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Objective. To study the effects of different G-CSF temporal treatment schemes using a com-
prehensive mathematical model of the mammalian hematopoietic system that couples the
pharmacokinetics of granulocyte colony-stimulating factor (G-CSF) to the hematopoietic
stem cell, neutrophil, platelet, and erythrocyte dynamics.

Materials and Methods. Data from cyclical neutropenic (CN) grey collies are used to build an
extended model that reproduces the dynamics of circulating blood cells found in laboratory
data from the dogs with and without daily G-CSF therapy. The effects of varying the treat-
ment initiation time, and whether injections are given daily, every other day, or every three
days, are examined.

Results. The mathematical model is able to reproduce the large variation in data that occurs
from one dog to another. Different drug delivery times, with no other changes in the model
parameters, can have significant long-term effects on neutrophil numbers. The frequency of
drug delivery also has long-term effects on the oscillations.

Conclusion. Using a realistic representation of the effects of G-CSF on the tissue-level hema-
topoietic system, the model matches a wide range of laboratory data. This implies that it would
be possible to generate individualized predictions for specific dogs if data were available in real
time. The proposed interventions are practical and may reduce the amount of G-CSF required
while potentially maintaining or even improving the treatment effects. � 2007 International
Society for Experimental Hematology. Published by Elsevier Inc.
All blood cells are derived from the hematopoietic stem
cells (HSC), which are undifferentiated cells having
a high proliferative potential. These multipotent stem cells
can proliferate and mature to form all types of blood cells
(platelets, leukocytes, and erythrocytes). Production in
these cell lineages is regulated by a variety of cytokines, in-
cluding erythropoietin (EPO), which mediates the regula-
tion of erythrocyte production, thrombopoietin (TPO),
which regulates production of platelets (but may also affect
other cell lineages), and granulocyte colony-stimulating
factor (G-CSF), which regulates neutrophil numbers.

In Colijn and Mackey [1,2] a comprehensive mathemat-
ical model for the regulation of hematopoiesis was pre-
sented. This work was motivated by the existence of
several hematological diseases that display a highly dy-
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namic nature characterized by oscillations in one or more
of the circulating cell lineages [3]. Examples of these are
cyclical neutropenia, periodic chronic myelogenous leuke-
mia, cyclical thrombocytopenia, and periodic hemolytic
anemia.

In this paper, we concentrate on cyclical neutropenia,
a rare hematological disorder characterized by oscillations
in the circulating neutrophil count. Neutrophil levels fall
from normal to barely detectable levels with a typical pe-
riod of 19 to 21 days in humans [3–5], although periods
up to 40 days have been observed [3]. These oscillations
in the neutrophil count are generally accompanied by oscil-
lations with similar period in the platelets, lymphocytes,
and reticulocytes [3,6]. Cyclical neutropenia also occurs
in grey collies with periods on the order of 11 to 16 days
[3,6,7]. This animal model has provided extensive experi-
mental data that has enriched our understanding of cyclical
neutropenia. Though the gene modification responsible for
canine cyclical neutropenia has been identified [8], the dy-
namic origin of the cycling is only partially understood.
or Experimental Hematology. Published by Elsevier Inc.
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Because of its interesting dynamical nature, many math-
ematical models have been formulated to attempt to answer
this question. While many have modeled cyclical neutrope-
nia as arising only from destabilization of neutrophil dy-
namics [9,10], the work of Bernard et al. [11] and Colijn
and Mackey [1] suggest that the origin of cyclical neutrope-
nia lies in a destabilization of the combined HSC and neu-
trophil control system. The hypothesis that oscillations
originate in the stem cells is supported by the observation
that in cyclical neutropenia oscillations are also present in
platelets and reticulocytes. Cyclical neutropenia in humans
is often treated using G-CSF [12], which is known to inter-
fere with apoptosis [13–16]. Treatment protocols typically
call for daily subcutaneous injection of G-CSF at 3 to 5 mg
per kg of body weight [17,18]. This represents a current
cost of over US$45,000 per year for a 70-kg adult. Clearly
it would be of enormous economic benefit if the same clinical
effects could be achieved with less G-CSF. A few alternative
treatment strategies in humans have been reported in which
various administration schemes have been used; for example,
Jayabose and Sandoval [19] reported that three G-CSF doses
weekly was clinically effective as well as cost effective.

In Bernard et al. [11], a two-compartment model ac-
counting for a destabilization of the HSC compartment
was used to mimic the dynamical behavior of the hemato-
poietic system under G-CSF treatment. In Foley et al. [20]
the authors showed that, depending on the starting date of
the G-CSF treatment, the neutrophil count could either be
stabilized or show large amplitude oscillations (both behav-
iors have been observed experimentally [12]). Their model
suggested that other G-CSF treatment schemes (such as ad-
ministering G-CSF every other day) could be effective
while using less G-CSF. However, this model included nei-
ther erythrocyte nor platelet dynamics even though clinical
data indicates oscillations in those cell lines in cyclical neu-
tropenia patients. Thus it is not known if the results would
be consistent with observed platelet and reticulocyte data.
Second, the simulations did not take into account the phar-
macokinetics of G-CSF.

Materials and methods

Data
We use data on seven grey collies generously supplied by Dr.
David C. Dale (University of Washington School of Medicine,
Seattle, WA, USA) and previously analyzed in Haurie et al. [7].
All of these dogs showed statistically significant cycling in neutro-
phils and/or platelets, according to the Lomb periodogram analy-
sis carried out in Haurie et al. [7]. Data for neutrophils,
erythrocytes, and platelets were available for untreated dogs as
well as dogs receiving daily G-CSF.

Model development
The model we have developed includes the hematopoietic stem
cells, the neutrophils, platelets, and erythrocytes, as well as tissue
G-CSF levels and circulating G-CSF in the blood. It therefore has
four distinct cellular compartments and two compartments repre-
senting G-CSF (Fig. 1).

The stem cells are pluripotential and self-renewing, and can
differentiate into the neutrophil, erythrocyte, or platelet lineages.
Alternatively, the stem cells may reenter the proliferative phase
of the stem cell compartment, during which they undergo a random
loss via apoptosis at rate gS. The stem cell compartment model is
based on the original work of Mackey [21]. The neutrophil, eryth-
rocyte, and platelet compartments are modeled after earlier efforts
[11,22–24]. G-CSF, meanwhile, is injected into the tissue com-
partment and enters the circulation from there. It is cleared from
the circulation by two processes: a random loss, and a linear neu-
trophil-mediated clearance representing the fact that neutrophils
take up circulating G-CSF [25,26]; at very high G-CSF levels
the neutrophil-mediated clearance is saturable, but at the concen-
trations relevant here, a linear approximation is accurate.

Our notation is as follows. The hematopoietic stem cells are de-
noted by Q (in units of 106 cells/kg, see Fig. 1). The circulating neu-
trophils, erythrocytes, and platelets are denoted N (units 108 cells/
kg), R (units 1011 cells/kg), and P (units 1010 cells/kg), respectively.
Each of the differentiation rates from the stem cell compartment
into the cell lineages depend on the number of circulating mature
cells of the relevant type. These are negative feedback functions,
so when the number of circulating mature cells of a given type de-
creases, the corresponding differentiation rate increases to compen-
sate. The rates of differentiation (units of days�1) from the HSCs
into the three lineages are denoted by kN(N), kR(R), and kP(P), re-
spectively. Tissue levels of G-CSF are denoted X (units mg/kg), and
circulating G-CSF concentration is G (units mg/mL).

The effects of G-CSF on the system (injected with a temporal
schedule I(t)) are ultimately represented by changes in three

Figure 1. Schematic diagram of the model. Solid lines reflect either the

movement of cells or the influence of a cell population on a process, while

dashed lines represent the coupling between the G-CSF dynamics and the

hematological model. The notation QtS h Q(t � tS) indicates that there is

a delay involved.
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Figure 2. Serial neutrophil data and simulations for dogs 100, 118, and 127 (data and simulations for platelets and erythrocytes are not shown). The left panel

shows untreated data (points) and simulations (solid line). The right panel shows data and simulations for dogs under daily G-CSF treatment. Note that the

model accounts for the different scalings in neutrophil counts. The simulations were obtained using parameters resulting from the simulated annealing

method. Neutrophil units are 108 cells-kg�1.
parameters: AN, the effective amplification in the neutrophil line
between the HSCs and the circulating neutrophils; gS , the rate
of apoptosis in the HSC compartment and q1, through which G-
CSF increases the level of differentiation from the stem cells
into the neutrophil line. Only the circulating, and not the tissue,
G-CSF has these effects. These particular effects are isolated be-
cause in Colijn and Mackey [1], these were the primary parameter
changes that were found necessary for model simulations to match
the observed laboratory and clinical data for dogs and humans
with cyclical neutropenia undergoing G-CSF treatment. Further-
more, it was consistently necessary to change all three of these pa-
rameters to mimic data. With this notation, and the convention that
Xt h X (t � t), the model equations are given by:

dQ

dt
5� bðQÞQ� ðkN þ kRþ kPÞQþ 2e�gSðGÞtS b

�
QtS

�
QtS

dN

dt
5�gNN þANðGÞkNðNtNÞQtN

dR

dt
5�gRRþAR

�
kRðRtRM

ÞQtRM

�e�gRtRS kRðRtRMþtRS
ÞQtRMþtRS

�
dP

dt
5�gPPþAP

�
kPðPtPM

ÞQtPM

�e�gPtPS kPðPtPMþtPS
ÞQtPMþtPS

�
dX

dt
5IðtÞ þ kTVBG� kBX
dG

dt
5

kB

VB

X� kTG� ðaN þ gGÞG:

Details of the negative feedback functions, the functions AN(G)
and gS(G), and the G-CSF input I(t) are discussed in the Appendix
along with the estimation of the constant parameters.

Parameter estimation
Here, we need to find parameters that match simulations from the
model containing G-CSF to observed data for each dog both dur-
ing and without treatment. We begin with the fits from [1] for 7
dogs without G-CSF treatment. These were found for the model
without explicit inclusion of G-CSF, and various parameters
were modified in that earlier work to mimic treatment. The fits
from [1] to untreated data provide our values AN

untr, gS
untr, and

q1
untr for each dog (see Eq. (5) in the Appendix).

For three dogs, we then use an automated, simulated annealing
procedure to minimize the least squares difference between the
simulation and the treated data, changing only AN, gS, and q1

from the untreated values, and using the model without explicit
G-CSF. The results are values AN

tr, gS
tr, and q1

tr for these three
dogs. We then estimate, without fitting, the treated parameters
for the remaining 4 dogs. Table 1 lists the parameters of the model.

Treatment schedules
Having determined both the untreated and treated parameter
values, we are in a position to use simulation to explore the effects
of different treatment strategies. We experiment with simulating
treatment every day, every second day, and every three days, for
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Table 1. Normal steady state parameters appropriate for dogs

Parameter Name Value Used Unit Sources

Stem Cell Compartment

Q* 1.1 �106 cells/kg Bernard et al. [11]

gS 0.07 days�1 Bernard et al. [11]

tS 2.8 days Bernard et al. [11], Abkowitz et al. [31]

k0 8.0 days�1 Bernard et al. [11]

q2 0.5 �106 Bernard et al. [11]

s 4 (none) Bernard et al. [11]

Neutrophil Compartment

N* 6.9 �109 cells/kg Abkowitz et al. [31], Beutler et al. [32]

gN 2.4 days�1 Bernard et al. [11], Deubelbeiss et al. [33],

Haurie et al. [34]

tMN 3.5 days Bernard et al. [11]

AN 752 100’s Colijn and Mackey [1]

f0 0.40 days�1 (calculated)

q1 0.36 �108 cells/kg Bernard et al. [11]

n 1 (none) Bernard et al. [11]

Erythrocyte Compartment

R* 3.5 �1011 cells/kg Mahaffy et al. [35]

gR 0.001 days�1 Mahaffy et al. [35]

tRM 6 days Mahaffy et al. [35]

tsum 120 days Mahaffy et al. [35]

tret 2.8 days Beutler et al. [32]

AR 5.63 10,000’s Beutler et al. [32], Novak and Necas [36]
�kr 0.5 days�1 (calculated)

Kr 0.0382 (�1011cells/kg)�1 Mahaffy et al. [35]

me 6.96 (none) Mahaffy et al. [35]

Platelet Compartment

P* 2.14 �1010 cells/kg Santillan et al. [22]

gP 0.15 days�1 Santillan et al. [22]

tPM 7 days Santillan et al. [22]

tPS 9.5 days Santillan et al. [22]

AP 28.2 10000s Beutler et al. [32]
�kp 1.17 days�1 (calculated)

Kp 11.66 (�1010 cells/kg)�1 Santillan et al. [22]

r 1.29 (none) Santillan et al. [22]

G-CSF compartment

X* 0.1 mg/kg (calculated)

G* 0 mg/ml (calculated)

kT 0.07 hours�1 Hayashi et al. [27]

kB 0.25 hours�1 fit

VB 76 mL/kg Hayashi et al. [27]

a 0.03 kg/hr Stute et al. [25], Kearns et al. [30], fit

g 0.07 hours�1 Vainstein et al. [29], fit

a 2.2 mg * hours/kg (calculated)

s2 0.001 hours2 (calculated)

T 24 hours (calculated)
�G 0.01 mg/ml (calculated)

m 1 (none) (calculated)
each of the dogs. We also examine the effect of changing the time
in the cycle when treatment is first initiated.

Results

Parameter estimation
Upon adding the G-CSF compartment and using parameters
estimated from the model without it, we find that the qual-
ity of the fits to observed data is preserved. In other words,
the least squares difference between the model and simula-
tions is as good, or better, with the G-CSF compartment
than without (i.e., in [1]), though the parameters were esti-
mated for the model without it.

Figure 2 shows the fit of the untreated and treated data
for dogs 100, 118, and 127, for which parameters were
found with the automated simulated annealing method.
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Table 2. Parameters used for computation for each dog. The other parameters are the same as in Table 1

Parameter Name Dog 100 Dog 118 Dog 127 Dog 101 Dog 113 Dog 117 Dog 128

Auntr
N 488 73.4 18.8 135.8 51 659 100

Atr
N 912.4 866.4 68.3 900 200 2000 800

quntr
1 0.36 0.36 0.36 0.36 0.36 0.36 0.8

qtr
1 2.0 4.1 2.1 4 4 4 5

guntr
S 0.03 0.03 0.005 0.05 0.01 0.05 0.08

gtr
S 0.17 0.15 0.05 0.18 0.055 0.1 0.18

tS 2.80 2.80 2.80 2.52 2.45 2.52 2.52

k0 1.45 1.21 1.34 1.03 1.5 1.59 1.90

f0 0.30 0.69 1.44 0.81 0.48 0.17 0.5

AR 5.63 5.63 5.63 5.80 5.63 5.80 5.63

tPM 7 7 7 6.9 5.27 6.9 7

AP 21.63 49.38 30.88 91.74 6.15 14.0 21.0
�kP 1.38 1.16 0.26 0.32 3.48 0.69 0.90

KP 3.41 10.82 2.46 8.01 11.66 3.79 4.0
�G 0.008 0.0038 0.0083 0.008 0.01 0.008 0.005
The corresponding parameter sets are given in the first three
columns of Table 2 in the Appendix. In each case, we found
that in order to match observed data, it was necessary to in-
crease the neutrophil amplification AN; this corresponds to
a decrease in apoptosis among neutrophil precursors. The
amount of differentiation into the neutrophil line (q1) also
needed to be substantially increased to mimic G-CSF treat-
ment. It was also necessary to increase gS, the rate of stem
cell apoptosis. There is some redundancy in the model, in
that increasing the neutrophil amplification and the differ-
entiation into the neutrophil line from the stem cells have
similar effects. This is not unexpected, since the primary
effect of both changes is to raise neutrophil levels.

We estimate similar parameter changes for the remain-
ing dogs: 101, 113, 117, and 128 (see the four last columns
in Table 2 of the Appendix), and find that the simulations
Figure 3. Serial neutrophil data and simulation results for dogs 101, 113, 117, and 128. The left panel shows data from untreated dogs (points) and sim-

ulations (solid line). The right panel shows data and simulations for dogs given daily G-CSF treatment. Note that the model accounts for the different scalings

in neutrophil counts. The simulations were carried out using parameters estimated from the data from dogs 100, 118, and 127. Neutrophil units are 108

cells-kg�1.
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match the data reasonably well for the neutrophils (Fig. 3)
as well as for the erythrocytes and platelets (not shown).
This confirms that the new model, with the G-CSF coupled
to the cell population dynamics, is capable of reproducing
the data. The least-squares differences between the simula-
tions and the data were not significantly less than the values
reported in Colijn and Mackey [1]. These were the esti-
mated, not fitted, values for the treated parameters; we
are able to match observed data without automated param-
eter fitting based simply on an examination of the treated
data and the parameter changes for dogs 100, 118, and 127.

Treatment schedules
For each dog, we perform simulations comparing daily
treatment, treatment every other day, and treatment every
three days. We find that particularly for dogs 100, 101,
118, and 127, changing the period of the treatment can sig-
nificantly affect the nature of the oscillations. Figure 4
shows the results of treating dog 118 every other day, rather
than every day.

We also explore the effects of changing the time at
which the treatment is initiated. In most cases, this does
not significantly change the long-term behavior. However,
for dog 127 the amplitude of the oscillations is significantly
reduced when the treatment is initiated in the latter half of
the cycle. More specifically, measured from day 1 (defined
here to be the day when the neutrophil level reaches its
minimum), we find that smaller oscillations occur if treat-
ment is initiated on day 8 or afterwards, or on days 2 or 5
(see Fig. 5). When treatment is initiated on other days, larger
oscillations in the model results. We were aware from our
previous study [20] of similar models that there is the possi-
bility that two or more qualitatively different states can be lo-
cally stable, and we have also found evidence for this in the
present model. Namely, changing the treatment onset time
from day 1 to day 8 for dog 127 caused the simulation to sta-
bilize to two very different types of behavior.

It should also be noted that increasing the G-CSF dosage
in the model sometimes helped to stabilize oscillations (dog
127), but in several cases (dogs 100, 128, and 101) a dosage
increase from 5 mg/kg to a dosage in the range of 15 to 25
mg/kg caused some simulations to fail. In those simulations,
the differentiation rate out of the stem cells was so high, and
the apoptosis rate in the stem cells was so high, that the
stem cell population was no longer able to maintain itself.
For the other dogs, there was always a dosage that was suf-
ficiently high to terminate the simulation, but it was some-
times a factor of 10 higher than the actual dosage given.
Figure 4. Simulations for dog 118 when we administer G-CSF daily (top panel), every other day (middle panel), and every third day (bottom panel).

Treatment always starts on day 300. Notice the change in the amplitude of the oscillations depending on the treatment regime. Neutrophil units are in

108 cells-kg�1.
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Figure 5. Simulations for dog 127 when we change the time at which daily G-CSF treatment is initiated. If day 1 represents the day at which the nadir

occurs, we see starting treatment day (STD) is 1 (top), STD 5 2 (second panel), STD 5 4 (third panel), and STD 5 9 (bottom). We can either have large

amplitude oscillations (panels 1 and 3) or small oscillations (panels 2 and 4). Neutrophils are in units of 108 cells-kg�1.
Conclusion
We have developed a model of the hematopoietic system
(including the bone marrow stem cells, circulating neutro-
phils, platelets, and erythrocytes) that includes a pharmaco-
kinetic model of G-CSF dynamics in tissue and in
circulation. The model is able to account for the features
of untreated and G-CSF-treated data for dogs with cyclical
neutropenia. This is accomplished by fitting parameters for
3 dogs and thereby estimating, not fitting, parameters for 4
other dogs.

One of the most intriguing observations resulting from
the parameter fitting in this study, as in Colijn and Mackey
[1], is that to fit observed data for cyclical neutropenic dogs
and human patients during G-CSF treatment it was neces-
sary to model an increase in the rate of apoptosis gS in
the stem cell compartment during G-CSF treatment. De-
creasing the rate of reentry k0 into the proliferative phase
of the stem cells, which would mimic terminal differentia-
tion that bypasses cell division in the HSC compartment,
does not have the same dynamical effect on oscillations
that increasing gS does. However, we are aware that an ex-
amination of the impact of G-CSF on HSC models would
require a more detailed investigation of the proliferation/
maturation process. It was also necessary to model the
more expected increase in neutrophil amplification (consis-
tent with an inhibition of apoptosis in the proliferating neu-
trophil precursors).

Our results indicate that changing the period of the treat-
ment from daily to every other day, and then to every third
day, almost always significantly alters the nature of the os-
cillations. Furthermore, we found in one case (dog 127) that
changing the time of onset of treatment to the latter half of
the cycle (as measured by setting day 1 to be the day when
the neutrophil level is minimal) results in much smaller am-
plitude oscillations in the treated simulation. Since G-CSF
is costly and may have painful side effects, it may be worth
exploring this option further in humans. Preliminary inves-
tigations with this model indicate that for humans, the same
qualitative conclusion holds, namely that different timing
and schedules have significant impact on the oscillations.
However, in humans it is often impractical to collect the
daily (or, even more useful for modeling purposes, more
frequent than daily) cell counts that would be needed to
inform modeling efforts.
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In the model, both of these interventions (changing the
treatment period, and changing the onset time) had more
significant effects on the oscillations than did changing
the G-CSF dosage. Indeed, increasing the dosage was not
seen to be a viable option in our simulations, as it fre-
quently led to the termination of the simulation rather
than to the stabilization of oscillations.

The observed data are highly variable from one dog to
another, but the simulations can be individualized to
account for this. This presents the possibility of using
‘‘real-time’’ data for a given dog to individualize model
simulations and make predictions about the effects of dif-
ferent treatment schedules.

Earlier modeling work also suggested that significantly
different behavior would result from different G-CSF treat-
ment schedules [20]. Our model substantiates this, and quan-
tifies the effects using realistic G-CSF dynamics and yielding
simulations that are directly comparable to observed data.
Our central result is that in the model, changing the time of
treatment initiation and/or the period of treatment may result
in equally good, or better, long-term outcomes and may re-
quire less G-CSF. These changes would be practical to imple-
ment and, if less G-CSF were required, would reduce the risk
of side effects as well as the cost of treatment.
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Appendix: The model

Model structure

The model has several negative feedback functions that
regulate stem cell proliferation and differentiation into the
three circulating cell types. In this model, as in the one pre-
sented in [1], these are given by:

bðQÞ5k0

qs
2

qs
2þQs

kNðNÞ5f0

qn
1

qn
1þNn

kPðPÞ5
�kp

1þKpPt

kRðRÞ5
�kt

1þKtRme
:

We must also specify an input function I(t) that represents
the subcutaneous G-CSF injections. We assume that this in-
put is brief in duration, and that the total amount of G-CSF
added corresponds to the desired dosage, namely:

Z after

before

IðtÞdt5dosage:

Note that if s is small, a Gaussian-like input approxi-
mates a Dirac d-function, and we can write

Z after

before

ae�t2=s2

dtz

Z N

�N

ae�t2=s2

dt5as
ffiffiffiffi
p
p

:

Therefore to simulate periodic injections, we let

IðtÞ5Hðt� dÞae�ððt mod TÞ�T=2Þ2=s2

;

where H (t) denotes the Heaviside step function

HðtÞ5
�

0 t # 0
1 t O 0:

The day on which treatment is initiated is denoted by d,
and the Heaviside function simply turns the injections on.
The term ‘‘t mod T’’ ensures periodicity, and we require
that T OO s so that the approximation to the integral
remains valid. Finally, we ensure that (3) holds by choos-
ing the parameter a such that asOp 5 dosage. It remains
only to describe how the G-CSF acts on the hematolo-
gical portion of the model. Because we believe from pre-
vious modeling efforts that AN, gS, and q1 are the
parameters that need to change under G-CSF, we model
G-CSF injections as causing fluctuations in these three
parameters:

AN5Auntr
N ð1�Hðt� dÞÞ þHðt� dÞ

�
mAðG� �GÞ þAtr

N

�
gS5guntr

S ð1�Hðt� dÞÞ þHðt� dÞ
�
mgðG� �GÞ þ gtr

S

�
q15quntr

1 ð1�Hðt� dÞÞ þHðt� dÞ
�
mtðG� �GÞ þ qtr

1

�

The superscripts ‘‘tr’’ and ‘‘untr’’ respectively indicate
values corresponding to values that, in the model without
the dynamics of G-CSF, match treated and untreated data
respectively. The parameters mA, mg, and mt are slopes
that specify how much AN, gS, and q1 change in response
to a given change in G-CSF concentration, G. �G is the
average G-CSF concentration for each data set. These
were computed using the G-CSF model alone (without
the cell types coupled to it), and using the average neutro-
phil levels in each data set.
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The slopes were computed as follows:

mA5m
�
Atr

N �Auntr
N

��
�G

mg5mðgtr
S � guntr

S Þ= �G
mt5m

�
qtr

1 � quntr
1

��
�G:

In (5), mA, mg, and mt set the amount of fluctuation in
AN, gS, and q1. When the parameter m in (6) is 1, then
when G falls to zero, AN, gS, and q1 drop all the way
down to their average untreated levels. If m ! 1, then
they do not fall all the way to their untreated average levels
when G 5 0 but rather fluctuate about their treated levels
with a lower amplitude. (This can be seen by rearranging
(5) and (6), setting t O d to get AN � AN

tr 5 m (AN
tr �

AN
untr)(�G)/G.)

Parameter estimation

There are a number of parameters to be estimated, and
many of these have been considered in previous modeling
studies [1,2,11]. Our baseline parameters for the HSC com-
partment, and the neutrophil, platelet, and erythrocyte com-
partments, are the same as in Colijn and Mackey [1]. Colijn
and Mackey [1,2] can be consulted for an extensive discus-
sion of how these parameters were determined.

Some of the pharmacokinetic parameters for the G-CSF
portion of the model can be taken from published data on
G-CSF kinetics. We require estimates of the transfer rates
kT and kB, the volume VB, and the parameters a and gG,
which give the clearance rate of G-CSF from the blood-
stream. Hayashi et al. [27] and Kuwabara et al. [28] deter-
mined kT 5 0.06 hr�1 and VB 5 76 mL/kg, while Vainstein
et al. [29] give g 5 0.06 hr�1. We use kB 5 0.25 hr�1,
which is larger than the value 0.1 given in Hayashi et al.

Figure 6. Predicted serum G-CSF time series compared to digitized data

from Stute et al. [25].
[27] but which we needed to reach the observed levels of
G-CSF using the approximate I(t) input. It only remains
to estimate a, which relates the number of circulating neu-
trophils to the clearance of G-CSF. Given a known value for
N on the day of treatment, and the G-CSF concentration as
a function of time, the half-life can be related to the clearance
rate by t1/2 5 ln 2/(aNþ g). With the half-lives and circulat-
ing neutrophil counts in Stute et al. [25] and Kearns et al. [30],
this gives a range of a between 0.015 and 0.03 kg/hr. To check
the validity of this determination, and to ensure that the
model is giving a reasonable description of G-CSF dynamics,
we digitized a time series of G-CSF concentration from Stute
et al. [25] and fit the model simulations to these data. The fit is
shown in Figure 6. The value of a from the fit is 0.03, consis-
tent with the above estimate.
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