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Objective. Our objectives were to develop the population pharmacokinetic (PK) for pertuzumab and

examine the variability of steady-state trough serum concentrations (CSS,trough) and exposure after fixed,

body-weight-based, or body-surface area (BSA)-based dosing methods in cancer patients.

Methods. Pertuzumab was administered by IV infusion (every 3 weeks) either as a weight-based dose

(0.5Y15 mg/kg) or a fixed dose (420 or 1050 mg). Data from three clinical studies, comprising 153

patients and 1458 concentration-time points, were pooled for this analysis using NONMEM.

Results. A linear two-compartment model best described the data. Body weight and BSA were

significant covariates affecting clearance (CL) and distribution volume (Vc), respectively. However,

weight and BSA only explained small percentage of interpatient variability for CL and Vc, respectively.

Simulation results indicated that PK profiles were very similar after the three dosing methods.

Compared to fixed dosing, weight- and BSA-based dosing only reduced the population variability of

CSS,trough moderately.

Conclusion. A population PK model was developed for pertuzumab, the first monoclonal IgG1 antibody

in a new class of agents known as HER dimerization inhibitors. In addition, our analyses demonstrate

the feasibility of administering pertuzumab using a fixed dose in women with ovarian and breast cancers.

KEY WORDS: cancer; fixed dosing; human epidermal growth factor receptors; monoclonal antibody;
population pharmacokinetics.

INTRODUCTION

Human epidermal growth factor receptors (HER/ErbB)
interact to form ligand-activated homo- and heterodimers,
which are implicated in the proliferation and survival of
many solid tumors. Pertuzumab (also known as recombinant
human monoclonal antibody 2C4; Omnitargi, Genentech,
Inc., South San Francisco, CA, USA) represents the first in a
new class of agents known as HER dimerization inhibitors
(HDI) and functions to inhibit the ability of HER2 to form
active heterodimers with other HER receptors (such as
EGFR/HER1, HER3, and HER4) and is active irrespective
of HER2 expression levels (1Y 4). Pertuzumab blockade of
the formation of HER2YHER3 heterodimers in tumor cells
has been demonstrated to inhibit critical cell signaling, which
results in reduced tumor proliferation and survival (5). The
pertuzumab binding site does not overlap with the epitope on
HER-2 that is recognized by trastuzumab (Herceptin\;
Genentech Inc.) (4). In addition, the mechanism of action

of pertuzumab is distinct from tyrosine kinase inhibitors such
as gefitinib or erlotinib that bind competitively to the
intracellular adenosine triphosphate binding site of HER
receptors (6).

Pertuzumab has undergone testing as a single agent in the
clinic with a phase Ia trial in patients with advanced cancers
and phase II trials in patients with ovarian cancer and breast
cancer as well as lung and prostate cancers. In a phase Ia study,
patients with incurable, locally advanced, recurrent, or meta-
static solid tumors that had progressed during or after
standard therapy were treated with pertuzumab given intra-
venously every 3 weeks. Pertuzumab was generally well tol-
erated. Tumor regression was achieved in 3 of 20 patients
evaluable for response. Two patients had confirmed partial
responses. Stable disease lasting for more than 2.5 months was
observed in 6 of 21 patients (7). At doses of 2.0Y15 mg/kg, the
pharmacokinetics of pertuzumab was linear, and mean
clearance ranged from 2.69 to 3.74 mL/day/kg and the
mean terminal elimination half-life ranged from 15.3 to 27.6
days. Antibodies to pertuzumab were not detected (7,8).
Pertuzumab was dosed on a weight basis (mg/kg) in this
phase I trial, and following pharmacokinetic (PK) analysis
and simulation study, phase II trials were initiated using a
fixed dose (9). Typically, commercially available human IgG
monoclonal antibodies [i.e., trastuzumab, bevacizumab, and
rituximab (Genentech Inc.), and gemtuzumab ozogomicin
(Wyeth Pharmaceuticals, Philadelphia, PA)] and cytotoxic
small molecule drugs in oncology have been administered on a
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weight-based (mg/kg) or body surface area-based (BSA)
dosing method. Historically, this was a result of the practice
legacy of initiation of clinical studies based on species scale-up
and animal toxicity data (10). However, in a recent retrospec-
tive assessment of 33 investigational anticancer drugs in 1650
patients, in only five drugs was BSA-based dosing thought to
be of clinical relevance (11). A recent review on marketed
anticancer drugs further suggested that proper scientific
rationale for BSA-based dosing of anticancer drugs in adults
is lacking, and fixed dosing strategies should be implemented
(12). Although the relevance of BSA- and weight-based dosing
for small molecule anticancer agents has been recognized and
examined, its significance has not been fully appreciated and
remains unstudied for most monoclonal antibodies in oncology.

This is the first reported population PK analysis of
pertuzumab, first monoclonal IgG1 antibody that inhibits
HER dimerization, and is, to our knowledge, the first critical
assessment of the impact and utility of fixed dosing of a
human IgG1 monoclonal antibody on pharmacokinetics and
target drug concentrations. The primary objectives of this
analysis of pertuzumab were to (1) evaluate the population
PK and predictive covariates for pertuzumab in cancer
patients and (2) examine the variability of steady-state
trough concentrations and exposures after fixed or body-
weight- and BSA-based dosing.

METHODS

Studies and Patients

All three studies used in this analysis were approved by
the appropriate ethics committees of the participating
centers. Written informed consent was obtained from all
patients before entry onto study.

Study 1 was a phase Ia, open-label, multicenter, dose-
escalation study to evaluate the safety, tolerability, and PK
profiles of pertuzumab administered intravenously as a single
agent to subjects with advanced solid malignancies. These
patients received a dose of pertuzumab administered by the IV
route every 3 weeks as a 90-min IV infusion on the first cycle
and then as a 30-min infusion in subsequent cycles. Doses were
escalated (0.5, 2, 5, 10, and 15 mg/kg) in cohorts of three or six
subjects until the maximum tolerated dose (MTD) was
defined or the highest dose level was reached. During the first
cycle of treatment, serum samples for determination of
pertuzumab concentrations were collected at serial time
points: prior to the dose, at the end of the IV infusion, at 1.5,
4, and 9 h, and on days 2, 5, 8, and 15. During the second
treatment cycle, serum samples for determination of pertuzu-
mab concentrations were collected prior to the dose, 29 min
following the start of the IV infusion, and on day 8.

Study 2 was a phase II, open-label, single-arm, multicen-
ter trial to evaluate the overall efficacy, safety, tolerability,
and the effect of tumor-based HER2 activation on the efficacy
of pertuzumab in patients with advanced ovarian cancer, in
which their disease was refractory to or had recurred following
prior chemotherapy. These women received IV infusions of
pertuzumab administered as a single agent over a 90-min
period during the first cycle of treatment at a fixed dose of 840

mg, followed by a 420-mg maintenance dose, delivered as a 30-
min infusion every 3 weeks during subsequent treatment
cycles. During the first and second treatment cycle, serum
samples for determination of pertuzumab concentrations were
collected prior to the dose, 15 min following the end of the
infusion, and at days 8 and 15. Additional serum samples for
determination of pertuzumab concentrations were collected
prior to the dose and 15 min after the end of the IV infusion
during subsequent treatment cycles.

Study 3 was a phase II, open label, single-arm, multicenter
randomized study to evaluate the efficacy and safety of two
different doses of pertuzumab administered as a single agent
in patients with metastatic breast cancer with low expression
of HER2. In the first dose cohort, patients received pertuzu-
mab as an IV infusion administered over a 90-min period as an
840-mg loading dose on the first cycle, followed by a mainte-
nance dose of 420 mg given every 3 weeks as a 30-min IV
infusion during subsequent treatment cycles. In the second
dose cohort, the patients received an IV infusion of pertuzu-
mab as a 1050-mg dose over a 90-min period on the first cycle
and as a 1050-mg dose as a 30-min IV infusion every 3 weeks
during subsequent treatment cycles. In study 3, serum samples
for determination of pertuzumab concentrations were collect-
ed prior to the dose, 15 min following the end of infusion, and
on days 8 and 15 during the first two treatment cycles.
Additional serum samples for determination of pertuzumab
concentrations were collected prior to the dose and 15 min
after the end of infusion during subsequent treatment cycles.

Drug Assay

Pertuzumab serum concentrations were determined by a
validated receptor-binding, enzyme-linked immunosorbent
assay. The assay used p185HER2 extracellular domain to
capture pertuzumab from serum samples. Bound pertuzumab
was detected with mouse antihuman Fc-horseradish peroxi-
dase (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA, USA), and tetramethyl benzidine (KPL, Inc.,
Gaithersburg, MD, USA) was used as the substrate for color
development to quantify serum pertuzumab. The assay has a
minimum quantifiable concentration of 0.25 mg/mL for
pertuzumab in human serum.

Population Pharmacokinetic Analysis

Population nonlinear mixed-effect modeling was per-
formed using NONMEM (13) software (Version V, Level
1.0) with NM-TRAN and PREDPP and the Compaq Visual
Fortran compiler (Version 6.5). Two different basic structural
models, a one- and two-compartmental linear PK model with
IV infusion, were fit to serum pertuzumab concentration-time
data. The first-order conditional estimation (FOCE) method
with interaction between inter- and intraindividual variability
was used throughout the model-building procedure. An
exponential error model was used to describe the interindi-
vidual variability for the PK parameters. A multiplicative
covariate regression model was implemented as follows:

bPiPi ¼ �1
Xi

med Xð Þ

� ��X

ð1Þ
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where the qX is the regression coefficient to be estimated for
continuous [e.g., body weight (WT)]. Continuous variables
Xi were centered on their median [med (Xi)] values, thus
allowing q1 to represent the clearance estimate for the
typical patient with median covariates. The residual variabil-
ity was modeled as proportional-additive error model.

The relationships between structural model-based
Bayesian estimates of the PK parameters and individual
covariates were explored graphically. Based on preliminary
exploratory analyses, the effect of each covariate on PK
parameters was tested. Comparison of alternative structural
models and construction of the covariate model was based
on the typical goodness-of-fit diagnostic plots and likelihood
ratio test. When comparing alternative models, the differ-
ences in the value of the objective function are approxi-
mately chi-square-distributed with n degrees of freedom (n is
the difference in the number of parameters between the full
and the reduced model). This approximation has been shown
to be reliable for the FOCE-INTERACTION estimation
method (14). To discriminate two nested models and select
significant covariates, a difference in an objective function of
greater than 7.9 (1 degree of freedom), which corresponds to
a significance level of p < 0.005, was used.

The fraction of interindividual variance (% variance)
explained by the covariates in the regression model for given
PK parameters [e.g., clearance (CL)] was computed as
follows:

% variance ¼
w2

CL;BASE � w2
CL;FINAL

w2
CL;BASE

 !

� 100 ð2Þ

where w2
CL;BASE and w2

CL;FINAL represented interindividual
variance of clearance in base and final PK model, respectively.

Population Pharmacokinetic Model Evaluation

The model evaluation in this study utilized a bootstrap
resampling technique to evaluate the stability of the final
model and estimate the confidence interval of parameters.
This model evaluation technique consists of first creating
data sets using the bootstrap option in the software package
Wings for NONMEM (N Holford, Version 404, June 2003,
Auckland, New Zealand) and then obtaining parameter
estimates for each of the replicate data sets. The results from
1000 successful runs were obtained, and the mean and 2.5th
and 97.5th percentiles (denoting the 95% confidence inter-
val) for the population parameters were determined and
compared with the estimates of the original data.

In addition, a posteriori predictive model checks were
used to evaluate the ability of the final model to describe the
observed data (15Y17). In these analyses, the 2.5th, 5th, 10th,
25th, 50th (median), 75th, 90th, and 95th percentiles of the
observed data were computed and selected as the test
statistics for the posterior predictive model check. The final

Table I. Demographic Characteristics of the Patients Included in the

Analysis

Median Range

Age (years) 56 32Y78

BSA* (m2) 1.73 1.40 Y2.53

Weight (kg) 69.0 45.0 Y150.6

Albumin (g/L) 39.2 21.0 Y52.0

Alkaline phosphatase

(ALK) (IU/L)

107.0 39.0 Y367.0

Number of patients Percentage

Gender

Male 8 5.2

Female 145 94.8

Race

Caucasian 141 92.2

African American 3 2.0

Hispanic 4 2.6

Asian 3 2.0

Native Indian 0 0

Others 2 1.3

*BSA = body surface area.

Fig. 1. Representative profile of a single subject’s pharmacokinetic

(PK) data fitted by a one- (A) or two- (B) compartmental model.

Open circle indicates observed concentration. Solid and dotted lines

indicate population predicted and individual predicted concentration,

respectively.
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population PK model, including final fixed and random-
effect parameters, was used to simulate 1000 replicates of the
observed data set, and test statistics were computed from
each of those simulated data set. The posterior predictive
distribution of test statistics from the simulated data set was
then compared with the observed test statistics, and the p

value ( pPPC) can be estimated by calculating the proportion
of cases in which test statistics from the simulated data set
exceed or is below the realized value of observed test
statistics according to the following (16):

pPPC ¼ 1

N

X
1000

i¼1

I T y
rep
i ; �

� �

> or < T y;�ið Þ
� �

ð3Þ

where I(I) is the indicator function that takes the value 1
when its argument is true and 0 otherwise. T(y,q) is a
Brealized value^ of the observed test statistics because it is
realized by the observed data y. T y

rep
i ; �

� �

is the test statistics
from a simulated data set i (range from 1 to 1000) (16). A p
value of less than 0.05 or greater than 0.95 would indicate that
the observed test statistics were significantly different from the
posterior distribution of the test statistics in the simulated data
set, and the model did not adequately describe the observed
data. In addition, the 2.5th, 5th, 95th, and 97.5th quantiles of
the simulated data were calculated for each time points for
individual patients. The numbers of observed data that fell
within the boundaries of the 2.5th and 95.5th quantiles (95%
interval), and 5th and 95th quantiles (90% interval) of the
pooled simulated data were determined.

Fig. 2. Model diagnostic plots. (A) Observed vs. predicted pertuzumab concentrations.

The solid line is the line of unity. (B) Weighted residuals vs. predicted pertuzumab

concentrations. The dashed line is a LOESS smooth of data.
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Pertuzumab Exposures after Fixed,
BSA-, and Weight-Based Dosing

The final population PK model was used to determine
the serum pertuzumab concentration-time profiles and
steady-state trough concentrations and exposure after fixed,
BSA-, and weight-based dosing. Serum concentration-time
profiles and clearance of pertuzumab for 1000 subjects were
simulated for a fixed, BSA-based, or weight-based dosing
regimen using the final model with a data set obtained by
bootstrapping (with replacement) the original PK data set.
All simulated subjects received an 840-mg, 12.2-mg/kg, or
485-mg/m2 IV infusion over 90 min on day 0, then a 420-mg,
6.1-mg/kg, or 242.5-mg/m2 IV infusion over 30 min on days
21, 42, and 63. Steady-state trough concentrations obtained
on day 84 (CSS,trough) after different dosing regimens were
then assessed. In addition, the percent of subjects with steady-
state trough concentrations below a target concentration (20
mg/mL) after a fixed, BSA-based, or weight-based dose were
calculated. Simulated clearance values were used to deter-
mine the steady-state average exposure AUCSS0�Cð Þ accord-
ing to:

AUCSS0�C ¼
Dose

CL
ð4Þ

where t is the dosing interval of pertuzumab.

RESULTS

Demographic Data

The demographic characteristics of the patients included
in this PK analysis are listed in Table I. A total of 1458
pertuzumab serum concentration time points were collected
from 153 patients in the three studies. Of the total, 18
patients were from the phase Ia trial, 60 from the phase II
ovarian cancer trial, and 75 from the phase II breast cancer
trial. Thus, the majority (94.8%) of the patients in this
analysis were female and accounted for 1110 (76%) of the
serum pertuzumab concentration data. All subjects had low
HER2 expression tumor confirmed by fluorescence in situ

hybridization analysis and had good physical functional status
as indicated by an Eastern Cooperative Oncology Group
performance status of either 0 or 1. The number of patients
with missing covariates was very low (4.6% for both height
and BSA), and the missing covariates were imputed with the
median values. In 384 (20.8%) serum pertuzumab concen-
tration samples with only a documented sampling date, the
sampling time was imputed to occur at 12 noon. An analysis
was conducted by removing the concentrations with imputed
sampling time to assess the effects of these data on the
population parameter estimates in the model, and this
revealed no significant influence (data not shown).

Population PK Analysis

A two-compartment model described the data better than
one-compartment model based on the change of objective
function (d = j736.2) and diagnostic plots. A representative
pertuzumab serum concentration-time profile fit to a one- and

two-compartment model is illustrated in Fig. 1. Compared to
two-compartment model, a three-compartment model did not
improve the fit significantly (d = j5.05, df = 2, p > 0.05) with
the parameter K13 estimated poorly (%CV > 1000). There-
fore, two-compartment linear PK model was selected as the
final structural model. The interindividual variability term (h)
for the distribution rate constant from central to peripheral
compartment (K12) was removed from two-compartmental
models because the removal of this h term did not result in a
statistically significant increase (d < 7.88) in the objective
function. In an exploratory analysis using the final base
model, no apparent relationships between potential covari-
ates and hK21 were identified. Therefore, only covariate
effects on hCL and hVc were examined during the develop-
ment of the final model with covariates.

For the final model with covariates, predicted vs.

observed pertuzumab serum concentrations and weighted
residuals vs. predicted serum concentration plots are shown
in Fig. 2. In the final model, serum albumin (ALB), body
weight (BW), and serum alkaline phosphatase (ALKP) were
the most significant covariates explaining interindividual
variability for pertuzumab clearance (CL). BSA was the
most significant covariate explaining interindividual variabil-
ity of pertuzumab central compartment volume of distribu-
tion (Vc). Incorporation of covariance terms among hCL, hVc,
and hK21 using full OMEGA BLOCK improved the fit (d =
j14.0, df = 3). However, the estimated correlation was not
large (rCL-Vc = 0.45; rCL-K21 = 0.28; rVc-K21 = 0.39), and the
parameter estimates were not influenced (data not shown).
In addition, majority (67%) of the runs using the model with

Table II. Parameter Estimates of the Final Population Pharmacoki-

netic Model and the Stability of the Parameters Using a Bootstrap

Validation Procedure

Original data set 1000 Bootstrap replicates

Estimate (%RSE)a Mean (95% CI)

Structural model

CL (L/day) 0.214 (3.1) 0.214 (0.201, 0.228)

Vc (L) 2.740 (1.9) 2.739 (2.640, 2.840)

K12 (dayj1) 0.203 (16.6) 0.220 (0.159, 0.416)

K21 (dayj1) 0.258 (15.6) 0.275 (0.203, 0.480)

Interindividual variability

CL %CV 31.1 (11.0) 30.6 (27.0, 34.1)

Vc %CV 16.2 (20.3) 16.0 (12.7, 19.2)

K21 %CV 25.2 (37.6) 24.1 (11.4, 33.6)

Covariate model

ALB on CL

(qALB_CL)

j1.010 (18.4) j1.019 (j1.420, j0.632)

WT on CL

(qWT_CL)

0.587 (19.3) 0.589 (0.372, 0.826)

ALKP on CL

(qALKP_Vc)

0.169 (29.5) 0.170 (0.067, 0.258)

BSA on Vc

(qBSA_Vc)

1.160 (12.2) 1.151 (0.890, 1.451)

Residual variability

Proportional

error �2
prop

0.037 (19.4) 0.037 (0.030, 0.045)

Additive error,

sprop (mg/mL)

2.265 (77.8) 2.24 (0.002, 4.160)

a %RSE: percent relative standard error of the estimate = SE/

parameter estimate � 100.
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covariance terms failed to minimize successfully in the 1200
bootstrap runs (>90%). Furthermore, both models (with or
without covariance terms) produced very similar results in
the posterior model checks (data not shown). These results
indicated that model incorporating the covariance terms with
full OMEGA BLOCK was not stable and does not improve
the predictability of the model. Hence, the model without the
covariance terms in the OMEGA BLOCK was selected as
the final model and illustrated as follows:

CL ¼ �CL �
WT

69

� ��WT CL

� ALB

39:2

� ��ALB CL

� ALKP

107

� ��ALKP CL

ð5Þ

Vc ¼ �Vc �
BSA

1:72

� ��BSA Vc

ð6Þ

The parameter estimates of the final model are summa-
rized in Table II. The CL of serum pertuzumab in the
analysis population was estimated to be 0.214 L/day and the
Vc was 2.74 L. The K12 and K21 were 0.203 and 0.258 dayj1,
respectively. Interindividual variability for CL and Vc in the

final model, calculated as the square root of interindividual
variance (w2) and expressed as %CV, are 31.1 and 16.2%,
respectively, compared to 38.0 and 20.8% for the base model
without covariates. The covariate effect of ALB, WT, and
ALKP in the final model therefore explained about 33% of
the interindividual variance for CL. However, weight alone
explained only 8.3% of interpatient variability for CL. The
covariate effect of BSA explained about 39% of inter-
individual variance for Vc in the final model. The dependency
of CL on WT and Vc on BSA with the base model is accounted
for in the final model as shown in Fig. 3. The estimated distri-
bution and elimination half-life (t1=2� and t1=2�) were 1.4 and
17.2 days, respectively.

Model Evaluation

From the original data set, 1000 successful bootstrap runs
were obtained and compared to the original observed data.
Mean population PK estimates obtained from the bootstrap
procedure were similar to the parameter estimates of the orig-
inal data set (Table II), indicating that the developed model
was stable. The 95% confidence intervals for the fixed-effect
parameters were narrow, which indicated good precision.

A posteriori predictive model check was used to evaluate
the ability of the final model to describe the observed data.

Fig. 3. Random effect (h) for clearance (CL) by weight (WT) and Vc by body-surface area (BSA) for the (A) base model and (B)

final model.
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The final population PK model, including final fixed and
random-effect parameters, was used to simulate 1000 repli-
cates. The test statistics were then computed for each of
those 1000 simulated data sets. Figure 4 displays histograms
of the 1000 simulated values of selected test statistics, with
the Brealized value^ of the observed test statistics indicated
by vertical line. The posterior predictive distributions were
close to the observed values with the estimated p values
between 0.05 and 0.95 for each test statistic. In addition, the
percentages of observed pertuzumab concentrations within
90 and 95% quantile range of the pooled simulated data were
89.3 and 94.7%, respectively. These results suggested that the
model was able to describe and predict the data reasonably
well.

Pertuzumab Exposures after Fixed,
BSA-, and Weight-Based Dosing

Predicted serum pertuzumab concentration-time profiles
and steady-state trough concentrations on day 84 (CSS,trough)
were estimated for 1000 simulated subjects bootstrapped
from the original PK data set and the final model using a
fixed, weight-based, or BSA-based dose according to the dose
schedules outlined in Methods. The simulated serum pertuzu-
mab concentration-time profiles after a fixed, weight-based, or
BSA-based dose were very similar and consistently above the
targeted serum concentrations of 20 mg/mL (Fig. 5). For
weight-based and BSA-based dosing, population variability
of CSS,trough decreased by 6.17 and 5.76%, respectively, when

Fig. 4. Model evaluation of pertuzumab final population PK model using a posterior model check. Posterior predictive

distribution and observed values for the test statistics: (A) 2.5th; (B) 5th; (C) 50th; (D) 90th; (E) 95th; (F) 97.5th. The vertical

line on each histogram represents the observed value of the test statistic.
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compared to fixed dosing (Fig. 6 and Table III). The per-
centages of subjects with CSS,trough below a target serum
concentration of 20 mg/mL were similar, with values of 8.3,
8.7, and 8.3% for fixed, weight-based, or BSA-based dosing,
respectively (Table III). Similar results were obtained from
the analysis of pertuzumab serum steady-state AUCss0�C for
1000 simulated subjects, and weight- and BSA-based dosing
only reduced the population variability by 2.2 and 4.2%,
respectively, when compared to fixed dosing. The same
simulated data set was used to determine CSS,trough after a
fixed dose, weight-, and BSA-based dose for populations with
extreme weight (i.e., WT e 10th and Q 90th percentile; Fig. 7).
Median pertuzumab CSS,trough for population with WT less
than or equal to 10th percentile were 72.3 (range 8.7Y166.5),
52.8 (range 6.8Y125.7), and 63.2 (range 7.8 Y150.1) mg/mL for
a fixed dose, weight-, and BSA-based dose, respectively. The
percentages of subjects in population with CSS,trough below a

Fig. 5. Simulated serum pertuzumab concentration-time profiles

(mean T SD) following fixed (circle), WT (square), and BSA-based

(triangle) dosing regimens. Dashed line: set targeted serum pertuzu-

mab concentration of 20 mg/mL.

Fig. 6. Predicted pertuzumab steady-state trough concentration (day

84) after a fixed, WT-, or BSA-based dose for 1000 simulated

subjects bootstrapped from original PK data set according to the final

model.

Table III. Predicted Pertuzumab Steady-State Trough Concentra-

tion (Day 84) After a Fixed, Weight-, or BSA-Based Dose for 1000

Simulated Subjects Bootstrapped from Original Pharmacokinetic

Data Set According to the Final Model

CSS trough

(mg/mL),

fixed dose

CSS trough

(mg/mL),

weight-based

dose

CSS trough

(mg/mL),

BSA-based

dose

Minimum 2.68 2.39 2.54

5th percentile 16.56 16.32 16.86

Median 51.87 51.81 52.48

Mean 56.37 56.08 56.44

95th percentile 115.38 110.46 112.14

Maximum 209.67 179.06 192.00

%CV 54.05 52.62 52.40

Variance 928.21 870.93 874.71

% Variance changed

from fixed dosea
Y j6.17 j5.76

Percent of subjects with

CSS,trough e 20 mg/mL

8.3 8.7 8.3

a Percent variance changed from fixed dose was calculated

using the following equation: Percent variance change ¼
VarianceWT or BSA�based dose�Variancefixed dose

Variancefixed dose
� 100 .

Fig. 7. Predicted pertuzumab steady-state trough concentration (day

84) after a fixed, WT-, or BSA-based dose for patient populations

with (A) e10th (50.4 kg) or (B) Q90th (88.5 kg) WT values.
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target serum concentration of 20 mg/mL were 5.4, 12.6, and
9.0% for fixed, weight-based, and BSA-based dosing, respec-
tively. Median pertuzumab CSS,trough for population with WT
greater than or equal to 90th percentile were 42.1 (range
7.0Y119.8), 62.8 (range 14.4Y167.3), and 52.9 (range 10.2Y
133.3) mg/mL for a fixed dose, weight-, and BSA-based
dose, respectively. The percentages of subjects in this popu-
lation with CSS,trough below a target serum concentration of
20 mg/mL were similar, with values of 7.4, 2.8, and 5.6% for
fixed, weight-based, or BSA-based dosing, respectively.
Similar results were obtained for the analysis of pertuzumab
serum steady state AUCss0�C of these subgroups from 1000
simulated subjects (data not shown).

DISCUSSION

Pertuzumab is a humanized monoclonal IgG1 antibody
that inhibits tumor growth and survival by a novel mechanism
of actionVinhibition of HER-2 dimerization with other
ligand-activated HER kinases. Pertuzumab has undergone
testing in the clinic with a phase Ia trial in patients with ad-
vanced cancers and in phase II trials in patients with ovarian,
breast, lung, and prostate cancers. Pertuzumab was dosed on a
weight basis (mg/kg) in the phase Ia trial and as a fixed dose in
phase II trials. Using demographic and serum pertuzumab
concentration-time data collected in these three trials, we
were able to build a first population PK model with predictive
covariates for pertuzumab PK in cancer patients. Typically,
human IgG monoclonal antibodies and cytotoxic small mol-
ecule drugs in oncology have been administered on a weight-
based (mg/kg) or BSA-based dose basis. Using the final model
and simulation, we are able to provide a rationale for the fixed
dosing of pertuzumab in cancer patients with potential broad
application to other IgG1 monoclonal antibody and proteins.

Pertuzumab PK obtained from this analysis was very
similar to those reported for other human monoclonal IgG1
drugs used in oncology (18 Y20). A linear two-compartment
PK model best described the data, and in the final model,
pertuzumab CL was 0.214 L/day. Typical Vc of pertuzumab
was 2.74 L or approximately 40 mL/kg, which is equal to
human plasma volume and was consistent with values re-
ported for other monoclonal IgG1 drugs (18,20). Pertuzumab
CL was significantly affected by body weight and serum con-
centrations of albumin and alkaline phosphatase, whereas Vc
was significantly influenced by BSA. The effect of sex on
pertuzumab PK could not be assessed because of the small
number of male subjects (5.2%) included in the analysis. The
lack of relationships between the pertuzumab PK and age
implied that no dosage adjustment is necessary based on age
alone in patients up to 78 years old. The results from a
bootstrap procedure and posterior model checking suggested
that the final model was stable and able to describe and predict
the data reasonably well.

The effect of weight on CL and BSA on Vc suggested that
pertuzumab might be dosed based on either body weight or
BSA. However, the covariate effect of weight alone and BSA
alone in the model only explained about 8.3 and 40% of the
interindividual effect of CL and Vc, respectively. This sug-
gested that although weight is a predictor of CL and BSA is a
predictor of Vc, the effect of weight and BSA on pertuzumab

exposures after dosing might be measurable but not highly
contributory.

Therefore, our next step was to assess the impact of the
various dosing methods on the pertuzumab exposures using
simulations. In dose-response studies, using a preclinical
tumor xenograft mouse model showed that >80% suppression
of growth for various tumor types is achieved at steady-state
trough concentrations of approximately 5Y25 mg/mL (21),
suggesting that the efficacy of the pertuzumab may be related
to steady-state trough concentrations. In a phase Ia study,
there is no apparent relationship between toxicity and ad-
ministered doses ranged from 0.5 to 15 mg/kg given intrave-
nously every 3 weeks (7). Two patients, one with ovarian
cancer (5 mg/kg) and one with pancreatic islet cell carcinoma
(15 mg/kg), achieved a partial clinical response, suggesting
that pertuzumab dose of at least 5 mg/kg administered every
3 weeks may be related to clinical response. In this study,
pertuzumab infusion given at doses greater than 5 mg/kg
every 3 weeks ensured that serum concentration remains
above 20 mg/mL. Pertuzumab was well tolerated, and an
MTD (at doses up to 15 mg/kg) was not reached in this study.
The PK parameter estimates were very similar for dose group
2Y15 mg/kg, suggesting that PK parameters alone were un-
likely related to clinical response/toxicity as long as the
desirable therapeutic concentrations were achieved. There-
fore, based on the findings from this phase Ia clinical study
and preclinical efficacy model, a desirable therapeutic target
for further clinical studies would be steady-state trough
concentrations that exceed 20 mg/mL. In 1000 subjects boot-
strapped from the original data set, the simulated serum
pertuzumab-time profiles after a fixed, weight-based, or BSA-
based dose were very similar. As expected, the use of the
loading dose in the dosing regimens resulted in rapid attain-
ment of steady-state concentrations within target concentra-
tion of 20 mg/mL in the majority of patients. Weight-based or
BSA-based dosing was found to decrease population variabil-
ity of simulated steady-state trough serum concentrations on
day 84 by only 6.2 and 5.8%, respectively, when compared to
fixed dosing. In addition, the percentages of subjects with
predicted steady-state trough serum concentrations below a
selected target of 20 mg/mL were low (<10%) and similar with
all three dosing methods. Similar results were obtained from
the subgroup analysis in population with extreme body weight
(i.e., WT e 10th and Q 90th percentile). Hence, it is concluded
that pertuzumab PK is related to WT and BSA. However, the
WT and BSA explained only a small percentage of the inter-
individual variability of CL and Vc, and WT- and BSA-based
dosing do not seem to improve the predictability of pertuzu-
mab steady-state exposures. Unless better predictor variables
for pertuzumab PK are identified, it is recommended to apply
fixed-dosing regimens for pertuzumab in adult female cancer
patients.

Historically, the dosing of drugs in oncology by weight-
or BSA-based methods has largely resulted from its use in
the extrapolation of drug doses used in preclinical animal
studies to those considered safe as starting doses for phase I
clinical trials in cancer patients (10). Recently, the scientific
rationale for BSA-based dosing of anticancer drug was
questioned. In a retrospective assessment of 33 anticancer
drugs in 1650 patients, only 5 drugs were BSA-based dosing
thought to be of clinical relevance (11). Recent PK analyses
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of a number of small molecule oncology drugs typically dosed
on BSA, such as topotecan (22), cisplatin (23), and irinonte-
can (24,25), have shown no rationale for BSA-based dosing
of these agents in cancer patients.

To our knowledge, this is the first paper that reported a
critical assessment of the impact of weight- or BSA-based
dosing of a human IgG1 monoclonal antibody on steady-state
drug concentrations in cancer patients. Implementation of
flat-fixed dosing has several significant patient care and
economic implications: (1) lower costs because of greater
efficiency in manufacturing, storing, and shipping of single
unit dose; (2) efficient preparation of a single dose in
pharmacies and hospitals without the need for patient in-
dividualization; (3) greater efficiency in physician prescribing
of single unit dose; and (4) lower likelihood of patient re-
ceiving wrong dose because of dose calculation errors (10).
Although humanized antibodies are typically dosed by
weight or BSA, our analyses demonstrate the feasibility of
administrating pertuzumab using a fixed dose in women with
ovarian and breast cancers. Application to other populations
such as males or to other IgG1 monoclonal antibody thera-
pies will require further investigation.
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