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Abstract

Toxicity often limits the utility of oncology drugs, and optimization of dose schedule represents one option for mitigation of
this toxicity. Here we explore the schedule-dependency of neutropenia, a common dose-limiting toxicity. To this end, we
analyze previously published mathematical models of neutropenia to identify a pharmacokinetic (PK) predictor of the
neutrophil nadir, and confirm this PK predictor in an in vivo experimental system. Specifically, we find total AUC and Cmax are
poor predictors of the neutrophil nadir, while a PK measure based on the moving average of the drug concentration
correlates highly with neutropenia. Further, we confirm this PK parameter for its ability to predict neutropenia in vivo
following treatment with different doses and schedules. This work represents an attempt at mechanistically deriving a
fundamental understanding of the underlying pharmacokinetic drivers of neutropenia, and provides insights that can be
leveraged in a translational setting during schedule selection.
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Introduction

Balancing antitumor efficacy with toxicity remains a funda-

mental challenge in the development of antineoplastic agents, both

for traditional chemotherapeutics and for the newer generation of

targeted therapies. Therefore, a better understanding of the

relationship between schedule and toxicity assumes a critical role

in development of novel agents; as such an understanding would

permit the rational selection of dosing schedules during the early

clinical development of oncology drugs that could decrease the

likelihood of adverse events while maintaining drug exposure and

efficacy.

A common side-effect for many oncology drugs, (including both

chemotherapeutic as well as targeted therapies), is hematological

toxicity or myelosuppression [1–5]. In many cases, this hemato-

logical toxicity is clearly mechanism-related, as bone marrow stem

cells represent a rapidly dividing population of cells that is

vulnerable to antineoplastic agents that interfere with cell division

and survival. Of the hematological toxicities, neutropenia is one of

the most common reasons for chemotherapy delay and dose

reduction [6,7]. A significant drop in absolute neutrophil counts

(ANC) has been demonstrated to be linked to the incidence of

serious adverse events (such as sepsis, febrile neutropenia and

other life-threatening infections). While neutropenia is serious, it is

also easily monitored and anticipated. There is often a strong

schedule-dependent component to neutropenia, for example with

taxanes in breast cancer, where weekly administration of drug

resulted in a reduced toxicity profile relative to once-every-three

weeks administration [8–12]. The active design of dosing

schedules to limit the incidence of neutropenia, therefore, holds

the potential of significant impact in the development of novel

antineoplastic agents.

Much research has been focused on understanding the

underlying PK driver of neutropenia in the clinic. A variety of

model forms have been used to describe the relationship between

neutropenia and overall drug exposure, such as linear [13–15],

log-linear [16], nonlinear [17–19], and logistic regression [20–24]

models. However, capturing the underlying relationship between

pharmacokinetics (PK) and toxicity can often be challenging, as

patient data is often analyzed from a single dose schedule and

exposure metrics derived from these studies, such as AUC (Area

Under the Curve) or Cmax (maximum concentration of drug

during the treatment period), are typically highly correlated with

one another on any fixed schedule. This complexity often makes it

complicated to extract a single simple PK parameter directly from

empirical models of induction of neutropenia that have been

described in the clinic [9,11,12,25].

Here we take an alternative approach to mitigate the issue of

correlations between PK parameters on experimentally tested

schedules by utilizing prior knowledge built into semi-mechanistic

models. These models have been successfully applied to predict

not only the probability of occurrence, but also the time-course of

neutropenia. These models work by combining a model of drug

PK and compound specific myelosuppression potential with a

model of the underlying biology of the blood-cell life cycle [26–

34]. The semi-mechanistic models represent an advance over

exposure metrics, as they provide a more complete description of
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ANC kinetics, and permit the comparison of different schedules

for their potential to induce neutropenia. Interestingly, it is has

been shown that models for chemotherapy-induced neutropenia

can be based primarily on systemic (patient-specific) parameters

for the bone marrow hematopoietic cascade, with a limited

number of drug-specific parameters [26].

In this work we seek to identify an underlying PK parameter

that predicts the degree of neutropenia by analyzing the dynamic

and severity of neutropenia derived from the semi-mechanistic

models of neutropenia in response to a variety of dosing schedules

[26,35–39]. First, we sought to determine whether there were any

schedules that were less likely to induce neutropenia. Next, we

analyzed the schedules to determine which PK parameter was

most closely linked to the severity of neutropenia nadir. Finally, we

tested the identified PK parameter on a set of in vivo neutrophil

counts to demonstrate the validity and utility of the approach,

independent of the model. The approach presented here is a

natural extension of the foundational work done on semi-

mechanistic models of neutropenia, and represents a mechanistic

insight into the behavior of these models with practical implica-

tions for clinical study design and interpretation.

Results

Effect of Dosing Schedules on Docetaxel Induced ANC-
nadir

Clinical observations have shown that even for constant total

dose per cycle, different dose schedules (e.g. frequency of dosing or

infusion time) can lead to very distinct neutrophil dynamics and

incidence of neutropenia [22,27,34,36,39–42]. Therefore, we used

the Friberg model of neutropenia to study in detail how drug

plasma time course correlated with incidence or severity by

employing previously published semi-mechanistic population PK-

PD models (Figure 1a) built from clinical ANC profiles following

treatment with docetaxel [26,34].

First, a range of different schedules were generated over an

interval of eighty-four days keeping the total dose of docetaxel

fixed (to match total exposure). The schedules tested were of the

form of days-on/days-off, where an interval of continuous dosing

(days-on) is followed by a holiday (days-off) before repeating the

cycle on a fixed period. For example Q3W (once every three

weeks) dosing can be expressed as one day of dosing within a 21

day period. Figure 1b illustrates several examples of the PK and

ANC dynamics that result from various dosing schedules for a

fixed total dose (equivalent to 100 mg/m2 given every three

weeks).

ANC profiles were then simulated for a virtual population of

1000 patients for these schedules. Two different total dose levels,

representing a high and low clinical dose range, were tested

(Table 1). The results are shown in Figure 2a and 2c as a heat

map of median ANC nadir (minimal absolute neutrophil count)

for the simulated patient population under docetaxel treatment on

a variety of schedules. Points along the diagonal in the plot (y = x)

represent schedules with constant (QD) dosing. As can be seen in

Figures 2a and 2c, the points in the upper left corner (e.g. a larger

and less frequent dose) have a more severe ANC nadir compared

to frequent dosing, and this trend is conserved both for low

(Figure 2a) and high (Figure 2c) total dose.

The probability of an individual patient developing grade-4

neutropenia (defined as neutrophil count below 0.56109/L) is

shown in Figure 2b and 2d with similar trends as neutropenia

nadir. Median ANC nadir is a good predictor of incidence of

grade-4 neutropenia within the virtual population with an

R2 = 0.91 (p,0.0001). Since both the ANC nadir and the

probability of developing grade-4 neutropenia show similar

schedule-dependent trends, we next asked what correlation existed

between the two measures across schedules.

PK driver of neutropenia
Based on the prediction that frequent low doses of docetaxel

would induce less neutropenia than infrequent large doses, we

hypothesized the existence of a PK parameter for each schedule

that would correlate directly with the simulated ANC nadir. To

this end, we first examined two common PK parameters, Cmax

and total cycle AUC, for correlation with the median ANC nadir.

The schedule-dependent Cmax correlates poorly with the median

ANC nadir (R2 = 0.10, p,0.05; Figure 3a). The total cycle AUC

was also tested to see if it could explain the schedule-to-schedule

differences in ANC nadir. The very low correlation between total

cycle AUC and the median ANC nadir (R2 = ,0.01, p.0.75)

suggests that AUC alone is not fully accounting for the

neutropenia effect. It is not surprising that AUC is not correlated,

since total cycle AUC should be constant for linear PK and a fixed

total dose.

Since total cycle AUC and Cmax are not strongly associated with

neutropenia at a fixed totally cycle dose, we sought another PK

parameter that would be a better predictor of neutropenia. We

examined the model under simplified linear conditions and found

that the circulating neutrophil counts over time could be

approximated analytically by a weighted moving average of the

drug concentration over time (see Methods S1). We therefore

tested a PK parameter (cavg,ndays) based on the moving average

concentration, which only considers concentrations over a set

window of time (ndays). At each point in time, the moving average

concentration is simply the average concentration over a set

preceding interval of time, and is related to AUC over ndays. The

moving average is therefore capturing drug exposure occurring in

the recent past (set by ndays) but not exposures in the very distant

past.

To assess the ability of this parameter to predict the neutropenia

nadir, however, we must determine the duration over which the

moving average is calculated, ndays. To accomplish this, we

assessed the correlation between median neutropenia nadir

(maximal neutropenia) and max(cavg,ndays) over all schedules.

The time-interval over which the moving average was calculated,

ndays, was varied from 1 day to 28 days. The correlation is plotted

in Figure 3b, showing that the parameter correlates best with a

moving average window set to 16 days. In Figure 3c the median

ANC nadir is compared with max(cavg,16days) for all tested

schedules, and is found to be a good predictor of the incidence

of grade 4 neutropenia (R2 = 0.86, p,0.01). As a further test, we

also examined the ability of max(cavg,16days) to predict the degree of

neutropenia within the high and low total dose levels separately,

and this again shows a strong correlation (R2 = 0.77 (p,0.01) and

R2 = 0.85 (p,0.01) for high and low total dose respectively). This

strong correlation suggests that the moving average is a good

predictor of the neutropenia nadir.

This result suggests that the neutrophil system has a ’memory’ of

roughly two weeks in duration (10–20 days), meaning that this is

roughly the amount of time needed for the stem cell compartment

to have recovered sufficiently in response to a single bolus drug

exposure. This parameter provides a quick and easy principle for

direct ranking of different dosing schedules based on the expected

neutropenia effect. For example, schedules which have the greatest

maximal exposure over a two week period will be expected to

produce the most severe neutropenia nadir.

Pharmacokinetic Driver of Neutropenia

PLOS ONE | www.plosone.org 2 October 2014 | Volume 9 | Issue 10 | e109892



Generalization of findings to other drugs
Having identified a PK parameter, max(cavg,16days), that highly

correlates with the severity of neutropenia induced by docetaxel,

we then sought to demonstrate that this parameter was an intrinsic

property of the neutrophil system and not specific to docetaxel.

The analysis was therefore extended to include both etoposide and

topotecan (Figures S1, S2, and S3). To test if the moving average

concentration, max(cavg,16days), is a property of the neutrophil

Figure 1. Model structure and simulated ANC time-course. (A) The structure of semi-mechanistic pharmacokinetic-pharmacodynamic Friberg
model (from ref [26]) used to describe cytotoxic effect of drugs on proliferating neutrophils. Drug PK was linked to the semi-mechanistic PD model for
neutrophil kinetics and unique PK-ANC profile for given drug at various schedules was generated. (B) Docetaxel PK-ANC simulation was carried out at
an equivalent total dose to 100 mg/m2 every 21 days. The plots show the plasma PK profile (blue lines) and ANC upon treatment (red lines) for
schedules of 28 on-0 off, 7 on-21 off, 4 on-18 off, 1 on-9 off, 4 on–24 off and 1 on-27off.
doi:10.1371/journal.pone.0109892.g001
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system alone, we tested if this parameter was a good predictor

independent of the drug inducing the neutropenia. For topotecan,

which has a linear drug-effect model [26,34], the moving average

of concentration is strongly predictive for ANC nadir (R2 = 0.79,

p,0.01; Figure 4a and Figure S1). On the other hand, compared

to clinically relevant plasma exposures, etoposide was found to

have a highly nonlinear relationship between drug concentration

and effect on the stem cell compartment [26,34]. To account for

the nonlinearity, we therefore used the moving average of

concentration below IC50 of the drug (see methods) and the

moving average of this parameter again is strongly predictive

(R2 = 0.84, p,0.01; Figure 4b and Figure S2).

In vivo ANC analysis
We next sought to determine if the PK parameter determined

from the model was appropriate for analyzing in vivo data. To this

end, we measured ANC levels in rats after administration of TAK-

960, an investigational inhibitor of Polo-Like Kinase (PLK), a

target known to induce neutropenia [43]. A variety of schedules

and dose levels were tested to study the correlation between ANC

nadir and PK in this system, each giving a different Cmax and

AUC which were calculated from a rat PK model (Figure S4). The

time-course of circulating neutrophils was then assessed and

normalized to control (Figure 5a). From this, the PK-ANC

correlation was tested for AUC (Figure 5b) and Cmax (Figure 5c),

and shows a weak correlation for both (R2 = 0.18 (p = 0.40) and

R2 = 0.09 (p = 0.55)), respectively. Since rat neutrophil develop-

ment has a different timescale than in human [36] we again

adjusted the n-days over which we tested the maximal moving

average correlation with neutrophil nadir. For n-day values

between 3 and 6, the correlation is strong (R2 = 0.70) and

statistically significant (p,0.05) (Figure 5d-5e). The ,3- fold

difference between the nadir-predictive moving average between

human (16 days) and rat (3–6 days) can be explained by the

differences in the mean transit time in the human and rat

neutropenia models [26,36].

Discussion

Identifying the PK parameter related to a pharmacological

effect is important for schedule optimization, as well as for

assessing dose-response relationships in the clinic. Often, when

looking at clinical data, one has only one or two schedules to

compare, which can make it difficult to decouple the effect of PK

parameters which are often highly correlated between tested

schedules. In this work we have attempted to bridge this gap by

using a hybrid approach based on systems pharmacology and

dose-response analysis. First we identified a potential PK driver by

probing and mathematically analyzing the dynamic models built

from clinical time-course of pharmacodynamic endpoints, and

then validated the PK parameter retrospectively from experimen-

tal in vivo data. The result is a PK parameter that can be

prospectively applied to analyze and select between alternative

dosing schedules.

We found that the relationship between neutropenia nadir and

schedule was not well explained by either total cycle AUC or

Cmax. For AUC, this parameter is often more closely related to the

total cycle dose and number of dosing cycles, than it is to the

schedule of administration. For example, a patient undergoing

treatment for two cycles would have twice the total cycle AUC of a

patient undergoing a single cycle of treatment, but would not

necessarily be expected to endure twice the nadir depth as a

patient exposed to a single cycle. Similarly, Cmax can often

correlate more closely with the size of the dose more than with the

schedule of administration. With regard to neutropenia, a second

dose given before the stem cell compartment has fully recovered

will be expected to induce a more severe nadir than a second dose

given after stem cell compartment has fully recovered to

pretreatment levels.

On the other hand neutrophil counts will eventually return to

baseline sometime after drug has been cleared from the system, so

at any point in time the system response is likely determined by

drug exposures experienced in the recent past (e.g. a few days ago)

but not in the distant past (e.g. over a year ago). Neutropenia can

therefore be thought of as a transient response, which ’remembers’

events up to some point in the past but ’forgets’ events that

occurred prior to that. In this context, it is not surprising, then that

Cmax and AUC did not faithfully capture the severity of

neutropenia induced by various schedules. Cmax, for example, is

a parameter with an infinitely short ’memory’ and only represents

the maximal instantaneous concentration (see Equation 2). On the

other hand total AUC has an infinitely long ’memory’, treating

drug exposure from the recent past equally as strongly as drug

exposures that occurred in the very distant past (see Equation 3).

Instead, based on an analytical analysis of the Friberg model of

the transient neutrophil response to drug, we introduced a PK

Figure 2. Effect of schedule on docetaxel induced neutropenia. Summary of population simulation of PK-ANC model for 1000 virtual
individuals at two total dose levels of docetaxel shows constant dosing induces a less severe nadir than punctuated dosing. Population median ANC
nadir for low (A) total dose and high (C) total dose as well as probability of grade 4 neutropenia (nadir ,0.56109/L) are shown for low (B) and high
(D) dosing total dose levels. Each plotted captures schedules with the ‘‘days-on/days-off’’ format with number of consecutive days on in given
treatment period shown on the X-axis and treatment period (sum of days on and days off) on the Y axis. Population estimation of median ANC nadir
and probability of grade-4 neutropenia compared with common PK parameters across variety of schedules for low (blue) and high (red) total dose. (E)
Cmax plotted against median ANC nadir for each of the schedules tested and shows weak correlation of 20.32 (R2 = 0.10, p,0.01). (F) Total cycle AUC
over all schedules shows overall correlation of 20.64 (R2 = 0.41, p,0.01) with median ANC nadir, but the correlation is mainly driven by the
differences in total dose as it loses ability to predict neutropenia at a fixed total dose level (R2,0.01 and p.0.75 at low and high total dose).
doi:10.1371/journal.pone.0109892.g002

Table 1. Equivalent total dose used in generation of simulated dosing schedules.

Dose Strength Docetaxel Topotecan Etoposide

Low Dose 60 mg/m2 every 3 week 1.5 mg/m2 given as 30 min infusion on day 1,3 and 5
repeated 3 week

50 mg/m2 given as 30 min infusion for 5 days every 3
week

High Dose 100 mg/m2 every three week 4 mg/m2 given as 30 min infusion on day 1,3 and 5
repeated 3 week

100 mg/m2 given as 30 min infusion for 5 days every
3 week

doi:10.1371/journal.pone.0109892.t001
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parameter based on the moving average concentration which

captures the timescales inherent in the development and recovery

of neutropenia. This parameter is related to the AUC that the

system sees over a specific time period, rather than over the entire

treatment duration, and it provides a quick and easy method for

comparing dosing schedules. For example, it suggests that

schedules with a lower total exposure given over a two week

Figure 3. Moving average of PK describes neutropenia. The maximum of the moving average concentration over the dosing interval was
examined for its ability to predict the simulated median ANC nadir. (A) Example of the 16-day moving average calculated from concentration profile
from 1on-9off dosing schedule. (B) The correlation between maximal moving average concentration and ANC nadir was calculated for sliding
windows of 1 day to 28 days for low dose (blue squares), high dose (red circles), and combination (black line). The maximum ability to predict
neutropenia for the combined low and high total doses occurs when the moving average is calculated over 16 days. (C) The maximum of the moving
average concentration, max(Cavg,16day), accounts for most of the variability in median ANC nadir across total dose and schedule (R2 = 0.86, p,0.01).
doi:10.1371/journal.pone.0109892.g003
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interval tend to produce less severe neutropenia nadirs and

therefore lower probability of neutropenia incidence.

This model-derived insight differs from the conventional

wisdom on the dosing schedule development for agents that

induce neutropenia, where the goal is typically to space doses apart

widely to provide enough time for the bone marrow to recover.

Our work demonstrates that in many cases lower dose levels with

more frequent administration of drug induced less neutropenia

than larger infrequent doses, which is consistent with the published

literature on taxanes [8–12,25]. This finding has both a clinical

and biological relevance for the future development of agents that

induce neutropenia. Findings such as this also point to the value of

a simplified PK parameter (such as the moving average) in

decision-making, as it provides a simple way to assess clinical

exposure-response data for homeostatic processes like production

of circulating neutrophils.

When evaluating any model, it is especially important to keep in

mind the assumptions that went into constructing it. One

assumption that went into this analysis, is that inter-patient

variability is constant across schedules being tested. For example,

interpretation of results from clinical trials with different formu-

lations [44] can be complicated by differences in magnitude and

inter-individual variability of the bioavailability between the two

formulations [45]. Similarly, it is worth noting the shape of the

antiproliferative concentration-effect relationship for a compound.

Based on previous model fitting exercises which assessed the best

model fit for neutropenia, docetaxel and etoposide were both

simulated using an Emax model for concentration effect rather than

the simple linear concentration-effect relationship that was found

to fit best for topotecan. At the low, clinically relevant,

concentrations, docetaxel effectively had a nearly linear relation-

ship since concentrations spent little time above IC90. To

demonstrate how to correct for highly nonlinear compounds, we

used the example of etoposide which had a low IC50 relative to

plasma concentration, resulting in a different rank order of

schedules for the compound (Figure S5). Here instead, we

examined average concentration below IC50, and found the

moving average was still able to accurately capture the variability

between schedules.

Clinical utility is a combination of safety and efficacy, and the

goal of this study was to identify the predominant schedule effects

driving neutropenia, a common safety endpoint. In many cases,

total cycle exposure is likely to be an important determinant of

efficacy. For example, dose fractionation of taxanes in the clinic

have led to sustained efficacy (8, 10), and preclinical work often

shows linear or saturating efficacy with increased concentration

(46). In these scenarios, directly comparing schedules with

equivalent total exposure as done in this study is appropriate, as

schedules that maintain total exposure would not be expected to

reduce efficacy even when resulting in a lower Cmax. Even for

compounds when total cycle exposure is not the key determinant,

the results we present with respect to identification of PK driver of

neutropenia can still be used in conjunction with a similar PK

determinant of efficacy to identify an optimal schedule. These

results provide guidance for prioritization of schedules from a

physiological perspective, and would therefore need to be verified

directly in the clinic. Any decisions of clinical utility of an

Figure 4. Consistency of moving average of PK in describing severity of neutropenia across drugs. The maximum of the moving
average concentration over the dosing interval was examined for its consistency to predict neutropenia across different drugs. Topotecan induced
neutropenia was simulated using linear drug effect model while in case of Etoposide, simulation was carried out using nonlinear drug effect (Emax)
model. (A) The maximum of moving average concentration over 18 days, max(Cavg,18day), turns out to be a good predictor of Topotecan induced
median ANC nadir(R2 = 0.79, p,0.01). While in case of Etoposide the maximum of moving average concentration below threshold over 16 days i.e
IC50, max(Cavg,16day,IC50), shows maximum ability to predict Etoposide induced median ANC nadir across total dose and schedules(R2 = 0.84, p,
0.01).
doi:10.1371/journal.pone.0109892.g004
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optimized schedule would need to then be considered from a cost-

benefit analysis before implementation.

The moving average concentration has the inherent ability to

capture a wide variety of timescales and can elicit properties of

either Cmax or AUC depending on the timescale over which the

average is calculated. For example when the moving average

window is very short compared to the PK of the compound (e.g.

ndays on the order of hours) the max(cavg,ndays) closely reflects Cmax

respond acutely to instantaneous concentration of drug. On the

other hand, for a longer moving average window (e.g. ndays on the

order of weeks or months), max(cavg,ndays) more closely correlates

with a total cycle AUC, and would therefore reflect the entire

history of drug exposure.

It is likely that the concept of moving average concentration

could be applicable to other types of toxicity beyond neutropenia.

As with neutropenia, the moving average timescale could be taken

to represent the inherent time over which any toxic endpoint is

induced and transiently recovers. The moving average is a feature

of the memory of such a system, and would therefore apply to

cases where homeostatic mechanisms bring the system back to

baseline sometime after pharmacological intervention is removed.

Once the timescale (ndays) for a particular toxicity is understood, it

can become much easier to develop optimal dosing schedules to

avoid inducing toxic events. We thus expect that the moving

average concentration concept introduced here may have broad

applicability as a PK parameter in analysis of many types of

pharmacological activities, regardless of the timescale over which

they develop and dissipate.

Methods

Ethical Statement
This study was performed in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals to ensure good science and animal care and

welfare through compliance with internal policies as well as

external regulatory agencies. The protocol was reviewed and

approved for compliance with these regulations prior to study

initiation by Millennium’s Institutional Animal Care and Use

Committee IACUC Committee (Protocol Number: 08-009, Study

# DSD-01321). All animal were sacrificed at end of experiment

using surgery using pentobarbital (iv) with accepted American

Veterinary Medical Association (AVMA) guidelines, and every

effort was made to minimize suffering.

Neutropenia Model
The semi-mechanistic PK-PD model described by Friberg et al.

[26], has been used in the current study and is shown in Figure 1a.

The population PK-PD simulation was carried out using

parameters in references [26,34] with inter-individual variability

incorporated on Circ0, MTT and drug effect parameters Slope or

EC50. Here non-linear drug effect (Emax) model was used to

simulated ANC profiles upon docetaxel and etoposide adminis-

tration, while topotecan induced myelosuppression was simulated

using linear drug effect model (Table 2). Plasma concentration

time profiles for all three drugs were simulated using published

clinical PK models [27,30,46]. Using the PK-PD model, overall

effect of drug fractionation on neutrophil counts was simulated for

various schedules by keeping the total dose constant. All

simulations were done for 84 days (corresponding to 28 days/

cycle 63 dosing cycles). The pharmacokinetics (PK) of topotecan,

etoposide and docetaxel were simulated using typical population

PK model parameters (Table S1). PK profiles were simulated for a

wide range of schedules maintaining clinical recommended total

doses (high dose and low dose, Table 1). Docetaxel was dosed as

an IV bolus while topotecan and etoposide were dosed as short 30

minute infusions. Population PK-PD simulation was carried out

using NONMEM Ver 7.1 for populations of 1000 virtual patients.

Population simulations were analyzed with MATLAB (Math-

works, Natick, MA) and ANC nadir (median), ANC Nadir (90th

percentile), probability of grade-3 neutropenia (ANC less than

16109 neutrophils/liter) and probability of grade-4 neutropenia

(ANC less than 0.56109 neutrophils/liter) were estimated.

Probability of grade-4 neutropenia for more than seven continuous

days was also calculated for each schedule from population

simulations (Figure S6). The AUC of plasma concentration time

profile for all drugs was calculated by noncompartmental analysis

using the linear trapezoidal rule. The Pearson correlation

coefficient was calculated in excel to measure correlation between

two arrays of interest. Linear regression analysis was performed

using graphpad PRISM (GraphPad Software, Inc., CA).

Rat PK and ANC measurements
Single dose of TAK-960 was administered via oral gavage to

male Sprague Dawley rats (n = 3), 8–10 weeks of age, at 7 mg/kg

and 14 mg/kg to estimate the PK profile. Blood samples were

collected at 0, 0.5, 1, 2, 4, 8 and 24 hours. All blood samples were

centrifuged to obtain plasma and freeze at #270uC till analysis. A

one-compartmental extravascular PK model adequately described

the concentration-time profile of TAK-960 in rats (Figure S4). The

PK model fitting and PK simulations were performed using

Phoenix (Pharsight).

A repeat-dose hematological toxicity study of TAK-960

administered via oral gavage was performed on male Sprague

Dawley rats. Six study groups with six rats per group were given

the following PO schedules: vehicle (0.5% methylcellulose 1500

cps), 1 mg/kg QD days 1–14, 2 mg/kg QD days 1–7, 2 mg/kg

3on/4off 2 cycles, 7 mg/kg single dose and 14 mg/kg single dose.

Cmax and AUC estimates from the PK model for each schedule

are provided in the Table S2. Blood samples were collected

periodically to estimate the absolute neutrophil count.

Comparison of PK Parameters: Maximal Moving Average,
Total Cycle AUC, and Cmax:

The moving average concentration is defined over a time

interval, ndays, using the formula in Eq. 1 and was calculated from

simulated concentration profiles. Pretreatment concentrations (t,

0) are assumed to be zero.

Figure 5. Moving average PK describes rat neutrophil counts. Rat neutrophil counts were measured response to the investigational PLK
inhibitor TAK-960 and the relationship between plasma PK and neutrophil nadir was assessed. A) Absolute Neutrophil Count (ANC) normalized to
control group plotted over the course of 21 days on a variety of dosing regimens. B) Normalized ANC nadir plotted versus total cycle AUC for each
schedule tested. C) Normalized ANC nadir plotted versus the Cmax for each schedule tested. D) R2 plotted for Cavg,ndays for n-days from 1 to 14 days. E)
The corresponding p-values of the Cavg,ndays correlation showing correlation. F) Normalized ANC nadir is highly correlated with max(Cavg,4days) with
R2 = 0.70 (p,0.05), a better correlation than either Cmax or AUC.
doi:10.1371/journal.pone.0109892.g005
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cavg,ndays
tð Þ~ 1

ndays

ðt

t{ndays

c tð Þdt ðEq:1Þ

The parameter max(cavg,ndays) can be thought of as blending

properties of both Cmax and AUC. For example, in the limit where

ndays is very small compared to the half-life of the molecule,

max(cavg,ndays) is roughly equivalent to cmax on any given

schedule(Eq. 2).

max cavg,ndays
tð Þ

� �
%

1

ndays

max c tð Þ
ðt

t{ndays

dt

0
B@

1
CA~

max c tð Þð Þ~cmax

ðEq:2Þ

On the other hand, when ndays is very large compared to the

duration of treatment, the parameter max(cavg,ndays) will be more

related to the total cycle AUC for each schedule (Eq. 3).

max cavg,ndays
tð Þ

� �
~

1

ndays

max

ðt

0

c tð Þdt

0
@

1
A%

AUC

ndays

ðEq:3Þ

For Etoposide, the Cmax was in some cases much larger than

IC50. To account for this higher degree of nonlinearity we used the

moving average of the concentration below IC50 defined by:

cavg,IC50,ndays
tð Þ~ 1

ndays

ðt

t{ndays

min c tð Þ,IC50ð Þdt ðEq:4Þ

Supporting Information

Figure S1 Effect of schedule on topotecan induced
neutropenia. Population estimation of median ANC nadir and

probability of grade 4 neutropenia (nadir ,0.56109/L) from PK-

PD simulation for topotecan shows similar patterns across

schedules. The top row (A-B) represents median ANC nadir and

probability of grade 4 neutropenia for all different schedules at low

total dose while the bottom row (C-D) represents same for high

total dose. Frequent dosing (schedules where ‘days-on’ is close to

or equal the dosing period, such as 7on/0off) is associated with less

probability of grade 4 neutropenia.

(TIF)

Figure S2 Effect of schedule on etoposide induced
neutropenia. Population simulation of etoposide induced

neutropenia was carried our using non-linear drug effect (Emax)

model. The top row (A-B) represents median ANC nadir and

probability of grade 4 neutropenia for all different schedules at low

total dose while the bottom row (C-D) represents same for high

total dose. Here intermittent dosing is associated with low

probability of grade 4 neutropenia and higher ANC nadir.

(TIF)

Figure S3 Cmax and AUC are weak predictor of severity
of neutropenia. Common PK parameters were tested for its

correlation with median ANC nadir and probability of grade-4

neutropenia across variety of schedules and dose for topotecan and

etoposide. (A-C) Cmax plotted against median ANC nadir for each

of the schedules tested and shows weak correlation of 20.29

(R2 = 0.08, p = 0.002) and 20.31 (R2 = 0.09, p = 0.001) for

topotecan and etoposide respectively. (B-D) Total cycle AUC

over all schedules shows overall good correlation (CC = 20.82

(R2 = 0.67) and 20.72 (R2 = 0.50, p,0.01) for topotecan and

etoposide respectively) with median ANC nadir, but the

correlation is mainly driven by the differences in total dose as it

loses ability to predict neutropenia at a fixed total dose level (R2,

0.05 at low and high total dose for both drugs).

(TIF)

Figure S4 Rat plasma PK model fits and model
parameters. One compartment pharmacokinetic model ade-

quately describes TAK-960 plasma disposition/elimination after

IV administration. Model fits and model parameters are shown in

figure S4.

(TIF)

Figure S5 Moving average concentration predicts neu-
tropenia across drugs. Maximal moving average concentra-

tion of n days, max(cavg,n-days), was found to predict degree of

neutropenia precisely except highly nonlinear drug effect model of

etoposide. In case of etoposide maximum moving concentration

Table 2. Pharmacodynamic model parameters used in the simulation of ANC kinetics.

DRUG Circ0 (X109/L) MTT (hours) Drug Effect (Edrug) c Reference

Docetaxel 5.05 88.7 Emax Model 0.161 Friberg et al. 2006

Imax = 83.9

IC50 = 7.17 uM

Topotecan 5.02 137 Linear Model 0.101 Kloft et al. 2006

Slope = 60.8 uM21

Etoposide 5.45 135 Emax Model 0.174 Friberg et al. 2006

Imax = 1.57

IC50 = 5.2 uM

doi:10.1371/journal.pone.0109892.t002
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below threshold i.e. IC50 for 16 days, max(Cavg,16days,IC50) turn

out to be a good predictor of median ANC nadir and probability

of grade-4 neutropenia. The median ANC nadir (top row) and

probability of grade-4 neutropenia (bottom row) was plotted

against moving average concentration, max(cavg,n-days).

(TIF)

Figure S6 Schedule-dependence of grade-4 neutropenia
for greater than seven days. Probability of an individual

presenting with grade-4 neutropenia continuously for seven days

or more derived from PK-PD simulation for all three drugs is

shown. The upper row (A-C) represents probability of grade-4

neutropenia continuously for seven days over all schedules tested

at low total dose and lower row (D-F) represents same for high

total dose of each drug. This parameter tends to favor dosing

schedules with some dose holiday (e.g. 7on/7off). However, as

with probability of a grade-4 event, schedules such as 1on/27off

are suboptimal under this analysis.

(TIF)

Table S1 Pharmacokinetic model parameters used in
simulation of concentration time profiles.
(DOCX)

Table S2 PK parameters, AUC and Cmax on each of the
schedules tested.
(DOCX)

Methods S1. (DOCX)

Acknowledgments

We would like to thank Shu-Wen Teng, Vivek Kadambi, and Karthik

Venkatakrishnan for helpful discussion and critique of the manuscript.

Author Contributions

Conceived and designed the experiments: JM. Performed the experiments:

MP SP JY. Analyzed the data: MP SP JY. Contributed reagents/

materials/analysis tools: MP. Wrote the paper: MP SP AC WCS JM.

References

1. Amadori S, Stasi R, Martelli AM, Venditti A, Meloni G, et al. (2012)

Temsirolimus, an mTOR inhibitor, in combination with lower-dose clofarabine
as salvage therapy for older patients with acute myeloid leukaemia: results of a

phase II GIMEMA study (AML-1107). Br J Haematol 156: 205–212.

2. DuBois SG, Shusterman S, Reid JM, Ingle AM, Ahern CH, et al. (2012)

Tolerability and pharmacokinetic profile of a sunitinib powder formulation in
pediatric patients with refractory solid tumors: a Children’s Oncology Group

study. Cancer Chemother Pharmacol 69: 1021–1027.

3. Witzig TE, Reeder CB, LaPlant BR, Gupta M, Johnston PB, et al. (2011) A

phase II trial of the oral mTOR inhibitor everolimus in relapsed aggressive
lymphoma. Leukemia 25: 341–347.

4. Oosterhuis B, ten Berge RJ, Sauerwein HP, Endert E, Schellekens PT, et al.

(1984) Pharmacokinetic-pharmacodynamic modeling of prednisolone-induced

lymphocytopenia in man. J Pharmacol Exp Ther 229: 539–546.

5. Fetterly GJ, Tamburlin JM, Straubinger RM (2001) Paclitaxel pharmacody-
namics: application of a mechanism-based neutropenia model. Biopharm Drug

Dispos 22: 251–261.

6. Silber JH, Fridman M, DiPaola RS, Erder MH, Pauly MV, et al. (1998) First-

cycle blood counts and subsequent neutropenia, dose reduction, or delay in
early-stage breast cancer therapy. J Clin Oncol 16: 2392–2400.

7. Link BK, Budd GT, Scott S, Dickman E, Paul D, et al. (2001) Delivering
adjuvant chemotherapy to women with early-stage breast carcinoma: current

patterns of care. Cancer 92: 1354–1367.

8. Tabernero J, Climent MA, Lluch A, Albanell J, Vermorken JB, et al. (2004) A

multicentre, randomised phase II study of weekly or 3-weekly docetaxel in
patients with metastatic breast cancer. Ann Oncol 15: 1358–1365.

9. Qi M, Li JF, Xie YT, Lu AP, Lin BY, et al. (2010) Weekly paclitaxel improved
pathologic response of primary chemotherapy compared with standard 3 weeks

schedule in primary breast cancer. Breast Cancer Res Treat 123: 197–202.

10. Huang TC, Campbell TC (2012) Comparison of weekly versus every 3 weeks

paclitaxel in the treatment of advanced solid tumors: a meta-analysis. Cancer
Treat Rev 38: 613–617.

11. Bria E, Cuppone F, Ciccarese M, Nistico C, Facciolo F, et al. (2006) Weekly

docetaxel as second line chemotherapy for advanced non-small-cell lung cancer:

meta-analysis of randomized trials. Cancer Treat Rev 32: 583–587.

12. Socinski MA (1999) Single-agent paclitaxel in the treatment of advanced non-
small cell lung cancer. Oncologist 4: 408–416.

13. Egorin MJ, Van Echo DA, Tipping SJ, Olman EA, Whitacre MY, et al. (1984)
Pharmacokinetics and dosage reduction of cis-diammine(1,1-cyclobutanedicar-

boxylato)platinum in patients with impaired renal function. Cancer Res 44:
5432–5438.

14. Duffull SB, Robinson BA (1997) Clinical pharmacokinetics and dose
optimisation of carboplatin. Clin Pharmacokinet 33: 161–183.

15. Arakawa A, Nishikawa H, Suzumori K, Kato N (2001) Pharmacokinetic and
pharmacodynamic analysis of combined chemotherapy with carboplatin and

paclitaxel for patients with ovarian cancer. Int J Clin Oncol 6: 248–252.

16. Jakobsen P, Bastholt L, Dalmark M, Pfeiffer P, Petersen D, et al. (1991) A

randomized study of epirubicin at four different dose levels in advanced breast
cancer. Feasibility of myelotoxicity prediction through single blood-sample

measurement. Cancer Chemother Pharmacol 28: 465–469.

17. Ando M, Minami H, Ando Y, Sakai S, Shimono Y, et al. (1999)

Pharmacological analysis of etoposide in elderly patients with lung cancer. Clin
Cancer Res 5: 1690–1695.

18. Jodrell DI, Egorin MJ, Canetta RM, Langenberg P, Goldbloom EP, et al. (1992)

Relationships between carboplatin exposure and tumor response and toxicity in

patients with ovarian cancer. J Clin Oncol 10: 520–528.

19. Testart-Paillet D, Girard P, You B, Freyer G, Pobel C, et al. (2007) Contribution

of modelling chemotherapy-induced hematological toxicity for clinical practice.

Crit Rev Oncol Hematol 63: 1–11.

20. van Groeningen CJ, Pinedo HM, Heddes J, Kok RM, de Jong AP, et al. (1988)
Pharmacokinetics of 5-fluorouracil assessed with a sensitive mass spectrometric

method in patients on a dose escalation schedule. Cancer Res 48: 6956–6961.

21. Gianni L, Kearns CM, Giani A, Capri G, Vigano L, et al. (1995) Nonlinear
pharmacokinetics and metabolism of paclitaxel and its pharmacokinetic/

pharmacodynamic relationships in humans. J Clin Oncol 13: 180–190.

22. Henningsson A, Sparreboom A, Sandstrom M, Freijs A, Larsson R, et al. (2003)
Population pharmacokinetic modelling of unbound and total plasma concen-

trations of paclitaxel in cancer patients. Eur J Cancer 39: 1105–1114.

23. Huizing MT, Keung AC, Rosing H, van der Kuij V, ten Bokkel Huinink WW,

et al. (1993) Pharmacokinetics of paclitaxel and metabolites in a randomized
comparative study in platinum-pretreated ovarian cancer patients. J Clin Oncol

11: 2127–2135.

24. Karlsson MO, Molnar V, Bergh J, Freijs A, Larsson R (1998) A general model
for time-dissociated pharmacokinetic-pharmacodynamic relationship exempli-

fied by paclitaxel myelosuppression. Clin Pharmacol Ther 63: 11–25.

25. Walker LG, Eremin JM, Aloysius MM, Vassanasiri W, Walker MB, et al. (2011)
Effects on quality of life, anti-cancer responses, breast conserving surgery and

survival with neoadjuvant docetaxel: a randomised study of sequential weekly

versus three-weekly docetaxel following neoadjuvant doxorubicin and cyclo-
phosphamide in women with primary breast cancer. BMC Cancer 11: 179.

26. Friberg LE, Henningsson A, Maas H, Nguyen L, Karlsson MO (2002) Model of

chemotherapy-induced myelosuppression with parameter consistency across
drugs. J Clin Oncol 20: 4713–4721.

27. Sandstrom M, Lindman H, Nygren P, Lidbrink E, Bergh J, et al. (2005) Model

describing the relationship between pharmacokinetics and hematologic toxicity

of the epirubicin-docetaxel regimen in breast cancer patients. J Clin Oncol 23:
413–421.

28. Troconiz IF, Garrido MJ, Segura C, Cendros JM, Principe P, et al. (2006) Phase

I dose-finding study and a pharmacokinetic/pharmacodynamic analysis of the
neutropenic response of intravenous diflomotecan in patients with advanced

malignant tumours. Cancer Chemother Pharmacol 57: 727–735.

29. Latz JE, Karlsson MO, Rusthoven JJ, Ghosh A, Johnson RD (2006) A
semimechanistic-physiologic population pharmacokinetic/pharmacodynamic

model for neutropenia following pemetrexed therapy. Cancer Chemother

Pharmacol 57: 412–426.

30. Leger F, Loos WJ, Bugat R, Mathijssen RH, Goffinet M, et al. (2004)
Mechanism-based models for topotecan-induced neutropenia. Clin Pharmacol

Ther 76: 567–578.

31. Zandvliet AS, Siegel-Lakhai WS, Beijnen JH, Copalu W, Etienne-Grimaldi MC,
et al. (2008) PK/PD model of indisulam and capecitabine: interaction causes

excessive myelosuppression. Clin Pharmacol Ther 83: 829–839.

32. van Kesteren C, Zandvliet AS, Karlsson MO, Mathot RA, Punt CJ, et al. (2005)
Semi-physiological model describing the hematological toxicity of the anti-

cancer agent indisulam. Invest New Drugs 23: 225–234.

33. Brain EG, Rezai K, Lokiec F, Gutierrez M, Urien S (2008) Population

pharmacokinetics and exploratory pharmacodynamics of ifosfamide according
to continuous or short infusion schedules: an n = 1 randomized study. Br J Clin

Pharmacol 65: 607–610.

34. Kloft C, Wallin J, Henningsson A, Chatelut E, Karlsson MO (2006) Population
pharmacokinetic-pharmacodynamic model for neutropenia with patient sub-

group identification: comparison across anticancer drugs. Clin Cancer Res 12:

5481–5490.

Pharmacokinetic Driver of Neutropenia

PLOS ONE | www.plosone.org 11 October 2014 | Volume 9 | Issue 10 | e109892



35. Friberg LE, Freijs A, Sandstrom M, Karlsson MO (2000) Semiphysiological

model for the time course of leukocytes after varying schedules of 5-fluorouracil
in rats. J Pharmacol Exp Ther 295: 734–740.

36. Friberg LE, Sandstrom M, Karlsson MO (2010) Scaling the time-course of

myelosuppression from rats to patients with a semi-physiological model. Invest
New Drugs 28: 744–753.

37. Hansson EK, Friberg LE (2012) The shape of the myelosuppression time profile
is related to the probability of developing neutropenic fever in patients with

docetaxel-induced grade IV neutropenia. Cancer Chemother Pharmacol 69:

881–890.
38. Hansson EK, Wallin JE, Lindman H, Sandstrom M, Karlsson MO, et al. (2010)

Limited inter-occasion variability in relation to inter-individual variability in
chemotherapy-induced myelosuppression. Cancer Chemother Pharmacol 65:

839–848.
39. Latz JE, Rusthoven JJ, Karlsson MO, Ghosh A, Johnson RD (2006) Clinical

application of a semimechanistic-physiologic population PK/PD model for

neutropenia following pemetrexed therapy. Cancer Chemother Pharmacol 57:
427–435.

40. Sandstrom M, Lindman H, Nygren P, Johansson M, Bergh J, et al. (2006)
Population analysis of the pharmacokinetics and the haematological toxicity of

the fluorouracil-epirubicin-cyclophosphamide regimen in breast cancer patients.

Cancer Chemother Pharmacol 58: 143–156.

41. Sandstrom M, Simonsen LE, Freijs A, Karlsson MO (1999) The pharmacoki-

netics of epirubicin and docetaxel in combination in rats. Cancer Chemother

Pharmacol 44: 469–474.

42. Wallin JE, Friberg LE, Karlsson MO (2010) Model-based neutrophil-guided

dose adaptation in chemotherapy: evaluation of predicted outcome with

different types and amounts of information. Basic Clin Pharmacol Toxicol

106: 234–242.

43. Hikichi Y, Honda K, Hikami K, Miyashita H, Kaieda I, et al. (2012) TAK-960,

a novel, orally available, selective inhibitor of polo-like kinase 1, shows broad-

spectrum preclinical antitumor activity in multiple dosing regimens. Mol Cancer

Ther 11: 700–709.

44. Miller AA, Herndon JE, Hollis DR, Ellerton J, Langleben A, et al. (1995)

Schedule dependency of 21-day oral versus 3-day intravenous etoposide in

combination with intravenous cisplatin in extensive-stage small-cell lung cancer:

a randomized phase III study of the Cancer and Leukemia Group B. J Clin

Oncol 13: 1871–1879.

45. Hande KR, Krozely MG, Greco FA, Hainsworth JD, Johnson DH (1993)

Bioavailability of low-dose oral etoposide. J Clin Oncol 11: 374–377.

46. Toffoli G, Corona G, Basso B, Boiocchi M (2004) Pharmacokinetic optimisation

of treatment with oral etoposide. Clin Pharmacokinet 43: 441–466.

Pharmacokinetic Driver of Neutropenia

PLOS ONE | www.plosone.org 12 October 2014 | Volume 9 | Issue 10 | e109892


