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ABSTRACT
Purpose Tomodel absolute neutrophil count (ANC) suppres-
sion in response to acute radiation (AR) exposure and evaluate
ANC time course as a predictor of overall survival (OS) in
response to AR exposure with or without treatment with gran-
ulocyte colony-stimulating factor in nonhuman primates.
Methods Source data were obtained from two pivotal studies
conducted in rhesus macaques exposed to 750 cGy of whole
body irradiation on day 0 that received either placebo, daily
filgrastim, or pegfilgrastim (days 1 and 8 after irradiation).
Animals were observed for 60 days with ANCmeasured every
1 to 2 days. The population model of ANC response to AR
and the link between observed ANC time course and OS
consisted of three submodels characterizing injury due to ra-
diation, granulopoiesis, and a time-to-event model of OS.
Results The ANC response model accurately described the
effects of AR exposure on the duration of neutropenia. ANC
was a valid surrogate for survival because it explained 76%
(95% CI, 41%–97%) and 73.2% (95% CI, 38.7%–99.9%) of

the treatment effect for filgrastim and pegfilgrastim,
respectively.
Conclusion The current model linking radiation injury to
neutropenia and ANC time course to OS can be used as a
basis for translating these effects to humans.

KEY WORDS Acute radiation syndrome . filgrastim .
neutropenia . overall survival . pegfilgrastim

ABBREVIATIONS
ANC Absolute neutrophil count
ARS Acute radiation syndrome
BWT Baseline weight
CI Confidence interval
CIN Chemotherapy-induced neutropenia
%CV Coefficient of variation
G-CSF Granulocyte colony-stimulating factor
HS-
ARS

Hematopoietic syndrome of acute radiation
syndrome

IIV Interindividual variability
K-PD Kinetic pharmacodynamics
MVOF Minimum value of the objective function
NHP Nonhuman primate
NPDE Normalized prediction error
OS Overall survival
RSE Relative standard error
SC Subcutaneous
QD Daily
VPC Visual predictive check

INTRODUCTION

Acute radiation syndrome (ARS) is caused by exposure of large
parts of the body to lethal amounts of penetrating radiation over
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a short period. Penetrating radiation can destroy bone marrow
cells and lead to the hematopoietic syndrome of ARS (HS-ARS),
a potentially fatal condition characterized by neutropenia,
thrombocytopenia, and anemia (1). Granulocyte colony-
stimulating factors (G-CSFs) such as filgrastim and pegfilgrastim
have the potential to treat HS-ARS (2,3). G-CSF is a hemato-
poietic growth factor that stimulates the activation, proliferation,
differentiation, and survival ofmature neutrophils and neutrophil
precursor cells (4). Filgrastim is a recombinant methionyl human
G-CSF with a half-life of approximately 3.5 h (2,5). Pegfilgrastim
is a long-acting G-CSF produced by covalently binding a 20-kD
polyethylene glycol molecule to the N-terminal methionine resi-
due of filgrastim with a half-life ranging from 15 to 80 h (3). Both
filgrastim and pegfilgrastim have been found to decrease the
depth and duration of neutrophil suppression during myelosup-
pressive chemotherapy and to reduce the incidence of infection
characterized by febrile neutropenia (6–10). Therefore, adminis-
tration of G-CSF therapy (filgrastim or pegfilgrastim) could po-
tentially be useful in promoting recovery of absolute neutrophil
count (ANC) as well as reducing the rates of infection and mor-
tality in patients with HS-ARS.

Therapies for certain indications such as HS-ARS cannot be
pursued through traditional human trials because they would be
unethical. In such instances, well-controlled animal efficacy stud-
ies can act as a surrogate for an efficacy study in humans under
the assumption that the benefit observed in these studies would
likely translate into clinical benefits in humans (11). Two separate
pivotal studies were conducted and showed that filgrastim and
pegfilgrastim significantly decreased the duration of radiation-
induced neutropenia and significantly improved overall survival
(OS) in nonhuman primates (NHPs) that were exposed to acute
radiation (12–14). Daily administration of 10 μg/kg filgrastim
after acute radiation exposure significantly decreased the dura-
tion of grade 4 neutropenia (a reduction of 4.3 days in Farese
et al., 2013 (14), and 8.9 days in Farese et al., 2012 (12)). Filgrastim
also significantly improved 60-day OS by 38.3% compared with
control subjects who received only supportive care (i.e., fluid
support, antibiotics, analgesics, anti-diarrheals, antipyretics, an-
ti-emetics, anti-ulceratives, nutritional support, and blood trans-
fusions) (14). Similarly, weekly doses of 300 μg/kg pegfilgrastim
for 2weeks after acute radiation exposure shortened the duration
of grade 4 neutropenia by 5 days (Hankey et al., 2015 (13)), and
14.1 days (Farese et al., 2012 (12)) and increased survival by
43.5% compared with controls (13).

To better translate the potential benefits of G-CSF to treat
HS-ARS in humans, two aspects of this system must be quanti-
fied. First, it is necessary to model the myeloablative effects of
lethal levels of irradiation on granulopoiesis in NHPs. This was
achieved by adapting a structural model of chemotherapy-
induced neutropenia (CIN) in humans (15). Second, a relation-
ship between the ANC time course and OS must be identified.
Both of these aspects are the objectives of the work presented
herein.

MATERIALS AND METHODS

ANC Response and Survival Data

Data on ANC responses in NHPs exposed to potentially lethal
irradiation were taken from two pivotal studies evaluating the
efficacy of filgrastim and pegfilgrastim on OS. Detailed meth-
ods have been published previously (13,14). Briefly, animals
were randomly placed into either placebo or drug-treated
groups and exposed to whole body irradiation (750 cGy at
80 cGy/min) on day 0. Filgrastim-treated animals were ad-
ministered filgrastim 10 μg/kg daily (QD) subcutaneously
(SC) starting on day 1; administration continued until ANC
recovered to 1 × 109 cells/L for 3 consecutive days.
Pegfilgrastim-treated animals were administered pegfilgrastim
300 μg/kg SC on days 1 and 8 of the study. Samples for ANC
quantification were collected pretreatment and every 1 to
2 days (duration = 60 days), and survival was evaluated lon-
gitudinally. Relevant information concerning the treatment
cohorts is summarized in Table I. In the original animal stud-
ies (12–14) from which data were applied for the ANC time
course modeling presented here, the research adhered to the
“Principles of Laboratory Animal Care” (National Institutes
of Health [US] publication #85–23, revised in 1985).

Structural Model

A model of the effects of chemotherapy on granulopoiesis in
humans was applied here toNHPs tomodel the effects of ARS
(15). The structural model (Fig. 1) of ANC response to radia-
tion was composed of three components. The first component
accounts for the duration and magnitude of the radiation
injury, which acts on the cells in the mitosis stage of granulo-
poiesis (Fig.1a). The second component was adapted from a
model of CIN in humans and relates the radiation to ANC
suppression (Fig. 1b). While the drug effects are not modeled
explicitly, a decrease in the duration of neutropenia is as-
sumed to result from increases in both the production rate of
precursors and the maturation rate. The third component
relates the ANC time course to OS (Fig. 1c). While the radi-
ation and G-CSF in the drug-treated cohorts inputs are not
represented explicitly when modeling survival, the OS model
does contain this information implicitly as differences in the
depth and duration of ANC suppression are expected to be
driven by these two effects.

Duration and Magnitude of Radiation Injury

The effect of radiation was implemented using a kinetic phar-
macodynamics (K-PD) approach (16), which accounts for loss
of cells due to the initial killing as well as the residual effects of
radiation on granulopoiesis. The total radiation dose of
7.5 Gy (80 cGy/min) over approximately 9.4 min (13,14)
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was administered to the radiation component of the model
(RAD), and the radiation effect decreased exponentially over
time (kPD,e).

dRAD
dt

¼ −kPD;eRAD ð1Þ

Similar to the human CIN model, radiation was assumed
to affect cells in the mitotic phase (NMT), as shown in Eq. 2,
where kkill, the rate of mitotic cell loss, is proportional (kPD,kill)
to RAD with the sensitivity to radiation determined by γ.

kkill ¼ −kPD;kill RADð Þγ ð2Þ

Neutrophil Maturation, Response to Injury,
and Treatment

The equations governing neutrophil dynamics are as given:

dN SM

dt
¼ kp−ktrN SM ð3Þ

dNMT

dt
¼ ktrN SM− ktr þ kkillð ÞNMT ð4Þ

dN PM1

dt
¼ ktrN MT−ktrN PM1 ð5Þ

dN PM2

dt
¼ ktrN PM1−ktrN PM2 ð6Þ

dANC
dt

¼ ktrN PM2−kcANC ð7Þ

The granulopoiesis model tracks cells in the bone marrow
as they are produced as stems cells (NSM), enter mitosis (NMT),
and mature through two precursor states (NPM1 and NPM2)
before entering systemic circulation (ANC). The parameters
kp and ktr define the proliferation rate of stem cells and the
transit rate between compartments.

The rate of elimination of cells from the system is deter-
mined by kc. Initial values of the system at homeostasis are
described as follows:

N SM 0ð Þ ¼ NMT 0ð Þ ¼ N PM1 0ð Þ ¼ N PM2 0ð Þ ¼ kp
ktr

ANC 0ð Þ ¼ kp
kc

ð8Þ

A time-to-event model with a time-varying hazard, λ(t)i,
was used to characterize OS. The probability of the i-th sub-
ject to survive up to time t is given by S(t)i as shown:

S tð Þi ¼ e−∫t0λ tð Þi dt ð9Þ

The time-dependent hazard function, λ(t)i, in the log do-
main was dependent on ANC as described by the following
equation:

log λ tð Þi
� � ¼ λANC

ANCe tð ÞiλBC−1
λBC

ð10Þ

where λANC is a slope relating the hazard to a Box–Cox trans-
formation of ANCe, and λBC is the power parameter of the
Box–Cox transformation. ANCe is the observed ANC delayed
through an effect compartment as described by:

dANCei

dt
¼ ke0 ANC tð Þi−ke0ANCei ð11Þ

where ke0 is the equilibration rate for the effect compartment,
and ANC(t)i is the observed ANC in individual i at time t. At
baseline, ANCei is set to the initial ANC value for individual i.
At steady state, ANCe equals the observed ANC.

Statistical Model

Visual inspection of ANC time profiles suggested that the
baseline ANC and rate of response to irradiation varied

Table I Summary Statistics of Subjects in the Filgrastim and Pegfilgrastim Pivotal Studies in NHPs Exposed to Lethal Levels of Radiation

Parameter Filgrastim Pivotal Study Pegfilgrastim Pivotal Study Combined Studies

Placebo Drug Total Placebo Drug Total Placebo Drug Total

Subjects, n 22 24 46 23 23 46 45 47 92

ANC measurements, n 650 – – 696 – – 1346 – –

Median body weight (SD), kg 6.2 (0.62) 5.8 (0.60) 5.9 (0.65) 6.2 (0.95) 5.8 (0.96) 6.1 (0.95) 6.2 (0.083) 5.8 (0.86) 5.9 (0.86)

Subjects receiving whole blood
transfusions, n

21 21 42 23 23 46 44 44 88

Median baseline ANC (SD), 109

cells/L
2.84 (1.54) 5.75 (1.58) 4.74 (2.15) 1.74 (1.23) 1.83 (1.89) 1.77 (1.59) 2.11 (1.46) 4.69 (2.47) 2.65 (2.21)

Male, n 18 20 38 23 23 46 41 43 84

Female, n 4 4 8 0 0 0 4 4 8

ANC, absolute neutrophil count; NHP, nonhuman primate; SD, standard deviation
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between subjects. As a consequence, interindividual variability
(IIV) in model parameters for baseline ANC (ANCIC), precur-
sor maturation rate (ktr), the duration of radiation effect (pa-
rameterized as an elimination rate, kPD,e), and the killing effect
of radiation (kPD,kill) were included in the model and were
assumed to be log-normally distributed in Eq. 12.

Pi ¼ Peηi ð12Þ

where Pi is the parameter for the i-th individual; P is the
population typical value for the parameter; ηi is a random
interindividual effect, and it is assumed to be a random nor-
mal variable with a mean of zero and variance ω2 that distin-
guished the i-th individual’s parameter from the population
typical value, P, as estimated by the regression model. The
magnitude of IIV in the system parameters was expressed
approximately as a coefficient of variation (%CV).

Residual variability was evaluated using an exponential
error model according to Eq. 13.

ln Y obsð Þ ¼ ln Y pred
� �þ ε ð13Þ

where Yobs is the observed ANC concentration, and Ypred is the
corresponding model predicted ANC concentration. The re-
sidual error (ε) was assumed to be additive in the log domain
and to follow a normal distribution with a mean of zero and
variance σ2.

Data Analysis

An exploratory analysis was performed to identify any trends
present in the ANC time course, the response to radiation
treatment, and any apparent study differences. Population
analyses were performed using NONMEM® (version 7.2,
ICON Development Solutions, Dublin, Ireland) on the high
performance cloud computing system, Metworx™ v3.0
(Metrum Research Group, Tariffville, CT, USA). Metworx
is a computational platform comprising a suite of software
programming tools, procedures, and services that support
population pharmacokinetic and pharmacodynamic data
analyses. Graphical diagnostics and all other statistical analy-
ses, including evaluation of NONMEM outputs, were per-
formed with TIBCO Spotfire S + ® 8.2.0 (TIBCO
Software Inc., Palo Alto, CA, USA) and R version 3.0.1. For
theOS analysis, model diagnostics were run using PsN version
3.4.2 (17).

Model Development

Placebo-treated NHP data from both the filgrastim and the
pegfilgrastim pivotal studies (13,14) were used to estimate the
model parameters described in Eqs. 3 through 7. During
model development, the performance of the model was eval-
uated using standard goodness-of-fit metrics, including scatter
plots of observed versus predicted individual ANC, conditional

a

b

c

Fig. 1 ANC response and OS model structure. Bone marrow stem cells (NSM) are produced nominally at a rate of kp. These cells mature through the mitotic
(NMT) and precursor stages (NPM1 and NPM2) at a rate of ktr and join neutrophils in the blood (ANC) with a turnover rate of kc. (a) Radiation exposure enters the
RAD compartment, which diminishes at a rate of kPD,e and (b) kills cells in the in the mitotic phase (NMT) at a rate of kPD,kill proportional to RAD with sensitivity γ.
Drug effect (not modeled here) is expected to stimulate both the production (kp) and maturation rates (ktr). (c) The observed ANCs drive an effect compartment
(ANCe) that equilibrates at a rate of ke0. The ANCe drives the survival model (OS). ANC, absolute neutrophil count; OS, overall survival; RAD, radiation.
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weighted residual versus the population prediction and time,
and normalized prediction distribution errors versus the popu-
lation prediction and time.

The model described in Eqs. 9 through 11 was used to
characterize OS for the filgrastim and pegfilgrastim pivotal
studies (13,14). The primary method for evaluating the model
performance was evaluation of the visual predictive check
(VPC) on Kaplan-Meier curves. Specifically, the predicted
survival time course and OS (mean and CI) were compared
with the observed data.

Covariate Analysis

Covariates included demographic factors (baseline ANC,
weight, and sex) and whole-blood transfusions. Categoric
covariates were incorporated into the model as index var-
iables. Continuous covariate effects (θcov) on the popula-
tion typical value (P) were included by normalizing the
individual covariate (covi) to a reference value (covr).
Assuming the covariate effect would be log-normally dis-
tributed, the following was used to calculate the typical
value for an individual:

Pi ¼ Peη j
covi
covr

� �θcov

ð14Þ

The improvement in model fit after incorporating the
covariates was assessed by decreases in the objective function
(>10.83, df = 1, P < 0.001), reduction in IIV and residual
variability, reduction of standard errors, and examination of
diagnostic plots as previously described.

Model Evaluation

A nonparametric bootstrap analysis (18,19) was performed as
an internal model evaluation technique (n = 1000 draws for
ANC model and 5000 draws for OS model). If the parameter
estimates fell into the 95% CI obtained from the bootstrap
analysis, the model parameters were considered unbiased and
identifiable.

For the ANC response model, VPCs were performed by
simulation of 500 ANC concentration-time replicates using
the parameters from the model, the original data set, and
the associated covariates. The observed 5th, 50th, and 95th
percentiles of the prediction-corrected ANC values were sum-
marized, plotted over time, and compared graphically with
simulated prediction-corrected ANC values.

For the OS model, VPCs were performed by simula-
tion of 300 study replicates from the model, the original
data set, and associated covariates. Full ANC profiles
were not available in all NHPs because the ANC data
were not obtainable after death. Therefore, the median
observed ANC per treatment arm was used in the VPCs.

The increase in survival in animals treated with G-CSF
versus placebo is driven by the differences in median ANC
profiles. The observed survival, represented using a
Kaplan-Meier plot, was compared graphically with a
95% prediction interval based on the simulated replicates
for the whole population and by treatment arm. To eval-
uate the appropriateness of ANC time course as a bio-
marker for survival, Li’s method for time-dependent cova-
riates was used to evaluate the proportion of survival ben-
efit attributable to treatment with filgrastim or pegfilgras-
tim (20).

RESULTS

ANC Response and Survival Data

Relevant summary data describing the two pivotal studies of
HS-ARS in NHPs are listed in Table I. The number of sub-
jects in the placebo- and drug-treated cohorts was similar
across studies; however, only the filgrastim pivotal study (14)
had female subjects (n = 4 per cohort) (14). In both studies,
body weight was similar in each cohort, and most subjects
received whole-blood transfusions. ANC data from intensive
sampling (every 1–2 days) were available in each study, with
subjects in the filgrastim pivotal study having a higher median
baseline ANC value (4.78 × 109 cells/L; data on file) than
those in the pegfilgrastim pivotal study (1.77 × 109 cells/L;
data on file).

Absolute neutrophil count time courses, stratified by treat-
ment cohort and study, are shown in Fig. 2. Mortality rates in
the placebo groups were similar between the filgrastim and
pegfilgrastim studies. In both studies, mortality rate was lower
in the groups treated with G-CSF compared with the respec-
tive placebo groups, and mortality rates were similar between
the filgrastim and pegfilgrastim treatment arms. However,
timing of deaths relative to the ANC nadir was markedly
different between the two studies. In the filgrastim pivotal
study (14), the 60-day overall mortality rate in the placebo
group was 59.1% (13/22) (14), and six of the 13 animals that
died on study were at their lowest observed ANC value (data
on file). The 60-day overall mortality rate in the filgrastim-
treated group was 20.8% (5/24) (14), and four of the five
animals that died were at their individual ANC nadir (data
on file). In the pegfilgrastim pivotal study (13), the 60-day
overall mortality rate in the placebo group was 52.2% (12/
23) (13), and 11 of the 12 animals that died did so after the
ANC nadir (data on file). The 60-day overall mortality rate in
the pegfilgrastim-treated group was 8.7% (2/23) (13), with the
two animals dying several days after the ANC nadir had been
reached (data on file).
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ANC Response

Together, the filgrastim and pegfilgrastim pivotal studies had
1346 measurements from the placebo cohort (Table I).
During the estimation process, the ANC maturation rate (ktr)
was found to correlate with baseline weight (BWT). Adding
BWT as a covariate (Eq. 14) significantly improved the min-
imum value of the objective function (ΔMVOF = –36.7).
None of the other covariates evaluated showed significant
associations with any of the model parameters.

The estimated model parameters and their precisions are
reported in Table II. Diagnostic plots (Fig. S1) displaying the
observed versus population- and individual-predicted ANC
showed random normal scatter around the identity line, indi-
cating the absence of systematic bias and the adequacy of the
model to describe the data at population and individual levels.
The conditional weighted residuals also showed random nor-
mal scatter around zero with no specific pattern, suggesting no
model misspecification. Moreover, the distribution of the

conditional weighted residuals versus time remained relatively
constant, indicating the absence of time-dependent bias in
ANC predictions. The mean and standard deviation of the
normalized prediction error (NPDE) were − 0.0800 (95%
CI, −0.129 to −0.0314) and 0.893 (95% CI, 0.862 to
0.923), respectively. These results confirm the adequacy of
the model to characterize the effects of acute radiation and
filgrastim treatment on granulopoiesis in NHP, because the
mean and standard deviation of the NPDE were close to the
expected values of 0 and 1, respectively. Nevertheless, a slight
trend to overpredict the variability was observed because the
95% CI of the NPDE standard deviation is <1. The histo-
grams of the estimated random effects (Fig. S2) were centered
and had acceptable shrinkage (<25% except for IIV on
ANCIC). Correlations between random effects were relatively
low (r2 < 0.16), except for ηkPD,e and ηkPD,kill, which were al-
ready incorporated as covariance components in the model.

The VPC of the placebo-treated cohorts is shown in Fig. 3.
Parameter estimates and the summary statistics from the
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Fig. 2 Exploratory data analysis of ANC response. ANC response in the filgrastim (blue) and pegfilgrastim (red) pivotal studies to whole body exposure of
750 cGy of radiation at 80 cGy/min on day 0 are shown. Each time series shows a single subject: dark lines and filled circular markers identify subjects that died
during the study, and large square markers identify final ANC observation (time of death); light lines and open circular markers indicate animals that survived
through day 60. The placebo cohorts are shown on the top panel, and the drug-treated cohorts (filgrastim or pegfilgrastim) are shown on the bottom panel. The
median filgrastim dosing period (10 μg/kgQD from days 1–19, SC) is indicated by the horizontal solid blue line, and pegfilgrastim dosing (300 μg/kg on days 1 and
8, SC) is indicated by the red triangles. ANC, absolute neutrophil count; QD, daily; SC, subcutaneous.
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nonparametric bootstrap (467 replicates minimized success-
fully) are provided in Table II. Among all bootstrap replicates,
the fixed and random effect parameters were very similar
(<6% difference in the mean estimates). The fixed and ran-
dom effect parameters were estimated with high to moderate
precision (relative standard error [RSE] <25% for fixed
effects and < 55% for random effects).

Overall Survival

The model described in Eqs. 9 through 11 used the observed
ANC time courses as drivers of survival, delayed through an
effect compartment. The extent of this delay was governed by
the relative timing of the lowest ANCs and the times when the
animals died. As identified in the exploratory analysis, where-
as the time of the nadir was similar between studies (Fig. 2), the
timing of deaths in both the placebo- and drug-treated cohorts
relative to the nadir differed between studies (Fig. 4). Efforts to
assign these differences to the available covariates were unsuc-
cessful. An unexplainable study effect was found to exist, and
study-specific parameter estimates were obtained to describe
OS (Table III).

VPCs for both cohorts treated with placebo and G-CSF
are shown in Fig. 4. VPCs for the OS model were fitted sep-
arately to data from the filgrastim pivotal study (top panels)
and the pegfilgrastim pivotal study (bottom panels). ANC time
course was found to explain 76% (95% CI, 41%–97%) and
73.2% (95% CI, 38.7%–99.9%) of the treatment effect for
filgrastim and pegfilgrastim, respectively.

DISCUSSION

The objective of this work is to provide a bridge allowing the
prediction of survival benefits of G-CSF therapy in human
exposed to myeloablative radiation. Human models of gran-
ulopoiesis with G-CSF treatment in the CIN setting have been
previously described (15,21). Two components are lacking in
these previous models; the first is characterization of the radi-
ation injury on cells in the bone marrow and the second is a
link between ANC time course and OS. To this end, we de-
veloped a nonlinear mixed-effects model to quantify the
effects of irradiation on ANC suppression and the link be-
tween ANC recovery and OS in a preclinical model of HS-
ARS. The resulting model of granulopoiesis adapted an exist-
ing model of CIN to account for the radiation injury by quan-
tifying the depth and duration of neutropenia (15). The VPC
for the ANC response model (Fig. 3) shows good agreement
with the fitted model predictions and the observed data.

The model predicts that the effects of radiation in the typ-
ical animal would decrease at a rate of kPD,e = 0.312/d. This
would translate into an effective half-life of approximately
2.2 days, and the underlying effects of radiation would persist

for approximately 11 days (range, 10–12.5), assuming the
washout period is equivalent to five effective half-lives.
However, these effects would not be immediately reflected in
the ANC because the radiation effect was assumed to be
exerted on the neutrophil precursors in the mitotic stage,
which are upstream in the chain of neutrophil production
and release. In this context, the maturation rate (ktr = 0.628/
d) will determine the approximately 5.5-day lag between ra-
diation exposure and systemic observations. Consequently, it
is expected that ANCs will start decreasing 4 days after irra-
diation and will continue to decline for the next 11 days.
Therefore, the ANC nadir is expected to be approximately
15 days after the radiation, which is consistent with the ob-
servable nadir at approximately 15 days (Fig. 2). The fitted
value of γ = 1.79 indicates that the radiation effect is more
than dose proportional. The injury from radiation can be
related to chemotherapy by considering the duration and se-
verity of the two scenarios. The effect of chemotherapy using
the same granulopoiesis model was dose proportional and had
a half-life of 3.5 h. The comparative predicted killing effect of
radiation on mitotic cells is both immediate and more severe.
The estimated proportion of cells killed by day 10
(postirradiation) was 99.33% compared with preradiation
baseline as expected from an acute lethal radiation dose.
Based on the current results, the estimated half-life in NHPs
is 12 h (ln (2)/kc). Using their state-of-the-art technique, He

Table II Parameter Estimates for the Final ANC Response Model

Parameter Estimate 95% CI RSE (%)

System Parameter

ANCIC, 10
9 cells/L 1.71 1.32, 2.10 11.6

ktr, d
−1 0.628 0.608, 0.648 1.64

kc, d
−1 1.34 0.892, 1.79 16.9

kPD,e, d
−1 0.312 0.296, 0.329 2.69

kPD,kill, d
−1KPD−1 2.14 1.43, 2.86 19.2

γ 1.79 1.61, 1.98 5.14

γwt 0.629 – Fixed

Between–Subject Variability

ωANCIC, %CV 23.1 17.0, 28.0 23.8

ωkPD,e, %CV 12 10.0, 13.7 15.3

ωkPD,kill, %CV 15.5 14.0, 17.0 9.8

ωkc, %CV 36.8 28.0, 43.8 21.8

Residual Error

σPE, %CV 62 59.1, 64.8 4.64

ANCIC, baseline ANC; CV, coefficient of variation; kc, ANC turnover rate;
kPD,e, elimination rate of radiation effect; kPD,kill, rate of cell loss due to radiation
effect; ktr, precursor maturation rate; RSE, relative standard error; γ, radiation
sensitivity; γwt, sensitivity of ktr on body weight; σPE, proportional error; ω,
variance and covariance for the subscripted parameters

The estimates and their corresponding precisions (RSE [%]) are those found
from the population analysis. The remaining values (mean, CI) are the result of
the nonparametric bootstrap
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et al. (22) reported an estimated half-life of blood-circulating
neutrophils in rhesus macaques of approximately 1.63 days
compared with previous estimates ranging between 7 h and
3.8 days in humans (23,24). The former study used
radionuclide-labeled cells and measured clearance from the
blood (23). He et al. noted that earlier studies on human neu-
trophil kinetics used adoptive transfer techniques or toxic ra-
dioactive labeling methods that likely altered the active state of
neutrophils, resulting in an underestimated half-life of human
neutrophils (22). In vivo studies that used nontoxic labeling
methods estimated the half-lives of circulating neutrophils in
humans at 13–19 h and the above mentioned 3.8 days (24,25).
These more recent findings support that a human neutrophil
half-life of 7 h was likely an underestimate and that our com-
parative NHP estimates based on our current data are accept-
able. Such consideration is especially important when explor-
ing the implications on the rate of neutrophil suppression and
the onset of neutropenia in humans compared with NHPs.

A number of relationships (linear, log-linear, logit, and
box-cox) were considered to characterize the survival of
NHPs in response to radiation (both with and without treat-
ment with G-CSF). Using predicted ANC values in the effect
compartment as inputs into the time-varying hazard of the OS
model was found to best characterize NHP survival after acute

lethal radiation both with and without exogenous filgrastim or
pegfilgrastim. The exploratory analysis identified important
interstudy differences in the time course of OS. In the filgras-
tim pivotal study (14), most deaths occurred at or near the
nadir, whereas in the pegfilgrastim pivotal study (13), most
deaths occurred during the neutrophil recovery phase. The
susceptibility of an animal to opportunistic infections increases
with ANC suppression, and the time course of a given
pathogen-induced disease may vary widely. Despite efforts
to control experimental conditions, it is possible that the two
groups of animals were exposed to different sets of environ-
mental challenges leading to death at different times. An effect
compartment was used to delay the two related signals; ANC
ultimately contributes to the OS part of the model. The delay
also accounts for the discrepancy between the time of the
nadir and the actual death of animals. Consequently, the
OSmodel described by Eqs. 9 through 11 was fitted separate-
ly to each data set, resulting in an equilibration half-life (esti-
mated as ln (2)/ke0) of 1.0 day for the filgrastim pivotal study,
but 4.4 days for the pegfilgrastim pivotal study. Because the
model is not at steady state, the ANC concentrations in the
effect compartment are different from those measured system-
atically. Consequently, the scaling factor (λANC) was different
between studies (at −2.145 and − 0.229 for the filgrastim and

Fig. 3 Visual predictive checks for
the ANC response model: The
placebo cohorts from the filgrastim
(top) and pegfilgrastim (bottom)
pivotal studies are shown. Lines
show the model predictions (solid)
and observations (dashed) for the
5th, 50th, and 95th data percentiles;
and the markers show the binned
data. The observed data are dis-
played as open circles. ANC, abso-
lute neutrophil count.
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pegfilgrastim pivotal studies, respectively). The range of values
in these parameters represents the temporal differences in the
observed mortality and reflects the varying impact of neutro-
phil suppression on time of death. However, OS at the end of
the study is not impacted.

The time course of neutropenia was used as an input to a
time-to-event model describing the time course of survival. As
Fig. 4 shows, this model accurately captures the time course of
survival for both placebo- and drug-treated animals. The ob-
served OS data from NHPs exposed to lethal doses of radia-
tion suggest that exogenous G-CSF supplementation provides
a survival benefit. The relative risk reduction in mortality at
60 days postirradiation was found to be 64% for filgrastim and
82% for pegfilgrastim. The majority of the treatment effect on
OS could be explained by the time course of ANCs, which
suggests that ANC is an adequate marker to explain and pre-
dict the benefits of treatment with either filgrastim or

pegfilgrastim. Accordingly, ANCs can be used as a transla-
tional surrogate for predicting the survival benefit of filgrastim
or pegfilgrastim when scaling results from animals to humans.

CONCLUSION

These results support utility of the model to quantify the
effects of acute lethal radiation in NHPs. Similarly, the OS
model establishes a quantifiable and predictive link between
ANC time courses and NHP survival after exposure to lethal
levels of radiation and accounts for the treatment effects of
filgrastim or pegfilgrastim on OS. While this model does not
take into account the target- mediated effects of G-CSF treat-
ment on pharmacokinetics and the explicit effects on ANC
response, there are clinical models available to inform these
system-specific human parameters. Taken together, the model

Fig. 4 Visual predictive checks for
OS model fitted separately to data
from filgrastim (top panels) and
pegfilgrastim (bottom panels) pivotal
studies. The solid red line
represents the observed survival for
each cohort, and the black line
provides the median model
prediction. The shaded region
represents the 95% prediction
interval for the model. OS, overall
survival.

Table III Parameter Estimates for
the OS Model (Describing Survival
as a Function of ANC)

Filgrastim Pivotal Study Pegfilgrastim Pivotal Study

Parameter Estimate RSE (%) 95% CI Estimate RSE (%) 95% CI

λANC −2.15 28 −3.32, −0.966 −0.229 58 −1.12, −0.00638

λBC −0.347 40 −0.616, −0.0772 0.3 39 −0.107, 0.915

ke0 (1/d) 0.668 6 0.592, 0.745 0.156 46 0.0221, 0.374

λANC, ANC effect on hazard (slope); λBC, Box–Cox normalization factor; ke0, effect compartment equilibration rate; RSE,
relative standard error

The estimates and their corresponding precisions (RSE [%]) are those found from the population analysis. CIs (95% CI)
are the result of the nonparametric bootstrap
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of ANC response and OS in NHPs can be combined with
clinical models of filgrastim or pegfilgrastim used to treat he-
matopoietic injuries to predict the potential survival benefits of
filgrastim or pegfilgrastim in humans with HS-ARS.

Acknowledgments and Disclosures. This work was funded by
Amgen Inc. The authors would like to thank Ann Farese from
the University of Maryland for explaining the nuances of the
pivotal NHP studies. We would also like to acknowledge the
work of Yihan Jiang and Bo Zhang from Amgen Inc. for their
work in creating NONMEM data sets for the analysis.
Medical writing support was provided by Meghan Johnson,
PhD, and James Balwit, MS, CMPP (Complete Healthcare
Communications, LLC, NorthWales, PA, USA), whose work
was funded by Amgen Inc. DATA SHARING: Qualified
researchers may request data from Amgen clinical studies.
Complete details are available at the following: http://www.
amgen.com/datasharing. Conflicts of Interest: J.H. was an
employee of Amgen Inc. at the time of this work and owns
Amgen stocks; the current affiliation for J.H. is Seattle
Genetics, Bothell, WA, USA. P.O.G has received consulting
fees from Amgen; the current affiliation for P.O.G is POG
Pharmacometrics, Hampshire, United Kingdom. I.D. has
received consulting fees from MnS SPRL. P.J. has received
consulting fees from MnS SPRL. J.J.P.R. was an employee of
Amgen Inc. at the time this work was conducted and owns
Amgen stock; the current affiliation for J.J.P.R. is Janssen
Research & Development, Valencia, Spain. A.N. is an
employee of Amgen Inc. and owns Amgen stocks. S.D. is an
employee of Amgen Inc. and owns Amgen stocks. A.C. was an
employee of Amgen Inc. at the time this work was conducted,
owns Amgen stock, and has Amgen stock options; the current
affiliation for A.C. is Rigel Pharmaceuticals Inc., South San
Francisco, CA, USA. B-B.Y. is an employee of Amgen Inc.
and owns Amgen stocks. M.M. was an employee of Amgen
Inc. at the time this work was conducted and owns Amgen
stock; the current aff i l iat ion for M.M. is Vertex
Pharmaceuticals, Boston, MA, USA. Ethical Approval: This
article does not contain any studies with animals performed by
any of the authors.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which per-
mits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material
is not included in the article's Creative Commons licence and

your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Dörr H, Meineke V. Acute radiation syndrome caused by acciden-
tal radiation exposure - therapeutic principles. BMCMed. 2011;9:
126.

2. Neupogen®. In.filgrastim. Thousand Oaks: Amgen Inc.; 2018.
3. Neulasta®. In.pegfilgrastim. Thousand Oaks: Amgen Inc.; 2018.
4. Farese AM, Cohen MV, MacVittie TJ. Recombinant Human G-

CSF Enhances Recovery and Improves Survival from Severe
Radiation-Induced Myelosuppresson. In: Basel S, editor. Twenty
Years of G-CSF; 2012. p. 365–380.

5. Kuwabara T, Kobayashi S, Sugiyama Y. Pharmacokinetics and
pharmacodynamics of a recombinant human granulocyte colony-
stimulating factor. Drug Metab Rev. 1996;28(4):625–58.

6. Stute N, Santana VM, Rodman JH, SchellMJ, Ihle JN, EvansWE.
Pharmacokinetics of subcutaneous recombinant human granulo-
cyte colony-stimulating factor in children. Blood. 1992;79(11):
2849–54.

7. Spunt SL, Irving H, Frost J, Sender L, Guo M, Yang BB, et al.
Phase II, randomized, open-label study of pegfilgrastim-supported
VDC/IE chemotherapy in pediatric sarcoma patients. J Clin
Oncol. 2010;28(8):1329–36.

8. Johnston E, Crawford J, Blackwell S, Bjurstrom T, Lockbaum P,
Roskos L, et al. Randomized, dose-escalation study of SD/01 com-
pared with daily filgrastim in patients receiving chemotherapy. J
Clin Oncol. 2000;18(13):2522–8.

9. Holmes FA, O'Shaughnessy JA, Vukelja S, Jones SE, Shogan J,
Savin M, et al. Blinded, randomized, multicenter study to evaluate
single administration pegfilgrastim once per cycle versus daily fil-
grastim as an adjunct to chemotherapy in patients with high-risk
stage II or stage III/IV breast cancer. J Clin Oncol. 2002;20(3):
727–31.

10. Green MD, Koelbl H, Baselga J, Galid A, Guillem V, Gascon P,
et al. The international Pegfilgrastim 749 study group. A random-
ized double-blind multicenter phase III study of fixed-dose single-
administration pegfilgrastim versus daily filgrastim in patients re-
ceiving myelosuppressive chemotherapy. Ann Oncol. 2003;14(1):
29–35.

11. US Food and Drug Administration. Product development under
the animal rule: guidance for industry. U.S. Department of Health
and Human Services. 2019 July 29. Available from: https://www.
fda.gov/downloads/drugs/guidances/ucm399217.pdf.

12. Farese AM, Cohen MV, Stead RB, Jackson W 3rd, Macvittie TJ.
Pegfilgrastim administered in an abbreviated schedule, significantly
improved neutrophil recovery after high-dose radiation-induced
myelosuppression in rhesus macaques. Radiat Res. 2012;178(5):
403–13.

13. Hankey KG, Farese AM, Blaauw EC, Gibbs AM, Smith CP, Katz
BP, et al. Pegfilgrastim improves survival of lethally irradiated non-
human primates. Radiat Res. 2015;183(6):643–55.

14. Farese AM, CohenMV, Katz BP, Smith CP, Gibbs A, Cohen DM,
et al. Filgrastim improves survival in lethally irradiated nonhuman
primates. Radiat Res. 2013;179(1):89–100.

15. Melhem M, Delor I, Perez-Ruixo JJ, Harrold J, Chow A, Wu L,
et al. Pharmacokinetic-pharmacodynamic modelling of neutrophil
response to G-CSF in healthy subjects and patients with

Pharm Res (2020) 37: 102102 Page 10 of 11

http://www.amgen.com/datasharing
http://www.amgen.com/datasharing
http://creativecommons.org/licenses/by/4.0/
https://www.fda.gov/downloads/drugs/guidances/ucm399217.pdf
https://www.fda.gov/downloads/drugs/guidances/ucm399217.pdf


chemotherapy-induced neutropenia. Br J Clin Pharmacol.
2018;84(5):911–25.

16. Jacqmin P, Snoeck E, van Schaick EA, Gieschke R, Pillai P,
Steimer JL, et al. Modelling response time profiles in the absence
of drug concentrations: definition and performance evaluation of
the K-PD model. J Pharmacokinet Pharmacodyn. 2007;34(1):57–
85.

17. Lindbom L, Pihlgren P, Jonsson EN. PsN-toolkit–a collection of
computer intensive statistical methods for non-linear mixed effect
modeling using NONMEM. Comput Methods Prog Biomed.
2005;79(3):241–57.

18. Efron B, Tibshirani RJ. An Introduction to bootstrap. Boca Raton:
CRC Press LLC, 2000 N.W. Corporate Blvd. Boca Raton, Florida
33431

19. Hunt CA, Givens GH, Guzy S. Bootstrapping for pharmacokinetic
models: visualization of predictive and parameter uncertainty.
Pharm Res. 1998;15(5):690–7.

20. Li L, Lin X, Brown MB, Gupta S, Lee KH. A population pharma-
cokinetic model with time-dependent covariates measured with
errors. Biometrics. 2004;60(2):451–60.

21. Harrold J, Gisleskog PO, Perez-Ruixo JJ, Delor I, Chow A,
Jacqmin P, Melhem M. Prediction of survival benefit of filgrastim

in adult and pediatric patients with acute radiation syndrome. Clin
Transl Sci. 2020.

22. He Z, Allers C, Sugimoto C, Ahmed N, Fujioka H, KimWK, et al.
Rapid turnover and high production rate of myeloid cells in adult
rhesus macaques with compensations during aging. J Immunol.
2018;200(12):4059–67.

23. Saverymuttu SH, Peters AM, Keshavarzian A, Reavy HJ,
Lavender JP. The kinetics of 111indium distribution following in-
jection of 111indium labelled autologous granulocytes in man. Br J
Haematol. 1985;61(4):675–85.

24. Pillay J, den Braber I, Vrisekoop N, Kwast LM, de Boer RJ,
Borghans JA, et al. In vivo labeling with 2H2O reveals a human
neutrophil lifespan of 5.4 days. Blood. 2010;116(4):625–7.

25. Lahoz-Beneytez J, Elemans M, Zhang Y, Ahmed R, Salam A,
Block M, et al. Human neutrophil kinetics: modeling of stable iso-
tope labeling data supports short blood neutrophil half-lives. Blood.
2016;127(26):3431–8.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Pharm Res (2020) 37: 102 Page 11 of 11 102


	Quantification...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and Methods
	ANC Response and Survival Data
	Structural Model
	Duration and Magnitude of Radiation Injury
	Neutrophil Maturation, Response to Injury, and Treatment
	Statistical Model
	Data Analysis
	Model Development
	Covariate Analysis
	Model Evaluation

	Results
	ANC Response and Survival Data
	ANC Response
	Overall Survival

	Discussion
	Conclusion
	References




