
Pharmacokinetics and Pharmacodynamics of
nab-Paclitaxel in Patients With Solid Tumors:
Disposition Kinetics and Pharmacology Distinct
From Solvent-Based Paclitaxel

Nianhang Chen, PhD, Yan Li, PhD, Ying Ye, PhD, Maria Palmisano, MD,
Rajesh Chopra, MD, PhD, and Simon Zhou, PhD

Abstract
The aim of this study was to characterize population pharmacokinetics and the exposure–neutropenia relationship with nanoparticle albumin-bound
(nab)-paclitaxel in patients with solid tumors. Plasma and blood concentrations of paclitaxel and neutrophil data were collected from 150 patients with
various solid tumors over the nab-paclitaxel dose range of 80–375mg/m2. Data were analyzed using nonlinear mixed-effect modeling or logistic
regression. Pharmacokinetics of nab-paclitaxel were described by a 3-compartment model with saturable distribution and elimination. The rapid
disappearance of circulating paclitaxel was driven by its fast distribution to peripheral compartments; maximum rate for saturable distribution
(325000mg/h) was 40-fold greater than that for saturable elimination (8070mg/h). Albumin was a significant covariate of paclitaxel elimination
(P< .001), while total bilirubin, creatinine clearance, body size, age, sex, and tumor type had no significant or clinically relevant effect. The probability of
experiencing a �50% reduction in neutrophils was best correlated to the duration above the drug concentration of 720 ng/mL. At a given exposure
level, neutropenia development was positively correlated with increasing age but not significantly influenced by hepatic function, tumor type, sex, or
dosing schedule. Covariate analyses supports exposure-matched dose adjustments in patients with moderate to severe hepatic impairment.
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Nanoparticle albumin-bound (nab)-paclitaxel is a
solvent-free, human albumin-stabilized formulation of
paclitaxel.1,2 nab-Paclitaxel was designed to improve the
chemotherapeutic effects of paclitaxel and to reduce
the toxicities, such as hypersensitivity reactions, associ-
ated with solvent-based (sb)-paclitaxel.2 Because nab-
paclitaxel is formulated with albumin, it exploits
endogenous albumin transport pathways, resulting in
enhanced transport across endothelial cell monolayers
and greater delivery of paclitaxel to tumors, compared
with sb-paclitaxel.2 In phase III trials, nab-paclitaxel
monotherapy demonstrated superior overall response rate
versus sb-paclitaxel in metastatic breast cancer (MBC)
and in combination with carboplatin in advanced non-
small cell lung cancer (NSCLC).3,4 In a recent phase III
trial, nab-paclitaxel plus gemcitabine demonstrated a
significant improvement in overall survival versus
gemcitabine alone in patients with advanced pancreatic
cancer,5 a disease for which nab-paclitaxel is the only
approved taxane for treatment.1,6,7 Pharmacokinetics of
nab-paclitaxel have previously been determined in
clinical studies.1,8 The systemic drug exposure was
approximately proportional to nab-paclitaxel dose from
80 to 300mg/m2 and was independent of the intravenous
infusion duration.1,8 In contrast, sb-paclitaxel displays
more than dose proportional increases in systemic drug

exposure and infusion duration-dependent clearance over
a narrower dose range,9–12 likely due to entrapment of
paclitaxel in micelles formed by the solvent Cremophor
EL.12,13 In a randomized crossover study of nab-
paclitaxel 260mg/m2 infused over 30minutes versus
sb-paclitaxel 175mg/m2 infused over 3 hours, the fraction
of unbound paclitaxel in plasma was 2.6-fold higher with
nab-paclitaxel than with sb-paclitaxel.14 Distribution and
elimination kinetics and source of exposure variability
have been described for sb-paclitaxel using population
pharmacokinetic (PK) modeling,15–17 but these data are
currently not available for nab-paclitaxel.

The Journal of Clinical Pharmacology
54(10) 1097–1107
© 2014 The Authors. The Journal of
Clinical Pharmacology Published by
Wiley Periodicals, Inc. on behalf of
The American College of Clinical
Pharmacology
DOI: 10.1002/jcph.304

Celgene Corporation, Summit, NJ, USA

This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original
work is properly cited, the use is non–commercial and no modifica-
tions or adaptations are made.

Submitted for publication 23 January 2014; accepted 31 March 2014.

Corresponding Author:
Nianhang Chen, Celgene Corporation, Summit, NJ, USA
Email: nchen@celgene.com

Pharmacometrics

http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


Additionally, the relationship between sb-paclitaxel
exposure and neutropenia, a common dose-limiting
toxicity associated with taxane treatment, has been
described using a threshold model.10,18–21 In this model,
the duration of paclitaxel plasma concentrations exceed-
ing 0.05mM was considered a strong predictor of
neutropenia in patients with solid tumors. However, no
such assessments have been performed for nab-paclitaxel.
In randomized phase III trials involving patients with
MBC or NSCLC, the incidence of severe neutropenia was
significantly lower with nab-paclitaxel versus sb-pacli-
taxel despite delivery of a higher median cumulative dose
of paclitaxel to patients receiving nab-paclitaxel versus
sb-paclitaxel.3,4

Therefore, we conducted this study to establish a PK
model that quantitatively describes the distribution and
elimination of nab-paclitaxel and potential sources of
interindividual PK variability, as well as to establish a
pharmacodynamic (PD) model to quantitatively describe
the relationship between nab-paclitaxel exposure and
neutropenia.

Methods
Patient Population
Data from five phase I studies (including one study in
patients with hepatic impairment),8,14,22–24 one phase II
study,25 and two phase III studies3,26 were included in this
analysis (Supplemental Table S1). All patients had
advanced or metastatic solid tumors. nab-Paclitaxel was
administered as monotherapy in all studies and doses
ranged from 80 to 375mg/m2, given on days 1, 8, and 15
of each 28-day cycle or day 1 of each 21-day cycle (every
3 weeks [q3w]). With the exception of one 135mg/m2

q3w dose cohort (infused over 3 hours), all doses were
administered intravenously over 30minutes.Whole blood
(WB) or plasma samples were collected after the first
dose. Paclitaxel concentrations were measured using
validated high-performance liquid chromatography with
tandem mass spectrometry8,14,22,24; lower limit of
quantitation ranged from 1 to 10 ng/mL.

Population PK Model Development and Covariate
Analysis
The population PK analysis was performed using the
nonlinear mixed-effect modeling program (NONMEM
version 7.2; ICON Development Solution, MD, US) with
first-order conditional estimation with the INTERAC-
TION (FOCEI) option. Paclitaxel concentration data were
natural logarithm (Ln)-transformed. The model was built
using both WB and plasma concentration data, and
plasma PK parameters were estimated. An indicator was
used to identify the matrix and a fixed-effect parameter of
WB/plasma ratio was estimated to bridgeWB and plasma
concentrations for model fitting.

Saturable elimination was incorporated using the
Michaelis–Menten equation and was described by the
maximal elimination rate, VMEL, and the drug concen-
tration at which the elimination rate is half-maximal,
KMEL. Saturable distribution was incorporated analogous
to the saturable elimination and was defined by the
maximal distribution rate, VMTR, and the concentration at
which the distribution rate is half-maximal, KMTR.
Comparison of structural models was based on the
objective function value (OFV). A value of P< .001,
representing a decrease in OFV of greater than 10.83, was
considered statistically significant (degrees of freedom
(df)¼ 1). Interindividual variability (IIV) was modeled
using an exponential error model. The assumption of a
constant residue variability (RV) for all individuals from
multi-center studies may result in biased variable
estimates. To reduce this possible bias, RV was modeled
with two subpopulations using a proportional error model
and the MIXEST function in NONMEM.

Candidate covariates tested during PK model building
included age, body weight, body surface area (BSA), sex,
race, total bilirubin, albumin, creatinine clearance (CrCl,
estimated by Cockcroft-Gault formula), and tumor type.
Covariates were initially selected by graphic inspection
and biological plausibility. Further testing of potential
covariates was performed by univariate analysis, stepwise
forward addition (P< .01) and backward elimination
(P< .001) based on changes in OFV and inspection of
model diagnostic plots. Continuous covariates were
centered to their median values and included as power
models. Categorical covariates were included as discrete
indicator variables. Multiplicative equations were used to
describe and test the combined effect of multiple
covariates on the same parameter.

Stability of the final PK parameter estimates and 95%
CIs were evaluated using the non-parametric bootstrap
approach and the ability of the final population PK model
to describe observed concentration data was evaluated by
visual predictive checks (VPC).

Population PD Model Development and Covariate
Analysis
The analysis population included patients who had
paclitaxel concentration and evaluable absolute neutrophil
count (ANC) data in the first treatment cycle. Patients
suspected of growth factor use were excluded. The
population PD analysis was performed using NONMEM
with the FOCEI option. Empiric individual Bayesian
estimates of paclitaxel PK parameters obtained from the
final population PK model were used as input variables to
estimate drug concentrations in plasma for PD modeling.
The time course of circulating ANC was characterized by
an 8-compartment semimechanistic population PK/PD
model: a 3-compartment PK model and a 5-compartment
PD model for neutropenia (Figure 1) as proposed by
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Friberg et al.17 The PDmodel was based on the maturation
process of neutrophil precursor cells and consisted of a
compartment for stem/progenitor cells, three compart-
ments for cell maturation, and one compartment for
circulating ANC. From the PDmodel, time delay between
drug exposure, impaired cell proliferation, and the
resulting effect on circulating ANC could be described.

Parameter estimates for the PD model included the
drug effect Slope, a linear proportionality constant
relating paclitaxel concentration in the central compart-
ment to its effect on bonemarrow stem or progenitor cells;
a feedback parameter that quantifies the strength of
feedback action from release of endogenous growth
factors as a response to decreased cells in the circulation
pools, which was dependent on the ratio of baseline ANC
and levels of ANC in circulation; and mean transit time
(MTT), the average time for a stem cell to pass through the
three compartments for cell maturation in the bone
marrow before it is released into the circulation.MTTwas
derived by the following equation: MTT¼ (nþ 1)/k
where n was the number of maturation compartments
(n¼ 3) and k was the intercompartmental transfer rate
constant.

ANC values were Ln-transformed. IIV was modeled
using an exponential error model. RV was modeled using a

proportional error model. Age, sex, dosing schedule, type of
tumor, total bilirubin, and albumin were tested as possible
covariates of PD parameters. Selection of covariates for
the PD portion followed similar procedures and statistical
criteria as described for the population PK analysis.

The ability of the final PD model to describe observed
ANC data was evaluated by performing VPC and numeric
predictive checks.

Logistic Regression Model, Threshold Analysis, and
Covariate Analysis
Logistic regression analyses were conducted using
S-PLUS to describe the relationship between systemic
paclitaxel exposure and probability of the event (a �50%
reduction in ANC). The probability that the event
occurred as a function of independent variables was
described as follows:

Ln ðoddsÞ ¼ Ln
Pi

1� Pi

� �

¼ aþ b1X1 þ b2X2 þ…bnXn

where Pi is the probability of the event in the “i”th patient
and a is the baseline Ln (odds) of the event. The b1…bn
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Figure 1. Structure of the final population pharmacokinetic/pharmacodynamic model. This model describes the systemic paclitaxel concentration–
time profile and circulating neutrophil–time profile. BASE, baseline neutrophil counts; C, paclitaxel concentration; Circ, circulating neutrophil counts;
Edrug, drug effect; FP, feedback parameter; k, intercompartmental transfer rate constant; kcirc, elimination rate constant; kprol, proliferation rate
constant; KMEL, paclitaxel concentration in the central compartment at 50% of VMEL; KMTR, paclitaxel concentration in the central compartment at
50% of VMTR; M1, maturation compartment 1; M2, maturation compartment 2; M3, maturation compartment 3; MTT, mean transit time; n, number of
maturation compartments; PD, pharmacodynamic; PK, pharmacokinetic; Q2, intercompartmental clearance between the central compartment and
the second peripheral compartment; V1, volume of distribution for the central peripheral compartment; V2, volume of distribution for the first
peripheral compartment; V3, volume of distribution for the second peripheral compartment; VMEL, maximum elimination rate from the central
compartment; VMTR, maximum intercompartmental distribution rate between the central compartment and the first peripheral compartment.
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is adjusted odds ratio [OR] characterizing the dependence
of the Ln (odds) on 1 or more covariates, X1…Xn.
Paclitaxel exposure, age, BSA, sex, race, dosing schedule,
type of tumor, total bilirubin, albumin, and baseline ANC
were examined as covariates in univariate and multivari-
ate logistic regression analyses.

The paclitaxel exposure measures were the population
PK model-predicted area under the concentration–time
curve (AUC), maximum concentration (Cmax), and the
duration above a certain concentration level.

A threshold analysis was conducted to explore whether
there was a paclitaxel concentration level above which
correlated with the event. Briefly, the cumulative duration
above a threshold concentration during the first treatment
cycle was computed based on �100 concentration cutoff
values, ranging from 1 to 1000 ng/mL with an increment
of 10 ng/mL for each patient. Univariate logistic regres-
sion was performed for the duration above each
concentration cutoff level to test the statistical signifi-
cance in predicting the probability of experiencing a
�50% reduction in ANC.

Results
Population PK Model

Analysis population. A total of 1418 evaluable paclitax-
el concentration records from 150 patients were included
in the final population PK model. Baseline characteristics
are summarized in Table 1. Median total bilirubin was
8.6mM with 13.3% of patients having a value above the
upper limit of normal (ULN) of 17mMand 8% of patients
having moderate to severe hepatic impairment (total
bilirubin >1.5 to �5ULN). Median CrCl for the patient
population was 82.7mL/min with 15.3% patients having
moderate renal impairment (CrCl 30 to <60mL/min).

Structural model characteristics. With a higher than
dose-proportional increase in exposure observed at the
highest dose level (375mg/m2), a 3-compartment PK
model with saturable elimination was preferred over a
linear elimination model (DOFV¼�502, P< .0001).
Subsequently, a saturable distribution model was pre-
ferred over a first-order distributionmodel (DOFV:�141,
P< .0001). Using two subgroups with separate RV
was superior to adopting a single RV for the whole
analysis population (DOFV: �134, P< .0001). Thus, a
3-compartment PKmodel with saturable elimination from
the central compartment, saturable distribution between
the central compartment and first peripheral compart-
ment, and first-order distribution between the central
compartment and second peripheral compartment was
selected as the final structural PK model. Shrinkage
associated with VMEL and volume of distribution for the
central peripheral compartment (V1) was 22.1% and
24.4%, respectively, and covariate analysis was con-
ducted subsequently for the two parameters.

Covariate analysis. The covariate analysis revealed a
significant (P< .001) correlation between baseline albu-
min level and VMEL as expressed in the following
equation:

VMEL ¼ 8070� ðalbumin=3:9Þ0:554

The model suggested that VMEL decreased with
decreasing albumin level, with an �30% reduction in
VMEL at the albumin level of 2 g/dL. Although the effect
of albumin on VMEL was statistically significant, the
contribution of albumin to the overall IIV of VMEL was
marginal, reducing it from 23.6% in the structural model
to 22.3% in the final model. No other significant
correlations were observed between candidate covariates
and VMEL or V1 in covariate modeling.

Table 1. Demographic and Baseline Characteristics of the Pharmacokinetic and Pharmacodynamic Patient Populations

Variable Pharmacokinetic, N¼ 150 Pharmacodynamic, N¼ 125

Median age (range), year 57 (24–85) 56 (24–83)
Female, n (%) 90 (60) 79 (63)
Race, n (%)
White 136 (91) 114 (91)
Asian 13 (9) 10 (8)
Black 1 (<1) 1 (<1)

Tumor type, n (%)
Breast cancer 24 (16) 20 (16)
Melanoma 44 (29) 40 (32)
Other solid tumors 82 (55) 65 (52)

Body weight, median (range), kg 74 (40–143) 73 (40–143)
Body surface area, median (range), m2 1.9 (1.3–2.4) 1.8 (1.3–2.4)
Albumin, median (range), g/dL 3.9 (2.1–4.7) 4.0 (2.1–4.7)
Total bilirubin, median (range), mM 8.6 (3.4–81.0) 8.6 (3.4–81.0)
Alkaline phosphatase, median (range), U/L 94 (42–2003) 94 (42–2003)
Creatinine clearance, median (range), mL/min 82.7 (29.6–150.0) 82.3 (42.3–150.0)
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Figure 2. Effect of albumin, hepatic impairment, renal impairment, and age on themaximum elimination rate of nab-paclitaxel (left panels A, C, E, andG)
and the neutrophil inhibition by nab-paclitaxel (right panels B, D, F, andH). Thewhite line in each boxplot represents themedian value. The height of each
of the box corresponds to the interval between the first and the third quartiles. The first bar (adjacent value) on either side of the box joined by a line
expand the interval to 1.5 times the interquartile range, and the single points beyond the adjacent value are the outside values. In panels C andD, the total
bilirubin values at baseline were used to categorize patients into different hepatic function groups according to the National Cancer Institute Organ
DysfunctionWorking Group criteria27: normal hepatic function (total bilirubin�1�ULN), mild hepatic impairment (total bilirubin>1 to�1.5�ULN),
moderate hepatic impairment (total bilirubin >1.5 to �3�ULN), and severe hepatic impairment (total bilirubin >3 to �5�ULN). In panels E and F,
the CrCl value at baseline were used to categorize patients into different renal function groups: normal renal function (CrCl� 90mL/min), mild
renal impairment (CrCl 60 to<90mL/min), and moderate renal impairment (CrCl 30 to<60mL/min). CrCl, creatinine clearance; ULN, upper limit of
normal.
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Effect of albumin, total bilirubin, CrCl, and age on
paclitaxel elimination was further examined by categori-
cal analysis of individual estimates of VMEL from the
final PK model (Figure 2A, 2C, 2E, and 2G). Median
VMEL in patients with albumin below the lower limit of
normal (<3.5 g/dL) was reduced by 12%, compared with
patients with normal albumin levels (Figure 2A). The total
bilirubin values at baseline were used to categorize
patients into different hepatic function groups. Median
VMEL appeared similar among patients with mild hepatic
impairment and those with normal hepatic function
(Figure 2C). Median VMEL in patients with moderate
or severe hepatic impairment was reduced by 22% or

26%, respectively, compared with patients with normal
hepatic function (Figure 2C). The CrCl values at baseline
were used to categorize patients into different renal
function groups. Median VMEL between patients with
mild or moderate renal impairment was similar to that of
patients with normal renal function (Figure 2E). In
addition, no apparent difference in VMEL was observed
between age groups (Figure 2G).

Final PK model and model evaluation. Final population
PK parameter estimates are reported in Table 2. The IIV
was determined for V1, V2, VMTR, VMEL, and WB/
plasma ratio. Inclusion of IIV for the other PK parameters
did not improve the fit, indicating that the data contained

Table 2. Final Population PK and PD Parameters of Paclitaxel When Administered as nab-Paclitaxel

Unit Estimate 95% CIa,b RSE,b %

PK parameter
V1 L 15.8 13.71–17.85 6.20
V2 L 1650 1396–1935 7.9
V3 L 75.4 59.8–99.1 11.7
VMTR mg/h 325000 190694–540445 25.8
KMTR mg/L 4260 2210–7910 33.1
Q2 L/h 41.6 35.1–50.0 8.5
VMEL mg/h 8070 6500–9836 10.1
KMEL mg/L 40.2 24.9–58.9 20.0
WB/PL ratio 1.00 0.93–1.10 4.3
Fraction of subpopulation 1 0.341 0.20–0.53 24.5
Albumin on VMEL 0.554 0.15–0.94 37.5

Interindividual variability
V1 % 46.7 29.5–63.4 33.1
V2 % 25.5 18.2–39.7 40.9
VMTR % 26.7 18.7–35.5 28.6
VMEL % 22.3 17.1–27.4 22.4
WB/PL ratio % 16.7 8.1–23.4 36.9

Residual variability
Subpopulation 1 % 38.0 31.8–46.9 17.1
Subpopulation 2 % 17.9 15.1–19.7 17.8

PD parameter
MTT h 117 109–125 3.4
Drug slope 1/ng/mL 0.00253 0.00216–0.00290 7.47
Baseline ANC 109/L 4.28 3.94–4.62 4.09
Feedback parameter 0.187 0.171–0.203 4.44
Age on drug slope 0.501 0.172–0.830 33.5
Albumin on baseline ANC �0.998 �1.5 to �0.494 25.8

Interindividual variability
MTT % 19.0 12.9–23.6 27.5
Slope % 42.9 32.1–51.5 22.3
Baseline ANC % 35.1 28.2–40.9 18.0

Residual variability % 29.1 24.0–33.3 16.1

ANC, absolute neutrophil count; KMEL, paclitaxel concentration in the central compartment at 50% of VMEL; KMTR, paclitaxel concentration in the central
compartment at 50% of VMTR; MTT, mean transit time; PD, pharmacodynamic; PK, pharmacokinetic; PL, plasma;Q2, intercompartmental clearance between the
central compartment and the second peripheral compartment; RSE, relative standard error; V1, volume of distribution for the central peripheral compartment;
V2, volume of distribution for the first peripheral compartment; V3, volume of distribution for the second peripheral compartment; VMEL, maximum elimination
rate from the central compartment; VMTR, maximum intercompartmental distribution rate between the central compartment and the first peripheral
compartment; WB, whole blood.
a95% CI and RSE% for the PK parameter estimates were obtained from the nonparametric bootstrap resampling procedure.
b95% CI and RSE% for the PD parameter estimates were obtained from NONMEM.
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insufficient information to estimate these variables. There
was no obvious bias in the prediction of paclitaxel
concentrations at the population and individual levels or
at a specific time point (Supplemental Figure S1).
Relative differences between the final model estimates
and median values of the parameters obtained from
bootstrap replications (500 runs with 95% minimized)
were �15% for the fixed-effect parameters and �4% for
the random-effect parameters. In VPC evaluation, the 5th,
50th, and 95th percentiles of the observed concentration
data at each time point were generally within the
respective 95% CI of the simulated data suggesting that
the final model was robust and stable.

Population PD Model of Neutropenia
Analysis population. A total of 558 ANC data records

collected from 125 patients during the first treatment cycle
were included in the final analysis data set. Baseline
characteristics of patients included in the model were
similar to those for the population PK analysis (Table 1).
Approximately 9% of patients had moderate to severe
hepatic impairment and �16% of patients had moderate
renal impairment.During thefirst treatment cycle, 48.8%of
patients received three doses of nab-paclitaxel weekly and
51.2%of patients received one dose q3w. ThemedianANC
at baseline was 4.45� 109/L (range, 1.7–15� 109/L).

Covariate analysis. Shrinkage associated with baseline
ANC and Slope in the structural model was 11.6% and
24.6%, respectively, and a covariate analysis was
conducted subsequently for the two parameters.

Effect of age on Slope was modeled both as a
continuous variable and as a dichotomized variable (<65
years vs. �65 years). The later approach had a greater
statistical significance (DOFV¼�12.8 vs. DOFV¼
�9.9) and is also consistent with clinical practice.
Thus, it was incorporated into the final model as follows:

Paclitaxel effect slope ¼ 0:00253 ð1:501 for age
� 65 yearsÞ

The typical value for paclitaxel effect slope was
0.00253 for patients aged <65 years and 0.0038 for
patients aged �65 years, indicative of a decrease in the
proliferation rate of 25% and 38% per 100 ng/mL
paclitaxel plasma concentration, respectively. The model
suggested an increased susceptibility (þ50%) to the
inhibitory effect of paclitaxel on neutrophil precursor
proliferation in elderly patients (Figure 2H). Although the
effect of age on paclitaxel effect slope was statistically
significant, the contribution of age to the IIV was
marginal, reducing IIV from 45.5% in the base model
to 42.9% in the final model.

Inclusion of albumin as a covariate of baseline ANC
improved the goodness-of-fit of the model (P< .001).
However, the physiological and clinical relevance of the

baseline ANC–albumin correlation is unclear. No other
significant correlations were observed between candidate
covariates and Slope or baseline ANC in the covariate
analysis.

Effect of albumin, hepatic impairment, renal im-
pairment, and age on drug effect was further examined by
categorical analysis of individual estimates of Slope from
the final PD model (Figure 2B, 2D, 2F, and 2H). Median
Slope appeared similar in patients with mild or moderate
to severe hepatic impairment and those with normal
hepatic function (Figure 2D). No apparent differences in
Slope were observed across renal function categories
(Figure 2F) when age difference was considered (more
elderly patients in the moderate renal impairment group).

Final PD model and model evaluation. PD parameter
estimates from the final model are shown in Table 2. All
parameters were estimated with good precision (RSE
� 35%). IIV for Slope was high (42.9%), and similar to
that reported for other oncology drugs.17 Estimates of the
systemic parameters, including MTT, feedback parame-
ter, and baseline ANC, were also similar to those reported
for other oncology drugs.17 There was no obvious bias in
the prediction of ANCs at the population and individual
levels or at a specific time point (Supplemental
Figure S2). For the 260mg/m2 q3w nab-paclitaxel dosing
regimen, observed and predicted ANC nadir occurred at
�1 week versus 2 weeks for the 150mg/m2 weekly
regimen. Observed and predicted ANC returned to
baseline values at �3 and 4 weeks, respectively.

Model evaluation with VPC suggested that the final
model adequately characterized the central tendency and
variability of ANC versus time profiles from the 5th to
95th percentiles for each dosing schedule. The observed
percentages of patients who experienced grade �3
neutropenia were 21.3% for weekly dosing and 23.4%
for q3w dosing and they were well contained within the
95% CIs for the percentages obtained from the numeric
predictive check (Supplemental Figure S3), supporting
model adequacy.

Logistical Regression and Threshold Analysis for
Neutropenia
In the univariate threshold analysis, the minimum P-value
was observed for duration (Figure 3A) and AUC
(Figure 3B) above the concentration 720 ng/mL. Thus,
paclitaxel exposure above 720 ng/mL was best correlated
with the probability of experiencing a�50% reduction in
ANC during the first cycle of treatment.

Although more-sensitive exposure metrics were
available (eg, AUC above 720 ng/mL), only Cmax and
AUC were tested as the exposure measure in the
multivariate analysis due to practical consideration.
Both Cmax and AUC were significant predictors. The
adjusted OR for Ln(Cmax) and Ln(AUC) was 2.369 (95%
CI, 1.189–4.719; P¼ .014) and 2.228 (95% CI, 1.109–
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4.475; P¼ .024), respectively. This suggests that 1
logarithmic increase in Cmax or AUC has a multiplicative
effect of 2.369 or 2.228 on the odds of having a 50%
reduction in ANC. Age was also a significant predictor of

ANC reduction (OR 1.030; P< .05), regardless of which
exposure measure (Cmax or AUC) was included in the
multivariate analysis. Hepatic impairment, renal im-
pairment, type of solid tumor, sex, and dosing schedule
were not predictive of neutropenia in the logistical
regression analysis.

Discussion
This is the first-reported meta-analysis of the population
pharmacokinetics and exposure–neutropenia relationship
for nab-paclitaxel. Because the models described here
were structurally identical to those previously described
for sb-paclitaxel, we were able to identify distinct PK and
similar PD features of the two paclitaxel formulations
(Table 3).15,17 nab-Paclitaxel had a significant effect on
the distribution and elimination kinetics of paclitaxel
without altering the intrinsic cytotoxic effect of paclitaxel
on neutrophils.

Concentration–time data of paclitaxel administered as
nab-paclitaxel over a dose range from 80 to 375mg/m2 to
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as the predictor of probability of experiencing a �50% reduction in
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panel C, points represent the simulated paclitaxel concentrations at the
nab-paclitaxel dose of 100 and 300mg/m2 (given as a 30-minute IV
infusion), respectively; the horizontal dash line represents the threshold
concentration of 720 ng/mL. The duration above 720 ng/mL is indicated
for each dose level. AUC, area under the concentration–time curve; IV,
intravenous.

Table 3. Comparison of the Main Population PK and PD parameters
Between nab-Paclitaxel and sb-Paclitaxel

Unit nab-Paclitaxel sb-Paclitaxel

PK parametera

V1 L 15.8 12.8
V2 L 1650 177b

V3 L 75.4 252
VMTR mg/h 325000 144326
KMTR mg/L 4260 708
Q2 L/h 41.6 20.1
VMEL mg/h 8070 31931
KMEL mg/L 40.2 452

PD parameterc

MTT h 117 127
Sloped 1/ng/mL 0.0025 0.0026
Baseline ANC 109/L 4.28 5.2
Feedback parameter 0.19 0.23

ANC, absolute neutrophil count; KMEL, paclitaxel concentration in the
central compartment at 50% of VMEL; KMTR, paclitaxel concentration in the
central compartment at 50% of VMTR; MTT, mean transit time; PD,
pharmacodynamic; PK, pharmacokinetic; PL, plasma; Q2, intercompartmen-
tal clearance between the central compartment and the second peripheral
compartment; sb, solvent-based; V1, volume of distribution for the central
peripheral compartment; V2, volume of distribution for the first peripheral
compartment; V3, volume of distribution for the second peripheral
compartment; VMEL, maximum elimination rate from the central compart-
ment; VMTR, maximum intercompartmental distribution rate between the
central compartment and the first peripheral compartment; WB, whole
blood.
aReference values for sb-paclitaxel were reported by Joerger et al.15
bThe value is derived from the original parameters reported by Joerger et al
with the assumption that the drug concentration in the first peripheral
compartment is far below the KMTR (ie, the highest possible volume).
cReference values for sb-paclitaxel were reported by Friberg et al.17
dSlopes for both nab-paclitaxel and sb-paclitaxel correspond to total drug.
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patients with solid tumors were adequately described by a
3-compartment model with saturable elimination from the
central compartment and saturable distribution to the first
peripheral compartment. The rapid disappearance of
paclitaxel from circulation was primarily driven by its fast
distribution from the central compartment to peripheral
compartments as demonstrated by the 40-fold greater
maximal rate of saturable tissue distribution (325000mg/
h) compared to the maximal rate of saturable elimination
(8070mg/h) from the central compartment. The distribu-
tion of paclitaxel to tissues was not only rapid, but also
extensive, with deep tissue penetration as demonstrated
by the finding that the volume of the two peripheral
compartments (75 and 1650L) far exceeded the total body
water volume (�40L).

Comparison of this analysis to the PK analysis
previously described for sb-paclitaxel shows that the
population paclitaxel PK parameters for nab-paclitaxel
are markedly different (Table 3).15 The rates of the first-
order distribution and saturable distribution of paclitaxel
more than doubled when administered as nab-paclitaxel
versus sb-paclitaxel, suggesting faster drug distribution
into tissues with nab-paclitaxel. The distribution volume
of the peripheral compartment involving saturable
distribution was �9-fold larger when administered as
nab-paclitaxel (1650L) versus sb-paclitaxel (177 L),
suggesting deeper penetration of the drug into tissues
via transporter-mediated pathways with nab-paclitaxel.
While distribution of paclitaxel was clearly much faster
and deeper following administration of nab-paclitaxel,
elimination of paclitaxel was much slower with nab-
paclitaxel versus sb-paclitaxel. This was demonstrated by
smaller VMEL (8070mg/h vs. 31931mg/h) and KMEL

(40.2mg/L vs. 452mg/L) values. Such changes may
explain why nab-paclitaxel allows for dose-proportional
increases in the systemic exposure of paclitaxel over a
broader dose range than does sb-paclitaxel (ie, the
majority of circulating-drug AUC is governed by
distribution, rather than elimination, and the saturable
distribution has a larger capacity).1,8–12

The paclitaxel concentration ratio of whole blood to
plasma was estimated to be 1.0, indicating that paclitaxel
was evenly distributed between cellular and plasma
components of whole blood when administered as nab-
paclitaxel. This observation is consistent with the
improved distribution property of paclitaxel when admin-
istered as nab-paclitaxel. In contrast, after administration
of sb-paclitaxel, a large amount of paclitaxel remains in the
plasma and is not readily distributed to blood cells.28

Because paclitaxel is eliminated by hepatic metabo-
lism and biliary excretion, two indicators of hepatic
impairment—albumin (produced in the liver) and total
bilirubin (metabolized in the liver and excreted into bile)
—were evaluated for their ability to predict paclitaxel
elimination. In the covariate analysis, changes in either

serum albumin or total bilirubin had limited effect on
paclitaxel elimination when administered as nab-pacli-
taxel. In a previous study in patients with hepatic
impairment who were treated with nab-paclitaxel, total
bilirubin levels were inversely correlated to paclitaxel
clearance.24 However, that study had no patients with
normal hepatic function for PK comparison. The present
analysis included both patients with hepatic impairment24

and patients with normal hepatic function (Supplemental
Table S1). With a larger data set and considering IIV in
patients, a negative trend between VMEL and total
bilirubin did not reach significance in the covariate
analysis. The mean reduction in VMEL was estimated to
be 26% in patients with total bilirubin >3 to �5�ULN
compared with patients with a normal total bilirubin level.
In contrast, when paclitaxel is administered as sb-
paclitaxel, it appears that total bilirubin is a more sensitive
predictor of paclitaxel elimination.15 Paclitaxel elimina-
tion was also significantly influenced by age, sex, and
BSA when administered as sb-paclitaxel.15 However,
these factors did not appear to influence paclitaxel
elimination when administered as nab-paclitaxel.

The total drug concentration was selected over the free
drug concentration in exposure–response analysis for
nab-paclitaxel, as (1) the albumin-bound form of
paclitaxel likely contributes to its pharmacology, and
(2) the fraction of free drug in plasma is constant over the
clinical ranges of total drug concentrations (data not
shown). The neutropenia model showed a similar
inhibitory potency (Slope) on ANC between nab-
paclitaxel and sb-paclitaxel (Table 3), suggesting a lack
of differences in the intrinsic effect of paclitaxel on
ANC.16 Therefore, the differences observed in neutrope-
nia frequency in the phase III trials3,4 was more likely
driven by the different concentration profiles between the
two formulations. The threshold analysis for nab-
paclitaxel showed that the probability of experiencing a
�50% reduction in ANC was best correlated to the
duration above the paclitaxel concentration of 720 ng/mL
(0.84mM). In contrast, the duration above a low threshold
paclitaxel concentration of 0.05 or 0.1mM, as previously
reported for sb-paclitaxel,10,29 was not significantly
correlated. These concentrations were too low to
differentiate interindividual difference. The more rapid
distribution of paclitaxel into tissues when administered
as nab-paclitaxel results in shorter duration of high drug
systemic concentrations, which likely contributes to the
less frequent severe neutropenia observed with nab-
paclitaxel versus sb-paclitaxel in the phase III MBC and
NSCLC trials.3,4 The threshold analysis results also
provide insight into nab-paclitaxel dosing regimens. A
reduced frequency of severe neutropenia (25% vs. 44%)
but similar efficacy was reported for weekly dosing
(100mg/m2) versus q3w dosing (300mg/m2) of nab-
paclitaxel in patients with breast cancer.30 Under these
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conditions, the simulated duration above 720 ng/mL per
cycle was reduced by 31% for weekly dosing versus q3w
dosing (Figure 3C).

Our analysis with nab-paclitaxel demonstrated that
risk of neutropenia is positively correlatedwith increasing
age, consistent with observations from other chemo-
therapies.28 Elderly patients are more likely to have
reduced bone marrow reserve and hence more susceptible
to myelosuppression with therapeutic doses of cytotoxic
drugs. This may explain the increased drug effect Slope in
elderly patients (þ50%) in the final neutropenia model.
Additionally, our findings that hepatic impairment was
not a significant predictor of neutropenia after adjusting
for the systemic exposure of paclitaxel is consistent with
the previous findings of the hepatic impairment studywith
nab-paclitaxel, in which ANC was correlated with
paclitaxel exposure but not total bilirubin.24 However,
our observation with nab-paclitaxel was different from
that reported for sb-paclitaxel which demonstrated that
patients with high total bilirubin appeared more suscepti-
ble to neutropenia even at a reduced systemic exposure of
paclitaxel.31

Because the effect of hepatic impairment on paclitaxel
elimination and neutropenia is different from that reported
for sb-paclitaxel, simple extrapolation of the hepatic
dosages from sb-paclitaxel to nab-paclitaxel is not
supported. A reduction of �20% in the starting nab-
paclitaxel dose may be considered for patients with total
bilirubin> 1.5 to�5�ULN to avoid a potential increase
in systemic drug exposure. A larger reduction in the nab-
paclitaxel starting dose for these patients may not be
warranted based on the following observations: (1) the
modest reduction in drug elimination at high total
bilirubin levels (up to 26%, translated into an �20%
mean increase in AUC based on simulations); (2) the
limited contribution (<2%) of hepatic impairment to the
IIV of drug elimination (systemic exposure); and (3) the
lack of correlation of total bilirubin to neutropenia. In
addition, extensive dose reduction may lead to under
treatment of patients. This analysis does not include
pancreatic cancer patients with mechanic obstruction of
the bile duct, and the nab-paclitaxel dose in this special
population remains to be elucidated in future studies. The
present analysis also suggested that a reduction in the
starting nab-paclitaxel dose is not necessary for patients
with mild to moderate renal impairment, as CrCl
(�30mL/min) was not a significant predictor of either
drug elimination or neutropenia.

In summary, nab-paclitaxel causes more rapid and
deeper tissue penetration and slower elimination of
paclitaxel compared with sb-paclitaxel. Less-frequent
neutropenia with nab-paclitaxel can be explained by
the rapid decline of paclitaxel concentrations below
the threshold of 720 ng/mL in circulation. The covariate
analysis supports exposure-matched dose adjustments

in patients with hepatic impairment and suggests
that no dose adjustments are needed in patients with
mild to moderate renal impairment. The results reveal
important pharmacologic features of nab-paclitaxel
distinct from sb-paclitaxel, which likely contribute to
the differences in clinical safety and efficacy between the
two formulations.
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