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A computationa model of human granulopoiesisto smulate the
hematotoxic effects of multicycle polychemotherapy

Christoph Engel, Markus Scholz, and Markus Loeffler

Moderate intensification of conventional
multicycle chemotherapy has recently
been shown to improve treatment results
in malignant lymphomas and might prove
to be beneficial also in other malignan-
cies. However, the feasibility of such regi-
mens is mainly limited by their granulopoi-
etic toxicity. To identify and quantify the
basic cell kinetic mechanisms of damage
and stimulation caused by cytotoxic drugs
and recombinant human granulocyte
colony-stimulating factor (rhG-CSF), re-
spectively, we developed a mathematical

model of human granulopoiesis that al-
lows simulation of leukocyte concentra-
tion profiles under 10 different multicycle
polychemotherapy regimens with varying
drug composition, dosage, and schedul-
ing, including rhG-CSF assistance. Clini-
cal data on leukocyte profiles were ob-
tained from large numbers of patients
treated within several multicenter trials.
Simulation studies show that the leuko-
cyte profiles of all regimens can be appro-
priately fitted using one single set of
assumptions and parameters for the cell

kinetic effects of cytotoxic drugs and
rhG-CSF. Furthermore, the model can be
used to explain the interindividual hetero-
geneity of hematotoxicity by a differential
chemosensitivity, which might be useful
in drug scheduling for specific risk
groups. It is demonstrated that the model
can be used to design and to select new
drug schedules for subsequent clinical
trial testing. (Blood. 2004;104:2323-2331)
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Introduction

Evidence is currently accumulating that moderate dose escala-
tion or intensification of conventional chemotherapies can
substantially improve treatment outcome in malignant lympho-
mas."> However, neutropenia is a frequent adverse effect of
such regimens, and it is well known that the risk of bacterial
infections increases with the severity, rapidity of development,
and duration of neutropenia.®” Although comparative clinical
studies have shown that prophylactic administration of recombi-
nant human granulocyte colony-stimulating factor (rhG-CSF)
can reduce the risk of neutropenic infections and that rhG-CSF
permits the maintenance of dose and time intensity, neutropenia
remains amajor limiting factor for treatment intensification.?811
Therefore, drug doses and application intervals must be chosen
in such away that a tolerable degree of neutropenia will not be
exceeded. Ideally, blood cell production should be disturbed as
little as possible throughout the entire therapy. The design of
intensified regimens fulfilling this demand often requires exten-
sive dose-escalation and feasibility trials.’2 To allow a more
targeted selection of appropriate regimens for clinical testing,
one may wish to predict the leukocyte profile for a specific
regimen in advance. However, this task is not straightforward
because the observable time course of leukocyte numbers is the
complex result of a superposition of different suppressive and
stimulatory effects of the drugs on the granulopoietic tissue. To
our knowledge, no comprehensive dynamic model of human
granulopoiesisis available so far that allows one to simulate the
leukocyte dynamicsin cyclic polychemotherapy.

Here we addressed this issue by means of a mathematical
model of human granulopoiesis. The model is based on current
knowledge of the biology of granulopoietic cell proliferation
and itsregulation. It was our objective to investigate whether the
typical leukocyte profiles under various clinical regimens can
consistently be explained by a single set of biologically
plausible assumptions about the toxic and stimulatory cell
kinetic modes of action of the cytostatic drugs and G-CSF,
respectively. Furthermore we aimed to make model predictions
for yet clinically untested schedule variants.

In the past years, we have been involved in the conduct of a
variety of large randomized controlled multicenter trials of the
German Hodgkin's Lymphoma Study Group and the German
High-Grade Non-Hodgkin's Lymphoma Study Group. These
trials were initiated to test the therapeutic efficacy of different
intensified and nonintensified conventional multidrug multi-
cycle chemotherapies with and without rhG-CSF support.1-3->
White blood cell counts have routinely been documented that
allowed detailed characterization of the dynamics of leukopenia
under these regimens.’314 [eukocyte data from 10 different
regimens were chosen as the paradigmatic basis for this work.
The regimens varied regarding drug composition, dosage, and
timing of hematotoxic drugs cyclophosphamide, doxorubicin,
etoposide, vincristine, procarbazine, and the growth factor
rhG-CSF. Additionally, data on the effects of subcutaneous
rhG-CSF administration without chemotherapy were obtained
from published literature.
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Materials and methods

Clinical data

Data on periphera white blood cell counts (WBCs) during the administra-
tion of 10 different multidrug multicycle chemotherapy regimens were
taken from clinical trials of the German Hodgkin's Lymphoma Study Group
and the German High-Grade Non-Hodgkin's Lymphoma Study Group with
kind permission (Table 3). Some trias included only patients younger than
60 years of age, and others considered only older patients. Because the
regimens CHOP-21, CHOP-14, CHOEP-21, and CHOEP-14 comprised
patients both below and above the age of 60, the data of these regimens
were stratified into 2 subgroups to ensure comparability with other
protocols. Except for BEA COPP-21-esca ated, the adherence to the planned
doses was good. 1314

The average time courses of WBCs and their variation within the patient
populations were characterized by the median and the interquartile range
from al available values at each day of therapy. Data on leukocyte profiles
in healthy individuals during daily subcutaneous rhG-CSF administration
have been taken from the published literature.15-22

Model structure

The following paragraphs give a detailed description of the basic model
concept, the regulatory structure, and all assumptions about the modes of
action of cytotoxic drugs and G-CSF. However, a complete mathematical
presentation of the model would go beyond the scope of this paper.
Therefore, mathematical formulas are only shown for the most important
assumptions or when necessary for understanding. Our group plans to
publish acomplete description of the full mathematical detailsin the future.

The basic model concept has been derived from previous work of our
group on models of murine and particularly human granulopoiesis.2326
Figure 1 gives an overview of the model structure. The model considers
human granulopoiesis as a set of compartments, each representing the
population size (ie, cell number) of adistinct hematopoietic cell stage. The
compartments are concatenated according to their order of development.
Granulopoiesis originates from a stem cell compartment, S, with self-
renewal capability. Under steady state conditions, 50% of the cells
emerging from S reenter this compartment, and 50% propagate to the next
more committed stage. CG represents the most immature progenitor cell
stage, granulocyte-macrophage colony-forming unit (CFU-GM). The PGP
compartment comprises all morphologically identifiable granuloid precur-
sors still capable of proliferation (myeloblasts, promyelocytes, myelo-
cytes). MGP represents the maturing (ie, postmitotic) precursor pool
(metamyelocytes, banded and segmented neutrophils). GRA corre-
sponds to the circulating granulocytes in the peripheral blood. The
transitions of cells between the compartments are considered asrates (ie,
numbers of cellsleaving or entering acompartment per time unit). These
rates depend on typical cell kinetic parameters, the 2 most important of
which are the transit time, T (the mean time of a cell residing in a
compartment), and the amplification, A (which quantifies the increase of
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cell numbers during development due to mitotic division). Mathemati-
cally, each compartment is represented by an ordinary differential
equation of the following general type:

dC(t) C(t)

@ @ ! T

The equation describes the change of the compartment size C(t) at any
given time as the balance between the influx and efflux rates (where isthe
influx and C(t)/T is the efflux, with T being the mean transit time). The
amplification parameter, A, multiplies the influx rate due to mitotic
divisions (which equals 1 for nonproliferative cell stagesand ismore than 1
for proliferative cell stages).

Cell transitions between compartments except for the MGP compart-
ment are considered to be independent of cell maturity (ie, the efflux rates
follow afirst-order kinetic). In contrast, MGP cells are assumed to |eave the
compartment in a more or less age-dependent fashion mimicking almost a
“first in, first out” transition. Technically, this can be approximated by
subdividing the compartment into several subcompartments (ie, equations)
with simple first-order transitions.

The model incorporates several negative feedback loops for the
regulation of cell production. Each loop consists of an afferent and efferent
part, which are linked together by a sigmoidal regulatory function with a
saturation characteristic. The afferent part carries information about the
present system state (ie, the number of cells in the compartments). The
efferent part controls the cell kinetic parameters—that is, proliferation (A)
and maturation time (T). Two major feedback loops are mediated by the
compartments GCSFc and GMCSF, which represent the hematopoietic
growth factors G-CSF and granulocyte-macrophage-CSF (GM-CSF),
respectively. The GM-CSF feedback loop has been described in detail
previously.?#2627 The efferent part of the G-CSF loop controls the
amplificationin PGP, the transit timein MGR, and the rate of cellsemerging
from bone marrow to the peripheral blood. The afferent part of the loop
controls the present serum concentration of G-CSF. Experimental findings
show that daily subcutaneous injections of rhG-CSF lead to characteristic
fluctuations of the serum G-CSF concentration profile in human beings,
with maximum concentrations being several orders of magnitude higher
than normal.2228-30 To allow for these fluctuations in the model we assume a
simple pharmacokinetic model of rhG-CSF with extravascular administra-
tion. The GCSFs compartment represents the subcutaneous rhG-CSF depot
from which the drug is transferred to the central GCSF¢ compartment with
a first-order kinetic (quantified by a single absorption coefficient ky). The
central G-CSF compartment also gets influx from an endogenous source.
The biologic activities of the endogenous and exogenous G-CSF are
assumed to be identical. Furthermore, G-CSF is assumed to be removed
from circulation by a nonspecific process with an elimination coefficient k,
and by a specific process with a rate being proportional to the number of
cellsin GRA (with a proportionality factor ks). Thus, the balance equation
for the central G-CSF compartment is defined as follows:

dG(t)

(2) dt = lexo T lendo — (ku + ks GRAreI)G(t)
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Figure 1. Model structure. The compartments S, CG,
PGP, MGP, and GRA represent stem cells, CFU-GM,
proliferating granuloid precursors (myeloblasts, promyelo-
cytes, myelocytes), maturing granuloid precursors (meta-
myelocytes, banded and segmented neutrophils), and
peripheral neutrophils, respectively. GCSFc and GMCSF
indicate the circulating levels of G-CSF and GM-CSF,
respectively. GCSFs represents the subcutaneous com-
partment for exogenous rhG-CSF. CX represents the
chemotherapy. Bold black and gray lines indicate cell and
cytokine flux, respectively. Thin dashed and solid lines
indicate the afferent and efferent parts of regulatory
loops, respectively. Numbers in circles indicate the basic
modes of drug action: (1) acute loss of cells, (2) en-
hanced mitotic activity, (3) accelerated differentiation,
and (4) increased rate of release to the peripheral blood
stream.
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where G(t) is the present circulating G-CSF level, leo and lengo are the
present influx rates due to absorption from the subcutaneous compart-
ment and endogenous production, respectively, and GRA 4 isthe present
neutrophil number relative to the normal steady state number.

Mathematically, the complete model is a system of coupled nonlinear
ordinary differential equations that can be solved by numeric integration.
The model does not compare absolute cell numbers, because they are
largely unknown for most bone marrow cell stages even in the normal
steady state. Therefore, cell numbers during perturbation are aways
determined relative to the unperturbed steady state. However, to allow
meaningful comparison of relative GRA compartment sizes with absolute
leukocyte concentrations, a scaling factor of 7000/p.L is applied, which
corresponds to the mean leukocyte concentration in healthy individuals.3

The model was realized and solved on a standard personal computer
using the numeric computation software MATLAB 5.2.0.3084 and SIMU-
LINK toolbox (The MathWorks, Natick, MA). Previous work of our group
has shown that alarge number of experimentally induced or disease-related
hematopoietic disturbances in the mouse, dog, or human being can be
described by this model approach,24-27:32:35

Model assumptions about the cell kinetic effects
of cytotoxic drugs

It is assumed that a cytotoxic drug leads to arapid removal of cellsin each
bone marrow compartment. The amount of cells being removed per time
unit (ie, the cell kill rate) is assumed to be proportional to the number of
cells in the compartment. A proportionality factor k characterizes the
maghitude of toxicity (hereafter referred to as the “toxicity coefficient”).
The toxicity coefficients are specific for each cell stage and depend on the
drug type and dosage. Pilot simulations showed that toxicities for the S and
CG compartments could not unambiguously be distinguished from each
other. Hence, only one coefficient for both cell stagesis considered.

No explicit pharmacokinetic model for cytotoxic drugs and their
metabolites is considered. According to their short half-life times, cell
removal is restricted to a period of 24 hours and then returns to zero.
Bleomycin, which is part of the BEACOPP regimen, is assumed not to
cause a relevant hematotoxicity. Furthermore, neither a prolonged nor an
irreversible damage to hematopoietic cells is assumed. The effects of
different drugs given concomitantly are considered by simply adding their
toxicity coefficients. These model assumptions lead to the following
general extension of the first-described equation (bold letters):

@) _ .
dt

—@ = C(t)"(ky + ky + -+ - + k)

(3
where k; through k, are the drug- and cell stage-specific toxicity
coefficients.

The toxicity coefficients are assumed to be constant over successive
therapy cycles except for thefirst cycle. During simulation of thefirst cycle
all coefficients of toxicity are multiplied by one unique factor ffig.cyqe bEiNg
more than 1. This assumption is necessary to account for the fact that the
granulopoietic system is unperturbed at the beginning of the first cycle, but
not at the beginning of all other cycles.

The quantitative relationship between the drug dose and the correspond-
ing toxicity ismodeled by asimple nonlinear function of thetypek = D¢,
with k being the coefficient of toxicity, D being the drug dose, and « and 3
being parameters characterizing the shape of the nonlinear relationship.

Model assumptions about the cell kinetic effects of G-CSF

G-CSF levels above normal lead to a shortening of the transit time in the
MGP compartment, to an increased mitotic cell amplification in the PGP
compartment, and to an increase of the rate at which mature leukocytes
emerge from the bone marrow to the blood. Vice versa, subnormal levels
lead to the opposite effects. For all effects, characteristic dose-response
dependencies with asigmoidal shape are assumed.

Further assumptions

Prednisone is able to increase neutrophil numbers in the peripheral blood.
Therefore, it is assumed that prednisone causes a characteristic prolonga-
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tion of the transit time by 66% in the GRA compartment.3® Advanced stage
Hodgkin lymphoma patients showed a markedly higher WBC before the
start of treatment, which might be caused by elevations of their G-CSF
serum levels3” We therefore assume a slightly increased endogenous
G-CSF production in the model that gradually declines to zero during
therapy due to the continuing destruction of the tumor. Furthermore, the
leukocytosis caused by the vincristine and prednisone pretreatment in the
CHOP-14sregimen is also considered in the model.

Parameter estimation

A major goal wasto obtain appropriate valuesfor all coefficients of toxicity
and for all other free model parameters (in particular, the G-CSF—dependent
regulation process). This parameter estimation was performed through a
stepwiseiterativefitting of model curvesto leukocyte datafrom the clinical
multicenter trials. The purpose was to identify parameter values that lead to
the best agreement between the model and clinical data. Evolutionary
strategies were applied to identify optimal parameter values.383° The error
function to be minimized was defined as a weighted sum of the squared
differences between the data and model values on each day of therapy. The
weighting factors corresponded to the standard errors of the mean of the
data on each day to account for the varying degree of certainty between data
points. Data and model values were logarithmicaly transformed to
emphasize lower values.

Results
Granulopoiesis in healthy individuals

Exogeneous rhG-CSF assistance during conventional chemotherapy
usudly congsts of severd consecutive injections once per day at adose
of approximately 5 pug/kg body weight. The effect of such an rhG-CSF
scheduling has been studied by severd authors in hedthy volun-
teers1>2 Figure 2 shows these experimental data together with the
results of the model simulation. Despite some heterogeneity in the data
between the different authors regarding absolute WBC concentrations,
the patterns are found to be similar and can be gppropriately reproduced
by the model. The steepest WBC increase can be observed after thefirst
rhG-CSF injection. Thiscan be explained by theimmediate reduction of
the trandt time in the postmitotic compartment and the increased rate of
cdlsemerging to the periphera blood. The simulation result also agrees
with the daily variation of WBC concentrations observed by Chattaet a,
which are caused by the discontinuous mode of rhG-CSF administra-
tion. Figure 3 describes the estimated quantitative relationship between

60
50

40

30

References

v Bensinger et al™

= + Chatta et al™®

= Fischmeister et al'’
*  Griggetal™

«  Hoglund et al'™

O Houston et al®
o
<

leukocytes [x1000/uL]

Huhn et al*'
v Watts et al*

T T T T T T T
6 1 2 3 4 5 & 7 8 9

days

T T T T T
10 11 12 13 14 15

Figure 2. Effect of repeated daily G-CSF administration in healthy individuals.
Good quantitative agreement between model simulation (gray curve) and clinical
data (taken from the literature5-22),
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Figure 3. Dose-response curves for G-CSF effects. Quantitative relationship
between the circulating G-CSF level (expressed as fraction of the G-CSF level in
the normal steady state) and the 3 modes of G-CSF action. Curve Apgp describes
the number of additional mitoses at the stage of myeloblasts, promyelocytes,
and myelocytes. Tycp describes the transit time in the postmitotic compartment,
and Rygp describes the fraction of cells released from bone marrow into
peripheral circulation.

the circulating G-CSF level and the 3 assumed G-CSF effects in the
model. Under maximum G-CSF stimulation, about 3 additional mitoses
take place in the PGP compartment, the trangit time in MGP s reduced
from anormal value of 165 hoursto 43 hours, and the fraction of cells
emerging to the blood isincreased to 100%.

Multicycle chemotherapy

Figure 4 shows the simulation results for the 10 different multi-
cycle chemotherapy regimens together with the WBC data (median
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and interquartile range) obtained from the clinical trials. Generally,
the regimens without rhG-CSF assistance (CHOP-21, CHOEP-21,
BEACOPP-21-baseline) exhibit a WBC concentration profile with
only one phase of decrease and one consecutive phase of increase
per cycle. In contrast, WBC profiles under rhG-CSF—assisted
protocols are more complex depending on the time of beginning
and cessation of the rhG-CSF injections. Regimens with rhG-CSF
initiation at day 4 show a considerable initial increase of WBCs
before the chemotherapy-induced decline (CHOP-14, CHOEP-14).
This initial increase is much less pronounced in regimens with
rhG-CSF initiation at day 6 (CHOP-14s, hCHOEP-14/21) and
cannot be observed at all in regimens with injections starting at
day 8 (BEACOPP-14, BEACOPP-21-escalated). In all these regi-
mens the WBCs show a decrease after the last rhG-CSF injection.

Comparing CHOEP-21 with CHOP-21 and also CHOEP-14
with CHOP-14, the addition of etoposide leads to noticeably lower
nadir counts. Severa factors have considerable impact on toxicity,
one of which is the age of the patients. This is illustrated by the
comparison of CHOP-21 and CHOP-14 for patients younger than
60 years with the same protocols for older patients. No regimen
exhibits pronounced cumulative toxicities over successive cycles.

All of these qualitative and quantitative features are repro-
duced by the model. Although most WBC profiles can be
simulated with great accuracy, in some regimens with rhG-CSF
assistance (BEACOPP-21-escal ated, BEACOPP-14, hCHOEP-21/
14) the amplitudes between nadir and peak values are somewhat
underestimated in some cycles.

A {eHoe-21 (age 280) CHOEP-21 |age 260)

J CHOR-21 {age <30}

4] a2 B3 84 108 o F a @ B 105

{ GHOP-14 fage 2601 | [EIEEET

leukocytes [x1000/uL]

Figure 4. WBC profiles during chemo-
therapy with or without rhG-CSF. Model
simulation (bold line) compared with clinical
trial data (open circles connected by the thin
line represent the median WBCs; the gray
shaded area depicts the variability by the
interquartile range). Dashed vertical lines
indicate the start of each therapy cycle.
Black triangles indicate the administration of

rhG-CSF. The dashed horizontal line marks

< days after start of therapy

the normal WBC range.
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Estimation of drug- and cell stage—specific toxicities

Importantly, the WBC profiles of al regimens can be simulated
using asingle set of toxicity coefficients as summarized in Table 1.
Because the degree of hematotoxicity is age dependent, parameter
estimations have been carried out separately for patients younger
than 60 and those 60 years or older. Table 1 gives lower and upper
boundaries for these estimates. Within these boundaries the agree-
ment between model and data curves did not deviate more than
10% from the optimum as judged by the error function. In most
cases, this range is small, which indicates that the values could be
estimated with great certainty. However, regarding this 10%
tolerance interval, only lower boundaries could be given for
Keph+pox+vin @nd kero for the PGP compartment and patients 60
years or older, indicating that these parameters are not very
sensitive in wide ranges. A major result of the parameter estimation
isthat the increased toxicity in the elderly can simply be explained
by higher toxicity coefficients. Importantly, no differencesin other
model parameters had to be assumed. Furthermore, the toxicity of
all drugs on al cell stages during the first cycle is estimated to be
27% and 31% higher than in later cycles in younger and older
patients, respectively.

The dose-escalation protocols hCHOEP-14 and hCHOEP-21
were used to estimate the quantitative relationship between drug
dosage and toxicity both for etoposide and cyclophosphamide/
doxorubicin in patients younger than 60 years (Figure 5). Stem cell
toxicity of etoposide is estimated to be considerably lower than for
the committed proliferating precursors. Furthermore, there is no
dose-toxicity relationship for etoposide on stem cells. The opposite
result is obtained for cyclophosphamide, with ahigher toxic impact
on the stem cell compartment than on the PGP compartment. Also
in contrast to etoposide, the toxicity to PGP does not depend on the
dose of cyclophosphamide.

Model predictions

Using the toxicity coefficients and dose-toxicity relationships as
shown above, predictive model simulations can be made for
variants of the protocols considered here. To enable an appropriate
quantitative comparison of different protocol variants, each pre-
dicted WBC profile is described by 4 characteristic quantities: (1)
the mean duration of leukopenia per therapy cycle (timewith WBC
below a threshold of 4.0 X 10%L [4000/pL]), (2) the maximum
depth of leukopenia during total therapy, (3) the minimum WBC
observed at the start of a cycle, and (4) the so-called AOC (area
over the simulation curve up to a WBC threshold of 4.0 X 10%L
[4000/pL]). A quantitative analysis of the relationship between
leukocyte toxicity and the grade of infections based on 2600 cycles

Table 1. Estimated toxicity coefficients
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of CHOP-21, CHOP-14, CHOEP-21, and CHOEP-14 regimens
revealed that the incidence and severity of infections gradually
begins to increase below a WBC of 4.0 X 10%L [4000/p.L] (data
not shown). Table 2 shows the values for these quantities under 4
clinically untested CHOP variants compared with the CHOEP-14
regimen as described in Table 3. One predictive simulation was
performed to investigate whether the CHOP-14 protocol can be
possibly administered without any rhG-CSF support, because its
necessity has not been investigated in any clinical trial sofar. Inthis
case the model predicts atoxicity that is more severe than observed
under the most intensive CHOEP-14 (WBC profilesin Figure 6). A
second predictive model simulation aimed to explore whether an
rhG-CSF—assisted CHOP could be further intensified by a reduc-
tion of the cycle duration to 11 days. As shown in Table 2 and aso
in Figure 6, this reduction would lead to a toxicity profile roughly
comparable with that observed under rhG-CSF—assisted CHOEP-
14. However, a further reduction of the cycle duration to 10 days
yields greater toxicities than under CHOEP-14 despite maximum
rhG-CSF support from day 2 to day 10. Interestingly, the CHOP-10
variant with less rhG-CSF support (day 4 to day 9) is predicted to
be less toxic than the CHOP-10 variant with maximum support.

Figure 6 (lower panel) shows how the toxicity under a
CHOP-21 regimen (with rhG-CSF support from day 6 to 13)
depends on the dose of cyclophosphamide. The graph allows
determination of the maximum tolerable dose of cyclophospha-
mide for a predefined level of toxicity. For instance, if the WBC
concentration at the start of each cycle should not be lower than
4.0 X 10%L (4000/p.L), the dose of cyclophosphamide must not
exceed 1700 mg/m#d.

Discussion

In this paper we propose a novel dynamic model of human
granulopoiesis for the simulation of the periphera leukocyte
profiles under conventional multidrug multicycle chemotherapies
with varying drug composition, dosing, and scheduling. The model
also takes into account the effects of concurrent rhG-CSF adminis-
tration as well as the age-related heterogeneity of hematotoxicity
within the patient population. Despite the present restriction of its
application to chemotherapy regimens used in lymphoma treat-
ment, the approach is far more general and should be applicable to
other regimens as well.

To our knowledge, comparable models allowing such simula-
tions have not yet been published in the literature. Regarding
high-dose chemotherapy with autologous stem cell support, which

Coefficient Stem cells/CFU-GM*

Mitotic precursorst Postmitotic precursors}

Kcph + pox + vin; 60y or older 0.195 (0.185-0.198)
0.178 (0.170-0.185)
0.0047 (0.004-0.008)

0.003 (0.0-0.007)

KcpH + pox + vin; younger than 60 y
Kero: 60y or older
keto: younger than 60 y

Kpro 0.0063
Kvin 0.0385
Fiirst-cycle; 60 y Or older§ 1.31
Fiistcycle; Younger than 60 y§ 1.27

Setto 0.0

Setto 0.0
0.0051 (0.0025-0.008)
0.0019 (0.001-0.0035)

0.5 (> 0.15)

0.098 (0.06-0.1)
0.9496 (> 0.06)
0.187 (0.06-0.7)

0.0237 0.0015
0.0732 0.0
131 1.31
1.27 1.27

The values in the parentheses present the limits for the tolerance interval of parameter estimates. See “Results” for further explanation.

*S/CG.
TPGP.
FMGP.
§This parameter is assumed to be equal in all compartments.
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1 1 Figure 5. Estimated dose-toxicity curves for patients younger
than 60 years. The curves show the quantitative relationship
L § o s e e e T —-______________________—-—————-— between the dose of etoposide and cyclophosphamide and the
0.1 PGP Y e sicG corresponding toxicity coefficients for the compartments S/CG,
x> i PGP, and MGP.
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is not addressed here, another mathematical model for granulopoi-
etic reconstitution has recently been proposed by Osthby et al.*°
The major result of our work is that a single set of model
assumptions and parameters for the main modes of action of
cytotoxic drugs and G-CSF could be defined that consistently
explains the peripheral WBC profiles observed in 10 different
chemotherapies. Importantly, most of these model assumptions and
some parameter estimates are well supported by direct or indirect
experimental evidence. It is widely accepted that G-CSF-induced
neutrophilia mainly originates from a combination of 2 cell kinetic
mechanisms: an enhanced mitotic activity at immature proliferative
cell stages and an accelerated transit through the postmitotic
pool .#-43 Price et al determined granuloid precursor pool sizes and
postmitotic pool transit times in healthy human beings following
daily stimulation with 300 wg rhG-CSF. Given the quantitative
relationship between the G-CSF level and the number of additional
mitoses in the proliferative precursor compartment (Figure 3), the
relative increases of mitotic precursor numbers found in this
experimental investigation agree well with our model results. The
minimum postmitotic transit time of 43 hours estimated by our
model, however, is somewhat lower than obtained by Price
(approximately 70 hours). This discrepancy can be explained by
the fact that this minimal transit time is only reached at maximum
circulating G-CSF concentrations shortly after subcutaneous G-
CSF injection. Due to the rapid elimination of G-CSF from
circulation within afew hours, the mean transit time over 24 hours
may be considerably higher. However, the 2 cell kinetic mecha
nisms mentioned above do not sufficiently explain the sustained
elevation of peripheral granulocytes during G-CSF stimulation.
More detailed model investigations in the mouse system have
suggested that a third mechanismislikely to be involved.* Thisis
addressed as a G-CSF—dependent survival factor of mature granu-
locytes. In our human model we therefore assumed that under
normal steady state conditions only acertain fraction of postmitotic
neutrophil precursors emerges from the bone marrow into the
circulation. Thisfraction is estimated to be approximately 43% and
can be increased to 100% under maximum G-CSF stimulation.
Independent confirmation on this mechanism was recently pro-
vided by Mackey et a, who measured the apoptotic rate of
postmitotic neutrophil precursors in 12 healthy human beings and

Table 2. Model predictions

Cyclophosphamide [mg/m?/day]

found that about 55% of the cells entering this compartment die
before being released into the blood.*

Several experimental and clinical investigations have suggested
that G-CSF is removed from circulation both by nonspecific renal
elimination and an active receptor-mediated clearance pro-
€ess. 224647 The G-CSF clearance has been shown to increase with
the total mass of available receptors, which mainly depends on the
number of mature neutrophils bearing these receptors. The assump-
tion of such a specific elimination process in the model leads to
G-CSF serum level dynamics that are in close agreement to
pharmacokinetic measurements of Borleffs et a obtained in
healthy subjects*® (results not shown). Recently, a new polyethyl-
eneglycol conjugated filgrastim derivative (pegfilgrastim) has been
developed with a markedly sustained duration of activity as
compared with normal rhG-CSF. The pharmacokinetic and pharma-
codynamic properties of this new drug will be considered in a next
development step of our model.

The proposed model does only consider the neutrophilic
lineage. However, parameter estimations and model predictionsare
based on leukocyte counts because data on neutrophil numbers
were not available from the clinical trials. Using correlation and
linear regression analysis, different authors have demonstrated a
close linear relationship between the leukocyte and neutrophil
count under myelosuppressive chemotherapy.*5! These findings
suggest that only minor error should be introduced by referring to
WBCsinstead to neutrophil counts.

Our model results could be obtained on the basis of simplifying
assumptions about the damaging effects of the cytostatic drugs.
First, it was not necessary to assume interactions between the
toxicity coefficients. All model results were obtained assuming an
additive (ie, independent) effect of each drug. Thisis supported by
the fact that the drugs considered here all have different molecular
modes of action and targets. Second, the cytocidal drug effect starts
immediately after administration, lasts only for a short period of 24
hours, and is proportional to the number of target cells, hence
leading to the concept of toxicity coefficients. This qualitative
feature agrees well with the dynamic patterns of cell depletion and
recovery particularly observed in the proliferative bone marrow
stages after single bolus drug administrations. Such experimental
studies have extensively been reviewed by Lohrmann and Schreml .52

CHOEP-14%; CHOP-141; CHOP-111; CHOP-10t; CHOP-10t;
G-CSFdays 4to 13 no G-CSF G-CSFdays 5to 10 G-CSFdays 4to 9 G-CSFdays 2to 10
Mean duration of neutropenia, d 2.7 9.7 2.4 3.6 4.0
Nadir WBC, x 10°/L 1.9 1.0 2.4 15 14
Minimal recovery, X 10%/L 6.1 2.2 6.1 4.3 4.8
AOC, relative to AOC under CHOEP-14 1.0 5.0 0.7 1.6 2.0

*Protocol according to Table 3.
THypothetical protocol. No clinical data available.
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Table 3. Chemotherapy characteristics
Patients (WBC Cycles (cycle Dose, mg/m?/d or mg/dt (days of administration in each cycle)

Regimen measurements)  Age duration, d) CPH DOX VIN ETO PRO BLM PRD G-CSF*
CHOP-21% 396 (8055) ylo 6 (21) 750 (1) 50(1) 2t() None None None 100t (1-5) None
CHOP-14% 393 (8354) ylo 6 (14) 750 (1) 50(1) 2t (1) None None None 100t (1-5) (4-13)
CHOEP-21% 387 (9071) ylo 6 (21) 750 (1) 50(1) 2t (1) 100 (1-3) None None 100t (1-5) None
CHOEP-14% 398 (9335) ylo 6 (14) 750 (1) 50(1) 2t (1) 100 (1-3) None None 1007 (1-5) (4-13)
CHOP-14s, with shortened

G-CSFt 374 (7029) o 6/8 (14) 750 (1) 50(1) 2t (1) None None None 100t (1-5) (6-12)
hCHOEP-21% 79 (2824) y

Dose level 1 6 (21) 1000 (1) 27.5(1) 2t (1) 125(1-3) None None 100t (1-5) (6-13)

Dose level 2 6 (21) 1200 (1) 30.0(1) 2t (1) 150 (1-3) None None 100t (1-5) (6-13)

Dose level 3 6 (21) 1400 (1) 325(1) 2t(1) 175(1-3) None None 100t (1-5) (6-13)

Dose level 4 6 (21) 1600 (1) 35.0(1) 2t (1) 200 (1-3) None None 100t (1-5) (6-13)
hCHOEP-14t 39 (1332) y

Dose level 1 6 (14) 1000 (1) 27.5(1) 2t (1) 125(1-3) None None 100t (1-5) (6-13)

Dose level 2 6 (14) 1200 (1) 30.0(1) 2t(1) 150 (1-3) None None 100t (1-5) (6-13)
BEACOPP-21-baseline§ 430 (11 789) y 8 (21) 650 (1) 25(1) 2t(8) 100(1-3) 100(1-7) 10(8) 100 (1-14) None
BEACOPP-21-escalated§ 399 (15 840) y 8 (21) 1250(1) 35(1) 2t(8) 200(1-3) 100(1-7) 10(8) 100 (1-14) (8-15)
BEACOPP-14§ 82 (1969) y 8 (14) 650 (1) 25(1) 2t(8) 100(1-3) 100 (1-7) 10(8) 80 (1-7) (8-13)

CPH indicates cyclophosphamide; DOX, doxorubicin; VIN, vincristine, ETO, etoposide; PRO, procarbazine; BLM, bleomycin; PRD, prednisone; G-CSF, granulocyte
colony-stimulating factor; y, young (younger than 60 years); and o, old (60 years or older).

*Subcutaneous administration, 300 or 480 p.g/d (depending on body weight).
TDoses expressed as mg/d are marked with a dagger.

FPart of a trial of the German High-Grade Non-Hodgkin's Lymphoma Study Group.

§Part of a trial of the German Hodgkin's Lymphoma Study Group.

Furthermore, neither delayed nor prolonged drug effects had to be
assumed. Thus, the dynamic behavior of the granulopoietic system
after the short-term damage primarily depends on the cell kinetic
and regulatory properties that are unaffected by the cytotoxic
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Figure 6. Model predictions for clinically untested chemotherapy regimens.
The top panel shows the WBC profile of a hypothetical CHOP-14 without any G-CSF
assistance and a hypothetical CHOP-11 compared with CHOEP-14 (as defined in
Table 3). The bottom panel shows the quantitative relationship between cyclophospha-
mide and 4 toxicity measures (see “Results” for further explanation).

drugs. However, the transit time values were crucia with regard to
the nadir time points in our simulations. These parameters have in
fact been determined in former model analyses of human cyclical
neutropenia by our group and now shown to be also appropriate in
the present simul ations.?>27

A major result of parameter estimation was the finding that the
magnitudes of toxic effects for the compartments S/ICG and the
committed precursor cell compartment PGP were different. The
parameter estimates obtained after fitting of the model to the data
suggested a higher toxicity of cyclophosphamide and doxorubicin
for the stem cell compartment than for the later stages. Interest-
ingly, this relationship was reversed for etoposide. These qualita-
tive findings are supported by experimental studies.>? However, no
distinction between the toxicitiesin S and its immediate successor
CG was necessary. A somewhat higher toxicity of the cytoreductive
therapy had to be assumed during the first treatment course.
Without this assumption al model simulations yielded a less
pronounced leukopenia during the first cycle as compared with the
following cycles. This difference results from the fact that the first
cycleis applied when the system isin anormal steady state, but all
other cycles are applied when the system has not fully recovered
from the perturbation caused by the preceding cycle. However, this
phenomenon could not be observed in the clinical data, which
might be the expression of a somewhat higher sensitivity of the
cellsto the damage.

In the present work we only analyzed the average leukocyte
profile in a population subjected to defined chemotherapy. It is,
however, well known that hematotoxicity shows large interindi-
vidual heterogeneity despite homogeneous dose delivery. One
factor related to the extent of toxic response to chemotherapy isthe
age of the patients. Older patients usually show more excessive
hematotoxicity than younger patients. An important model finding
is that this difference can be explained by a different toxic
responsiveness (ie, different toxicity coefficients) rather than
differencesin the cell kinetic or regulatory parameters. This agrees
with experimental studiesin which no age-related differencesinthe
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proportion of CD34* marrow cells, bone marrow neutrophil
reserves, or peripheral neutrophil counts could be found.>35
Although a reduced proliferative responsiveness of early precur-
sors to G-CSF has been observed in vitro, no relevant differencein
the effect of exogenous rhG-CSF administration seems to exist
between young and elderly subjects.>® A refined model analysis of
theinterindividual heterogeneity of hematotoxicity isin progress.
Moderate dose escalation or intensification of conventional
chemotherapy has recently proven to be effective in the treatment
of malignant lymphomas!-3 and may also be a successful strategy to
improve the outcome in other tumor entities. For the design of an
appropriate dose intensified regimen, 2 major competing aspects
have to be considered, the expected therapeutic benefit on the one
hand and the feasibility of the regimen (toxicity, maintenance of
dose intensity) on the other hand. Regarding the former aspect it
has been shown that a model-based inference from the dosing and
timing of cytostatic drugs on the therapeutic effectiveness is
possible. The dose-intensified BEACOPP regimens of the German
Hodgkin’s Lymphoma Study Group have been developed on the
basis of such atumor growth model, which allowed estimation of
the effective dose-outcome relationship and the relative potency of
cytostatic drugs.565” As far as chemotherapy feasibility is con-
cerned, the preclinical selection of appropriate regimens might be
facilitated by the model proposed here. It must be emphazised,
however, that our model cannot be used for risk assessment for
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infectious complications resulting from neutropenia because sound
guantitative data on the relationship between the dynamics of
neutropenia and the infections are largely lacking. However, the
present model can be used to make predictions on toxic effects
of protocol variants that have not yet been clinically tested and
compare these with the toxicity profiles of related protocols
already tested.

The model proposed here has been developed on the basis of
regimens used in the treatment of malignant lymphomas. Nonethe-
less, the model concept and the assumptions on the effects of
cytotoxic drugs and G-CSF are al so applicable to regimens used for
the treatment of other tumor entities provided that the drug effects
can be estimated from appropriate trial data asillustrated above.
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