol is an antifolate that was terminated in
its development by Lilly because of severe toxicity.
Preclinical and clinical investigations showed that folic
acid could modulate lometrexol toxicity and that the
maximum tolerated dose could be substantially in-
creased [23, 18, 21]; however, researchers were unable to
determine the specific mechanism responsible for the
reduction in toxicity [54, 34]. Based on the lometrexol
findings, when myelosuppression was identified as a
primary pemetrexed toxicity, efforts were undertaken to
determine whether functional folate status could be a
predictor of pemetrexed toxicity. Thus, a number of
vitamin deficiency markers were measured during
pemetrexed phase II clinical development. The panel
included folic acid and/or vitamin B, deficiency mark-
ers (homocysteine [HCY], methylmalonic acid [MMA],
and methylcitrate I and IT [MCI and MCII]) and a
vitamin By deficiency marker (cystathionine [CYS]).
Thus, vitamin deficiency markers have been evaluated as
potential predictors of pemetrexed toxicity using multi-
variate stepwise regression methods [34] and potential
predictors of neutropenic response based on the popu-
lation pharmacokinetic/pharmacodynamic (PK/PD)
analyses reported in this paper. The current paper de-
scribes population PK/PD analyses based on data from
more than 200 patients from eight phase II studies of
single-agent pemetrexed involving a wide range of ad-
vanced stage tumors (see Table 1 [Studies included in the
index dataset] in Latz et al. [24]). The analyses utilize a
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semiphysiologic PK/PD model recently introduced by
Friberg et al. [16] to describe myelosuppression follow-
ing administration of a cytotoxic agent. The model
provides a simplified mathematical framework from
current conceptual knowledge of physiology to quanti-
tatively mimic the underlying physiologic process of
hematopoiesis [30]. The use of a semimechanistic-phys-
iologic model allows a complete characterization of the
entire absolute neutrophil count (ANC)-time profile
from a sparse sampling scheme.

The current analyses build upon the work of Friberg
et al. [16] by including covariate effects to explain be-
tween-patient variability. These analyses were used to
identify predictors of neutropenic response to pemetr-
exed, providing clinically important information for
inclusion in product labeling.

Methods
Summary of clinical studies and data assembly

Patients were initially assigned to receive pemetrexed
500 or 600 mg/m* via a 10-min intravenous infusion
every 21 days (1 cycle). Patients enrolled in the studies
did not receive folic acid or vitamin B, supplementa-
tion. All participants gave written informed consent, and
studies were conducted in accordance with the ethical
principles of the most recent version of the Declaration
of Helsinki. The PK/PD analysis was performed using a
two-stage approach. Empirical Bayesian estimates of
clearance (CL), central volume of distribution (V)), in-
tercompartmental clearance (Q), and peripheral volume
of distribution (V5) resulting from the PK analyses [24]
were incorporated into the dataset used for PD analyses
to generate predicted plasma concentration-time profiles
for the PD model. Additional details about study design
and the population PK analyses, the results of which are
integrated into the PK/PD analyses presented herein, are
found in the previous paper [24].

Blood samples for determination of platelet counts,
differential white blood cell counts, and hemoglobin
levels were collected at the start of each new cycle (prior
to receiving pemetrexed) and weekly thereafter. Blood
chemistry evaluations were performed on samples col-
lected at the start of each new cycle and 1 week after
receiving pemetrexed. Vitamin deficiency marker (HCY,
CYS, MMA, MCI, and MCII) concentrations were
measured on samples collected at the start of each new
cycle. Clinical parameters (e.g., weight, blood pressure,
and pulse) were measured at specific visits at the inves-
tigator’s site. Other information (e.g., date of birth and
habits) was based on patient self-report. Additional
patient parameters (e.g., body surface area [BSA] and
estimated creatinine clearance) were derived using stan-
dard formulae [45, 13]. Neither granulocyte nor granu-
locyte monocyte colony-stimulating factors were
allowed in these trials.
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Table 1 Summary of patient characteristics

Patient characteristic

Primary analysis dataset of 105 patients, 279 cycles

Mean (%CV) Median Range

Dose (mg/m?) 541 (20.6%) 596 74.9-639
Dose (mg) 982 (25.4%) 1,038 126-1,362
AUC (pgh/ml) 179 (26.3%) 183 38.3-316
Age (years) 58.5 (21.2%) 58.8 28.1-79.1
Weight gkg) 71.0 (23.6%) 70.0 32.7-103
BSA (m~) 1.80 (13.1%) 1.81 1.24-2.27
CrCL¢g stq (ml/min) 97.4 (30.3%) 96.6 33.3-225
Total protein (g/l) Normal range: 60-84 71.3 (9.2%) 71.0 57-93
Albumin (g/1) Normal range: 30-49 34.8 (13.8%) 35.0 20-49
Cystathionine (nmol/l) Normal range: 44.0-342 288 (70.4%) 228 67-1,350
Homocysteine (umol/l) Normal range: 5.1-13.9 9.9 (35.3%) 9.30 3.8-28.1
Methylcitrate I (nmol/l) Normal range: 21.0-97.0 48.7 (46.5%) 44.0 11-144
Methylcitrate II (nmol/l) Normal range: 37.0-136 81.5 (50.9%) 72.0 17-297
Total methylcitrate (nmol/I) Normal range: 60.0-228 130 (45.6%) 115 30-359
Methylmalonic acid (nmol/l) Normal range: 73.0-271 162 (48.7%) 142 35-618
Gender (%)

Female 55.2

Male 44.8
Smoking (%)

Yes 27.6

No 72.4
Alcohol consumption (%)

Yes 23.8

No 72.4

Unknown 3.8
Ethnic origin (%)

Caucasian 79.0

African descent 17.1

Asian 0.952

Hispanic 0

Undefined 2.86

BSA body surface area; CrCL4 5 Standard Cockcroft-Gault creatinine clearance

Hematology, blood chemistry, and vitamin deficiency
marker determinations were carried out at central lab-
oratories with common methodology and quality con-
trol. Hematology and blood chemistry measurements
were performed by Covance Central Laboratory Ser-
vices (CCLS) Inc., Indianapolis; Geneva, Switzerland; or
Sydney, Australia. Vitamin deficiency markers were as-
sayed at University of Colorado Health Sciences Center,
Denver, Colorado [4].

ANC data were combined with dosing information,
patient demographics (e.g., age and gender) and char-
acteristics (e.g., BSA and weight), clinical laboratory test
results (e.g., blood chemistry and vitamin deficiency
markers), and PK parameter estimates (CL, V|, Q, and
V) to produce the dataset used for population PK/PD
analysis. When available, the PK/PD dataset incorpo-
rated individual empirical Bayesian estimates of PK
parameters; otherwise population estimates based on the
population PK model [24], incorporating renal function
and BSA, were utilized for patients with missing plasma
concentration-time data.

Data from 279 patients who received 1,136 cycles
were available for analysis. Vitamin deficiency marker
concentrations deemed essential to the analyses [34] were
available from 105 patients (279 cycles). Therefore, the

subset of data from patients with vitamin deficiency
marker results comprised the primary analysis dataset
that was used for covariate identification and model
development.

Data analysis

Classical statistical multivariate regression analyses of
NANC:s identified from the observed data were per-
formed using PROC MIXED in Statistical Application
Software Version 6.12 [43]. The relationship between
pemetrexed exposure and the observed NANC was
investigated using a linear statistical model. The analysis
of variance (ANOVA) model included fixed covariate
effects for InAUC and cycle and patient identifier as a
random effect. The relationship between several other
potential covariates (e.g., baseline ANC, pemetrexed
AUC, BSA, gender, and smoking status) and the NANC
was investigated using similar linear models with these
covariates as fixed-effects and patient as a random effect.
Statistical testing was performed at the 5% significance
level. The time to nadir (7Tnag;;) and time of recovery to
CTC grade 0 toxicity (Treco) Were also investigated
using similar models.
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Fig. 1 Neutrophil cell proliferation model with feedback. Stem/progenitor cell compartment =compartment 1; maturation compartment
1 (M1l)=compartment 2; maturation compartment 2 (M2)=compartment 3; maturation compartment 3 (M3)=compartment 4;

circulating neutrophil compartment =compartment 5

Since multivariate regression analysis takes into ac-
count only the specific timepoints and ANC analysed,
which are clustered around 7, 14, and 21-day collections
based on protocol design, it does not characterize the
entire profile and therefore does not enable an overall
understanding of the timecourse of neutropenic response.
Therefore, population PK/PD modeling using a semi-
mechanistic-physiologic PK/PD was undertaken to
further characterize the timecourse of neutropenia and to
identify and understand how covariates affect neutrope-
nic response following pemetrexed administration. All
PK/PD analyses were performed with the nonlinear
mixed effect modeling (NONMEM, version V) computer
program with PREDPP (version V) [8, 47, 51]. Model
selection was based on both a change in the minimum
value of the objective function for nested models and a
visual inspection of the goodness-of-fit plots.

A seven-compartment semimechanistic-physiologic
PK/PD model with two PK compartments [24] and five
PD compartments [16] was used to characterize the
timecourse of ANC following single-agent pemetrexed
administration. The PD portion of the model was
constructed to mimic physiologic processes and consists
of a stem/progenitor cell compartment, three maturation
compartments, and the circulation compartment, which
represents the circulating neutrophils (Fig. 1).

The differential equations governing the semimecha-
nistic-physiologic model are illustrated in Fig. 2. The
PK portion of the pemetrexed PK/PD model was
parameterized in terms of CL, V', O, and V. Parame-
ters for the PD portion of the model included baseline
absolute neutrophil count (BAS), mean transit time
(MTT), a drug stimulus parameter (DS), and a feedback
parameter (FP). MTT represented the average time for a
committed stem cell to pass through the three matura-
tion compartments in the bone marrow prior to being

released into the circulation; the relationship between
MTT and the intercomparmental transfer rate constant
(k) is MTT=(n+ 1)/k where n is the number of matu-
ration compartments. DS was a linear proportionality
constant relating drug concentration in the central
compartment to the cytotoxic effect of pemetrexed and
its intracellular polyglutamates. FP quantified the
strength of the feedback action from the colony-stimu-
lating factors that regulated the physiologic process.

The differential equation governing the stem cell
compartment (Fig. 2, Eq. 3) is based upon a mass bal-
ance over the compartment. The rate of change of stem/
progenitor cells in the stem cell pool is equal to the
difference between the proliferation rate and the degra-
dation (elimination) rate. The proliferation rate is
comprised of three components: proliferation rate under
steady state conditions (k,.o1 ® Stem), drug effect (1-DS o
X1/V1), and feedback effect (BAS/Circ) [16]. Figure 3
illustrates the constraints necessary to satisfy steady-
state conditions (time, ¢=0; [prepemetrexed adminis-
tration]) and their effect upon the rate constants in the
model.

Between-patient variability models were examined
assuming log-normal distribution of individual BAS,
MTT, DS, and FP values, as is typical for physiologic
parameters. Additive, proportional, and combined
additive and proportional residual error structures were
evaluated. The first-order (FO) method of Sheiner and
Beal [6, 7], which is based on first-order Taylor series
expansion around 0, was utilized as the computational
method in NONMEM.

Covariate identification was performed to explain
sources of variability with respect to the PD model
parameters and to examine their clinical predictive value
and potential dosing implications [25]. Patient-specific
factors, which could affect either the system-based
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dx,
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Eq.2: dX
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Fig. 2 Differential equations governing the semimechanistic-phys-
iologic PK/PD model. X; drug amount in the central compartment;
X, drug amount in the peripheral compartment; ky,, k>, and kg
microconstants of the pharmacokinetic model; stem the stem/
progenitor cell pool size; k.o the stem/progenitor cell proliferation
rate constant; DS a linear proportionality constant (dose stimulus)
relating drug concentration in the central compartment to the
cytotoxic effect of pemetrexed and its intracellular polyglutamates

Fig. 3 Constraints imposed on
the PK/PD model to satisfy
steady-state conditions
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on the proliferation rate constant; V| central volume of distribu-
tion; BAS the baseline neutrophil counts prior to drug adminis-
tration; Circ the neutrophil counts in circulation; k the maturation
rate constant; FP feedback parameter that quantifies the strength
of the feedback action from the colony-stimulating factors that
regulate the physiologic process. M, M,, M; maturation com-
partments

Steady-State conditions: Time, t = 0; prior to drug administration
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parameters (BAS, MTT, and/or FP) or the drug effect-
related parameter (DS), were evaluated as potential co-
variates using both linear and nonlinear models. Patient
factors considered as potential covariates with respect to
each of the PD model parameters included the following
continuous variables: age, albumin (ALB), BSA, body
weight, creatinine clearance (estimated by Cockcroft-

Gault formula using age, weight, and serum creatinine),
total bilirubin, total protein (TPR), HCY, CYS, MMA,
MCI, MCII, and total methylcitrate. Categorical vari-
ables included gender, ethnic origin, alcohol use,
smoking status, and treatment cycle. Since overall neu-
tropenic response is a function of all model parameters,
each potential covariate was tested for relationships with



BAS, MTT, DS, and FP using both linear and nonlinear
models (i.e., linear additive, proportional, and power).
For linear and proportional models, potential covariates
were normalized by their population median; for
example, linear models were coded P=0,+ 0, COV
where P was the individual’s estimate of the parameter
(e.g., BAS, MTT, DS, and FP), ©; represented the
typical value of the parameter, ©, represented the effect
of the covariate, and COV was the ratio of the individ-
ual’s covariate value to the population median value.

Potentially significant covariates were identified as
those factors that, when added to the base model indi-
vidually, resulted in a decrease in the objective function
of 3.84 points or more (P < 0.05 based on y* distribution
with 1 degree of freedom). Potential covariates were
added to the model sequentially, based on the change in
objective function for the individual covariate; those
covariates that reduced the objective function by the
greatest amount 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 associated with a significant
increase (=210.8 points for 1 degree of freedom,
P<0.001) in the minimum value of the NONMEM
objective function when removed from the full model.

Similar to the pemetrexed population PK model
evaluation [24], objective function mapping [46, 29] and
leverage analysis [29, 15] were performed to evaluate the
robustness of the base and final population PD models.
An assessment of predictive ability [31] confirmed that
the base model identified for the primary analysis
dataset adequately characterized the portion of data that
was excluded from the full model development due to
lack of vitamin deficiency marker results.
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Results
Demographics and patient characteristics

A total of 3,462 ANCs from 279 patients ranging in age
from 26-79 years at study entry was available. Patient
characteristics (demographics, habits, range, and mean
values of weight, BSA, Cockcroft-Gault determination
of renal function, ALB, TPR, and vitamin deficiency
markers) are provided in Table 1 and were similar for
the two datasets; thus, the primary analysis dataset was
representative of the complete dataset.

Observed neutrophil and dosing data

Neutrophil data were pooled from eight phase II studies.
Data for 1,136 cycles, from 279 patients, were available
for PK/PD analysis. The clinical trials were conducted
using BSA-based dosing, which yielded a range of doses
from 74.9 mg/m? (126 mg) to 639 mg/m?* (1,362 mg)
with a median dose of 596 mg/m? (1,038 mg). PK/PD
analyses were based upon the absolute dose adminis-
tered. Most patients (>65%) received four or fewer
cycles. Most of the ANCs included in the PK/PD anal-
yses (>85%) were from cycles 1 through 6. The timing
of ANC determinations were clustered around 7, 14, and
21-day collections, consistent with the protocols for each
study as illustrated in Fig. 4.

Empirical analysis of observed neutrophil data

Table 2 summarizes the results of the multivariate
regression analyses for the association between AUC
and each of three clinically relevant features of the ANC
versus time profile (NANC, Tnagir» OF TRreco). Lower

o
o

SRATAAD
|||||||||I|[||l[l[||l[[ll[ll[[[[|[|lI[IIIlIIIIIlIlIIIIIII

7 14 21 28 35 42 49 56
Time from Dose (days)
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Table 2 Statistical analysis of absolute neutrophil count data: effect of exposure

Parameter description Slope estimate  95% CI P value Comment Relationships

Neutrophil nadir —0.21 —0.39 to —0.03 0.02 AUC has significant effect T AUC { Nadir

Time to nadir 0.20 0.09 to 0.32 0.0008  Time to nadir is related to AUC T AUC T Time to nadir
Time to recovery 0.32 0.15 to 0.49 0.0002  Time to recovery is related to AUC T AUC M Time to recovery

AUC area under the curve; CI confidence interval

Table 3 Pharmacodynamic parameters in base population PK/PD model for neutrophil response to pemetrexed

Parameter description

Population estimate (%SEE)

Between-patient variability (%SEE)

Baseline neutrophil count

TVBAS, parameter for BAS (x10°/1) 5.19 (5.47)
Mean transit time

TVMTT, parameter for MTT (h) 107 (2.79)
Dose stimulus

TVDS, parameter for DS 0.229 (7.42)
Feedback parameter

TVFP, parameter for FP 0.192 (9.01)

Residual error (proportional) 37.5% (12.6)

32.9% (30.1)
10.4% (36.2)
42.3% (35.1)
38.7% (53.9)

BAS baseline absolute neutrophil count (i.e., prior to pemetrexed administration); DS dose stimulus parameter; FP feedback parameter
that quantifies the strength of the feedback action from the colony-stimulating factors that regulate the physiologic process; # hour; MTT
mean transit time; SEE standard error of the estimate; TVBAS population estimate (‘“‘typical value”) of baseline neutrophil count; TVDS
population estimate (“‘typical value”) of dose stimulus; TVFP population estimate (‘“typical value”) of feedback parameter; TVMTT

population estimate (“‘typical value’’) of mean transit time

NANC, longer Tnagir» and longer Tgreco were all asso-
ciated with higher overall systemic exposure. Addition-
ally, lower NANCs were associated with lower BSA
(P=0.03), smokers (P=0.01), and females (P=0.04).
Vitamin deficiency markers did not correlate with
NANC, TNadirs O Treco Using multivariate regression
analyses.

Population PK/PD base model identification

As systemic drug exposure was found to be the most
influential factor that described the degree of neutrope-
nic response to pemetrexed administration, a semi-
mechanistic-physiologic population PK/PD model that

Fig. 5 Individual predicted 25 - 6 .,
versus observed ANC (left
panel) and weighted residuals E
(right panel) for the base g 20+ -]
population PK/PD model. : . é
Symbols: Open circles data 8= -
included in the primary analysis -.‘3’ E 15 g E
dataset; crosses data excluded o a8 o
from the primary analysis % 4 o0 é E
dataset 2 E

2 3

5 >

£ 5 - b 4 -

0 - -6 —

incorporated drug exposure was used to further explore
the overall timecourse of neutropenia and to character-
ize sources of variability in the PD response. The base
structural PK/PD model (Table 3) included propor-
tional between-patient variability (ys) for BAS, MTT,
DS, and FP and a proportional residual error term (g).
Covariance between structural model parameters was
not included in the statistical model since the goodness-
of-fit plots did not indicate an improvement in the
model’s predictive ability.

A comparison of goodness-of-fit plots (Fig. 5) con-
firmed that the base model identified for primary anal-
ysis adequately characterized the data excluded from
full-model development due to lack of vitamin deficiency
marker data. The mean prediction errors (MPEs) (data

Observed ANC
(DV; x10°/1)

I 1 1 1 1
0 5 10 15 20

Individual Predicted ANC
(IPRED; x10°%/1)
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Table 4 Pharmacodynamic and covariate parameters in final population PK/PD model for neutrophil response to pemetrexed

Parameter description Population estimate (%SEE) Between-patient variability (%SEE)

Baseline neutrophil count

TVBAS, parameter for BAS (x10°/1) 5.05 (4.83) 30.3% (32.7)
®,, parameter for effect of CYS on BAS 0.00262 (23.0)

®,, parameter for effect of HCY on BAS —0.102 (30.1)

Mean transit time

TVMTT, parameter for MTT (h) 108 (2.45) 9.85% (28.7)
®;, parameter for effect of ALB on MTT 0.824 (22.8)

Dose stimulus

TVDS, parameter for DS 0.223 (6.01) 45.6% (29.0)
0,4, parameter for effect of TPR on DS —0.00590 (25.1)

®;, parameter for effect of BSA on DS —0.185 (25.5)

O, parameter for effect of CYS on DS 0.000183 (35.3)

Feedback parameter
TVFP, parameter for FP

Residual error (proportional)

0.190 (7.63)
35.6% (11.3)

27.6% (38.4)

ALB albumin; BAS baseline absolute neutrophil count (i.e., prior to pemetrexed administration); BS4 body surface area; CYS cysta-
thionine; DS dose stimulus parameter; FP feedback parameter that quantifies the strength of the feedback action from the colony-
stimulating factors that regulate the physiologic process; HCY homocysteine; # hour; M7TT mean transit time; SEE standard error of the
estimate; TPR total protein; TVBAS population estimate (“typical value”) of baseline neutrophil count; TVDS population estimate
(“typical value”) of dose stimulus; TVFP population estimate (‘“‘typical value”) of feedback parameter; TVMTT population estimate

(“typical value”) of mean transit time

Parameters for covariate effects are centered on the median
BAS=TVBAS+ 0, ¢ (CYS-228)+®, ¢ (HCY-9.25)
MTT=TVMTT + ©;  (ALB-35.0)

DS=TVDS +®, e (TPR-71.0)+ ©O5 ¢ (BSA-1.81)+ O ¢ (CYS-228)

included in primary analysis=—0.380; data excluded
from primary analysis=0.051) indicated that the base-
model performance was at least as good for the subset of
data included in the primary analysis as for the data
excluded. These results supported the predictive ability
of the final base model and the use of only the subset of
ANCs with vitamin deficiency marker data available for
covariate identification and model development.

Individual Predicted ANC
(IPRED; x10°/1)

Observed ANC
(DV; x10°%/1)

Final population PK/PD model

In the final population PK/PD model (Table 4), the
magnitude of the estimates of between-patient variabil-
ity and residual error is consistent with those reported
previously [16]. The estimate of residual variability is
consistent with known physiologic intraindividual vari-
ation in ANCs [28]. The addition of CYS, HCY, ALB,
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Fig. 6 Individual predicted versus observed ANC (left panel) and weighted residuals (right panel) for the final population PK/PD model
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Fig. 7 Absolute neutrophil 7 16 8
count versus time for 6 14 © 7
representative treatment cycles Es o £12 Es
based on the final pemetrexed- g 4 o g 10 g 5
ANC PK/PD model. Symbols: o3 pre 2 o4
Open circles observed ANC; EP) z, Z3
Solid black curve individual- 1 o 2 2 4
predicted ANC (IPRED) 0 04 . . . 14 . . .
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Fig. 8 Final population PK/PD

12

model: timecourse of predicted
absolute neutrophil counts
(PRED) following 500 mg/m?
pemetrexed. Lines: Solid black
curve the overall “typical”
patient in the analysis dataset
(i.e., median values for each of
the covariates contained in the
final model); gray shading
predictions based on the
population PK/PD model for
each of the patients in the
analysis dataset, assuming a
500 mg/m?> dose; dashed
horizontal lines hematologic
toxicity grades (grade 1 <2,
grade 2 <1.5, grade 3 <1, .
grade 4 <0.5)

10

Predicted ANC (PRED; x10°/l)

CTC Grade 0
CTC Grade 1
CTC Grade 2
CTC Grade 3

CTC Grade 4

TPR, and BSA onto the basic PK/PD model decreased
between-patient variability in BAS from 32.9 to 30.3%,
in MTT from 10.4 to 9.85%, and in FP from 38.7 to
27.6%, while between-patient variability increased in DS
from 42.3 to 45.6%. Proportional residual variability
also decreased from 37.5 to 35.6%. Goodness-of-fit for
the final population model is represented graphically
(Fig. 6) by the agreement between predicted (IPRED)
and observed (DV) ANCs as well as by weighted resid-
ual (IWRES) values. Representative examples of indi-
vidual patient data, together with predicted ANC-time
profiles, are provided in Fig. 7.

Population-predicted ANC-time profiles (i.e., PRED
versus time) following a 500-mg/m? dose for patient
characteristics represented in the analysis dataset
(Fig. 8, gray-shaded area of the graph) depict between-
patient variability in ANC response that is explained by

ITIII|IIIIIIlIIIIIIIIIIIIIlIIII'IIlIIIIIIl

7 14 21 28 35 42
Time from Dose (days)

patient factors included in the final population PK/PD
model.

Final population PK/PD model evaluation

Objective function mapping and leverage analysis sup-
ported the validity of the model to describe neutropenic
response to pemetrexed in this patient population.
Objective function mapping confirmed the absence of
local minima and showed the parameters to be well
estimated. Leverage analyses also demonstrated that
each structural parameter included in the model was well
estimated, with no significant differences observed when
subsets of patient data were systematically removed
from the index dataset. These results indicate that no
subset of the patient population had an undue influence
on the model estimates.



Covariate relationships

Patient-specific factors that affect either the system-
based parameters (BAS, MTT, FP) or the drug effect-

Fig. 9 Relationships between
covariates and structural
parameters (left panel) and
effect of covariates on
timecourse of neutropenic
response to pemetrexed (right
panel). Left panel: Open circles
individual empirical Bayesian
estimates of model parameters.
Right panel: Effect of varying
covariate on the timecourse of
ANC:s following pemetrexed
administration. Heavy solid
curves the “typical” patient in
the analysis dataset (median
values for each of the covariates
in the final model). Dashed
curves the effect of varying the
covariate indicated. Gray
horizontal lines hematologic
toxicity grades (grade 1<2,
grade 2<1.5, grade 3 <1, grade
4<0.5)
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related parameter (DS) in this semimechanistic-physio-
logic model lead to changes in the ANC-time profile and
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were evaluated in these analyses. The final PK/PD
model included relationships between HCY and BAS,
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Table 5 Impact of covariates included in the final population PK/PD model on model parameters and on clinically relevant features of the

ANC-time profile

PD model Effect of varying Covariate Effect of varying covariate
parameter PD model parameter on PD model parameter
on NANC, TNadira and TRE:C.O

BAS IBAS = INANC Cystathionine TCYS = TBAS
Homocysteine THCY = IBAS

MTT IMTT = | NANC, { Tnudir Serum albumin JALB = IMTT

DS TDS = | NANC, TTnadirs T Treco Serum total protein ITPR = TDS
Body surface area IBSA = TDS
Cystathionine TCYS = TDS

ALB serum albumin; BAS baseline absolute neutrophil count (i.e., prior to pemetrexed administration); CYS cystathionine; DS drug
stimulus parameter; HCY homocysteine; M 7T mean transit time; NANC nadir absolute neutrophil count; Tnagir time to nadir; Trec o time

of recovery to CTC grade 0; TPR total protein

CYS and BAS, CYS and DS, ALB and MTT, TPR and
DS, and BSA and DS. The effects of individual covari-
ates on the structural parameters of the model and on
the timecourse of neutropenia were examined by varying
each covariate individually (Fig. 9) and are summarized
in Table 5. CYS was identified as a covariate with re-
spect to both BAS and DS. The effects counteract each
other relative to the nadir; an increase in plasma CYS
corresponds to an increase in BAS, resulting in a higher
NANC, and an increase in DS, resulting in a lower
NANC. Thus, since NANC decreases and Tngagir ID-
creases with increased CYS, the effect of CYS on DS
provides a more pronounced impact on the nadir than
BAS does.

Inclusion of cycle as a covariate with respect to BAS,
MTT, DS, or FP did not reveal any systematic effects on
these model parameters. The lack of cycle effect with
respect to DS indicated that the direct effect of the drug
did not change over time with ongoing pemetrexed
treatment. The remaining patient factors examined as
potential covariates (e.g., gender, patient age, smoking
status, alcohol consumption, ethnic origin) failed to
meet the statistical criteria for inclusion in the final
model. Therefore, there is no evidence that these factors
influence the magnitude and timecourse of neutropenia
following pemetrexed administration.

Discussion

The semimechanistic-physiologic PK/PD model used in
these analyses was developed in order to provide an
understanding of the timecourse of ANC following
single-agent pemetrexed administration and to identify
patient-specific factors that influence neutropenic re-
sponse to pemetrexed. The analyses utilized a semi-
mechanistic-physiologic ~ PK/PD  model  recently
introduced by Friberg et al. [16] to describe myelosup-
pression following pemetrexed administration. Typical
values (i.e., central tendencies) for the model parameters
were BAS 5.19x10%/I, MTT 107 h, DS 0.229, and FP
0.192.

Parameters in physiologically based PD models are
either system-based (physiologically based) or drug

effect-related [13]. In the model used in these analyses,
BAS, MTT, and FP are all system-based parameters and
provide an adapted mathematical representation of
current understanding of the underlying physiology. In
contrast, DS is a drug effect-related parameter; it relates
the concentration of pemetrexed in plasma to the effect
of the drug at the site of action (stem cell). Changes in
any of the four parameters, whether the parameter is
system-based or drug effect-related, alter the ANC-time
profile. Therefore, patient-specific factors affecting any
of the four PD parameters led to alterations in the ANC-
time profile and were evaluated in these analyses. The
current work built upon the earlier work of Friberg et al.
[16] by including covariate effects to explain between-
patient variability.

Since the system parameters characterize the physiol-
ogy of hematopoesis in cancer patients, they should be
relatively consistent between similar populations. Esti-
mates for BAS, MTT, and FP from our analyses were
consistent with those reported by Friberg et al. [16],
which confirmed the adequacy of the model to describe
the current data. In general, estimates of between-patient
variability were also similar for the two analyses, al-
though between-patient variability in MTT was slightly
lower than that in Friberg’s analyses. This is likely due to
the inclusion of between-patient variability in FP in the
current model, which picks up some of the between-pa-
tient variability in MTT. It is noteworthy that between-
patient variability in DS was similar to that reported for
other agents (docetaxel, paclitaxel, etoposide, DMDC,
CPT-11, and vinflunine) that were studied by Friberg
et al. Since pemetrexed PK variability is relatively low,
this means that pemetrexed dose-ANC variability is not
higher, and possibly may be lower, than those agents
previously evaluated with the same model.

One of the primary toxicities associated with single-
agent pemetrexed administration is neutropenia [20].
Elevations in vitamin deficiency marker concentrations
of HCY, MMA, and CYS have been linked to defi-
ciencies in functional folate status as well as to defi-
ciencies in vitamins B, and Bg [4, 50]. Earlier work by
Niyikiza et al. [34] showed that the incidence of CTC
grade 4 neutropenia in patients receiving pemetrexed
correlated with a patient’s functional folate status, as



characterized by the pretreatment total HCY concen-
tration. Results of Niyikiza et al. were used as a guide in
the selection of covariates evaluated during model
development.

In our evaluations, an initial empirical analysis iden-
tified AUC, BSA, smoking, and gender as potential pre-
dictors of response (observed NANC; Tnagir; and Trec.o)
but, interestingly, did not identify vitamin deficiency
markers (e.g., HCY, CYS, MMA) as predictors of
response. A semimechanistic-physiologic population PK/
PD model comprised of a PK component (thereby
incorporating AUC) was then used to further explore and
characterize the impact of patient factors on the overall
timecourse of neutropenia following pemetrexed admin-
istration and included covariate relationships between
CYS and BAS, CYS and DS, HCY and BAS, ALB and
MTT, TPR and DS, and BSA and DS. Disparities in
covariate identification between the multivariate regres-
sion analysis and the PK/PD model are likely related to
methodology. In the regression analyses, NANCs are
directly identified from the observed data; covariate
relationships are then identified based on these NANCs
that likely do not occur at the time of the actual nadir due
to protocol design (ANCs taken at 7, 14, and 21 days). In
the population PK/PD model, the overall timecourse of
neutropenic response is described based on all ANC-time
data contained in the analysis dataset. Covariate rela-
tionships are then identified, which describe how ANCs
deviate from the central tendency of the ANC-time profile
for patients with the characteristic being evaluated,
regardless of the timing of the ANC. Thus, regression
analyses provide information only about the discrete
timepoints identified as nadirs and provide an opportu-
nity for chance findings, whereas the population PK/PD-
modeling approach provides information about the
overall ANC-time profile.

Since vitamin deficiency marker data (HCY, CYS,
MMA, MCI, MCII, and total methylcitrate) were
available for only 25% of the cycles, population PK/PD
model development was completed on the subset of the
ANC data for which vitamin metabolite data were
available. Consistent with the empirical approach used
by Niyikiza et al. [34], pretreatment vitamin deficiency
marker status was shown to influence neutropenic re-
sponse following single-agent pemetrexed administra-
tion in these analyses. HCY, a marker for folate, vitamin
By, [47], and vitamin Bg deficiency [50], was identified as
a covariate relative to BAS. CYS, a marker for vitamin
B¢ deficiency [50], which did not correlate with severe
neutropenia in the Niyikiza evaluation, was shown to be
a significant covariate both with respect to the system-
based parameter, BAS, and the drug effect-related
parameter, DS.

Notably, elevated HCY concentrations, which are
associated with folate deficiency, were shown to lower
BAS. A decrease in BAS shifts the entire ANC-time
profile downward (Fig. 9). Since BAS is a system-based
parameter and, therefore, drug independent, this result
implies that the findings of Niyikiza and colleagues might
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be generalized to other anticancer agents; that is, elevated
vitamin deficiency markers may correlate with increased
incidence and severity of neutropenia for any cytotoxic
drug. This implies that vitamin supplementation theo-
retically may be beneficial for patients receiving any
cytotoxic drug, not just antifolates. In pemetrexed clini-
cal trials, patients receiving cisplatin with folate and
vitamin By, supplementation appeared to experience less
toxicity than those who did not receive supplementation
[3]. Branda et al. [9, 10, 11] have provided preclinical and
clinical evidence suggesting that folate supplementation
may ameliorate chemotherapy-induced neutropenia for
cytotoxic agents other than antifolates, including cyclo-
phosphamide, 5-FU, and doxorubicin. If confirmed, the
use of folic acid as a general means of lessening hema-
tologic toxicity following administration of cytotoxic
agents would join a growing body of literature impli-
cating the importance of folic acid for a diverse group of
diseases and situations [12]. Whether or not folate and
vitamin B, supplementation can reduce severe neutro-
penia and/or other toxicities associated with cytotoxic
agents other than antifolates is beyond the scope of the
current work and requires further investigation.

An increase in CYS concentrations was shown to be
associated with an increase in BAS and DS. The effects
counteract each other relative to the nadir; an increase in
BAS results in a higher NANC, and an increase in DS
results in a lower NANC. Thus, since NANC decreases
and Tnagir increases with increased CYS (Fig. 9), the
effect of CYS on DS provides a more pronounced im-
pact on the nadir than BAS does and suggests that an
association between increased CYS and lower NANC
might be pemetrexed-specific. Since increased CYS
would be expected to be associated with decreased white
blood cell count [4], it is unclear why an increase in CYS
corresponded to an increase in BAS in these analyses.

Therefore, these PK/PD analyses indicate that pa-
tients with folate, vitamin B;,, and vitamin B¢ defi-
ciencies have a greater probability of experiencing
severe neutropenia, although potentially by different
mechanisms. Although elevated CYS is associated with
vitamin B¢ deficiency, it has also been shown to occur
collaterally with HCY [4, 50] by a mechanism that is
independent of vitamin By deficiency. Based on the
study by Niyikiza et al. [34] and an established order
of effectiveness for normalizing plasma HCY by vita-
min supplementation (highest with folic acid, followed
by vitamin Bi,, and lowest with vitamin B¢ [22]), folic
acid and vitamin B;, supplementation was imple-
mented to normalize patients’ plasma HCY levels in
pemetrexed clinical trials. This clinical intervention was
shown to quickly normalize patient HCY, maintain
normalized HCY throughout therapy, and dramati-
cally decrease the incidence of drug-related deaths and
severe nonhematologic and hematologic toxicities,
including neutropenia; however, despite this interven-
tion, a 9% incidence of grade 4 neutropenia still oc-
curred in pemetrexed patients supplemented with folic
acid and vitamin Bj, [35]. The identification of CYS as
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a covariate in these PK/PD analyses suggests that
normalization of patient CYS might offer an addi-
tional means of further decreasing the incidence of
grade 4 neutropenia and warrants further investiga-
tion.

Similar to the findings of the Uppsala group, with re-
spect to application of the semimechanistic-physiologic
model following single-agent paclitaxel administration
[26], a decrease in MTT with decreasing ALB levels was
also observed in these analyses. Maas speculated that
this observation was not likely because of a direct action
of ALB on cell maturation rate. Rather, they indicated
that this phenomenon might be caused by the influence
of interleukin-6 as it increased the rate of cell maturation
[52] as well as acted as an inhibitor of ALB production
[27, 55, 36].

Finally, TPR and BSA were both identified as cova-
riates with respect to DS. Decreases in both covariates
were associated with an increase in the dose-strength
parameter, which translates into increased toxicity. Since
pemetrexed is 81% protein bound, a decrease in TPR
would result in an increase in unbound fraction and
could potentially result in an increased cytotoxic effect.
This also suggests the possibility that free pemetrexed in
plasma, rather than total, might further enhance the
model’s capability to describe the neutropenic response;
however, one would expect the use of free drug in
plasma to be more critical for drugs that are highly
protein bound. The specific reason for the correlation
between BSA and DS is not understood.

The patients included in this analysis received
pemetrexed without vitamin supplementation. There-
fore, the findings presented here are applicable only to
single-agent pemetrexed administration without vitamin
co-therapy. Further analyses are necessary to charac-
terize neutropenic response following doublet therapy
(e.g., pemetrexed +cisplatin) and will require some
modification to the model [42]. Additional analyses,
incorporating data from patients who have received
vitamin co-therapy, are necessary to further characterize
the impact of vitamin co-therapy in ameliorating
pemetrexed hematologic toxicity.

Further, it should be noted that pemetrexed is po-
lyglutamated intracellularly, and the polyglutamates are
the cytotoxic species; however, the current PD model is
based on concentrations of pemetrexed in plasma. Thus,
although the current model describes the timecourse of
neutropenia in cancer patients and is physiologically
plausible based on existing knowledge of the hemato-
poitic system, the intracellular polyglutamates could
serve as the basis for alternative PK/PD models.

In summary, a semimechanistic-physiologic model
has adequately described the timecourse of ANC fol-
lowing single-agent pemetrexed administration. Patient-
specific factors that explained variability in each of 4
model parameters were identified, and the impact of
these covariates on the timecourse of neutropenia
examined. The results from these analyses support the
programmatic decision to introduce folic acid and vita-

min B, supplementation during pemetrexed clinical
development as a means of normalizing patient HCY,
thereby managing the risk of severe neutropenia sec-
ondary to pemetrexed administration. Interestingly, the
data also suggest that adding vitamin Bg to supple-
mentation as a means of normalizing patient CYS may
further decrease the incidence of grade 4 neutropenia
following pemetrexed administration.

Due to the complexity of the current model, it is
difficult to visualize the effect of each parameter on the
ANC-time profile without performing a series of simu-
lations. A subsequent paper [25] will use simulations
based on this model to extract clinically relevant features
from the ANC-time profile (i.e., NANC, Tnagir, and
Trec,0) that are of interest to the practicing physician
and the clinical development team. Simulated outcomes
(central tendency and probability distribution) will be
used to further characterize the magnitude of the effect
of drug exposure and the effect of the significant cova-
riates on the clinically relevant features of the ANC-time
profile. Results from these simulations were used to
quantitatively evaluate differences between dosing
strategies and the impact of folate and vitamin B,
deficiency on neutropenic response to pemetrexed.
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