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Summary Purpose To improve the predictive capacity of a
semi-mechanistic myelosuppression model for neutrophils as
the model have shown to over-predict the nadir of neutrophils
and, secondly, to develop a model describing the time-course
of leukocytes and neutrophils simultaneously. Experimental
Design The study included 601 cancer patients treated with a
1 h infusion of docetaxel in monotherapy. A total of 3,549
pairwise observations of leukocytes and neutrophils from one
treatment cycle were analyzed simultaneously in NONMEM.
Results A basic model was developed consisting of a
neutrophil and a non-neutrophil model, each with the same
structure as the semi-mechanistic myelosuppression model.
The leukocytes were modeled as the sum of the predicted
neutrophils and non-neutrophils. The model described the
time-course of the leukocytes well, but was not able to
capture the nadir of the neutrophils. Hence the model was
further refined and the included modifications (p<0.001) in
the final model are a sigmoid Emax functions for the drug
effect, feedback functions on the cell maturation time in bone-
marrow and an optimized number of transit compartments for
each of the two cell types. Conclusions A joint semi-
mechanistic myelosuppression model describing the time-
course of leukocytes and neutrophils following docetaxel
administration was developed. The data supported a more
complex model compared to the previous model developed
by Friberg et al. (2002), and increased the model’s capacity to
accurately describe the time-course of neutrophils following
docetaxel therapy. The combined model also illustrates the
differences between the cell types and allows prediction of
neutrophil counts from leukocyte measurements.

Keywords Docetaxel . NONMEM .Myelosuppression .
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Introduction

Pharmacokinetic-pharmacodynamic models have previously
been developed to describe the time-course of leukocytes and
neutrophils following chemotherapy [1–5]. Friberg et al. [5]
presented a semi-physiological myelosuppression model that
was developed based on leukocyte data following docetaxel,
paclitaxel and etoposide data and the model was shown to
adequately describe leukocyte and neutrophil data following
six different chemotherapeutic drugs by estimating only four
typical parameters. In addition, a slightly more complex
model was presented, using an Emax model instead of a
linear model to describe the drug effect, which improved the
model fit for three of the compounds, one of them being
docetaxel.

This model has since the original publication been
successfully applied to both leukocyte and neutrophil
measurements following several additional anti-cancer drugs
and regimens [6–16]. It has also been shown to satisfactorily
describe thrombocyte and lymphocyte measurements follow-
ing chemotherapy [17–19]. Some minor modifications of the
original model have been introduced in a few publications to
improve the model’s predictability following various types of
anti-cancer drugs. Proposed alterations of the model structure
include a log-linear drug effect model instead of a linear or
Emax model [10], an addition of an effect delay compart-
ment to account for the distribution of drug from the plasma
to the bone marrow [10] and an addition of a neutrophil pool
to describe an early increase of neutrophil count after dosage
[20]. The model has further been extended to describe the
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combined drug effect following combination therapy of anti-
cancer drugs [13, 17, 18, 21–24], to incorporate the effect of
administrated exogenous G-CSF [22, 25, 26] and to capture
the time-course of neutrophils following peripheral blood
stem-cell transplantation [26]. Additionally covariates [6, 9,
10, 20, 27–30] and inter-occasion variability [16] have been
explored using the model.

We have observed that the original model does not
accurately predict the time-course around the nadir for
neutrophils following docetaxel treatment and hence
further improvement of the model is being sought. The
aims of this study were (1) to improve the predictive
capacity of the myelosuppression model for neutrophils
following docetaxel therapy and (2) to develop a model
describing the time course of leukocytes and neutrophils
simultaneously; as such an analysis may have advantages
since neutrophils are the major part of the leukocytes. Such a
model may also allow comparisons between neutrophils and
non-neutrophils with respect to system-related parameters and
drug sensitivity as well as enable prediction of neutrophil
counts when only leukocytes are measured e.g. in (retrospec-
tive) academic studies where myelosuppression was not the
primary aim of the study or a pooled analysis of studies where
some measured neutrophils counts and some leukocyte
counts. For these purposes we chose to reanalyze the data
following docetaxel therapy used in Friberg et al. [5] as it is a
large dataset with many samples per patient and pronounced
myelosuppression. It may therefore support a more complex
model of the hematological system.

Patients and methods

Patients and treatment

Data were available from 601 patients with solid tumors
[breast (36%), non-small cell lung cancer (30%), and 7
other carcinomas (34%)], enrolled in 24 open controlled

phase II studies [31]. The majority of patients had visceral
metastasis (82%) and almost half of all the patients (45%)
had received previous chemotherapy. The patients received
75 or 100 mg/m2 docetaxel in monotherapy, as a 1 h
infusion every 3 weeks, but only data from the first course
were available in the present analysis. A few patients had a
2–3 h infusion. Pairwise plasma leukocyte and neutrophil
counts (n=3,553; range, 1–26 per patient) were analyzed.
The pharmacokinetic data of these patients have previously
been reported [31] and individual drug concentration-time
profiles were generated by the published population
pharmacokinetic model [32].

Model development

The semi-mechanistic myelosuppression model

The previous developed semi-mechanistic myelosuppres-
sion model (Fig. 1) consists of one proliferation compart-
ment representing the stem cells and the proliferating
precursor cells in the bone marrow. From the proliferation
compartment the cells move through three transit compart-
ments, mimicking the maturation in bone marrow, to the
blood circulation compartment. The cells are eliminated
from the systemic blood circulation compartment with a
rate constant of kcirc that represent the random movement of
cells into the tissue.

The rate constants (ktr), describing the transfer between
the different transit compartments, are set to be the same
and defined as ktr ¼ nþ 1ð Þ=MMT, where MMT is the
mean maturation time and n is the number of transitions. At
steady state, the net proliferation rate (kprol) is equal to ktr
and hence set to ktr in the model. For simplicity, and
because there was little information in the data on kcirc [5,
21], this parameter was also set to be equal to ktr in the
original model.

The regulation of the hematological system by endoge-
nous growth factors, e.g. G-CSF, is included in the model
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as a feedback mechanism and modeled as the ratio of cell
counts at baseline in the blood compartment divided by the
cell counts at time t raised to a feedback factor, γ, (Circ0/
Circt)

γ. This function increases the production of cells in
the proliferation compartment when the cell level in the
blood compartment is below baseline and decrease the
production when it is above baseline. The cytostatic drugs
are predominantly affecting dividing cells; therefore the
drug effect is coded as a reduction of the net proliferation
rate that can become negative resulting in a net elimination
of cells from the proliferation compartment that would
capture a cytotoxic drug effect.

The original model has three system related parameters
that describes the physiology: Circ0—baseline levels of
cells in blood in the absence of treatment, MMT—mean
maturation time of non-proliferating cell stages in the bone
marrow and γ—feedback on the proliferation rate from the
circulating cell count; and one parameter describing a linear
drug effect: SLOPE.

The joint model for leukocytes and neutrophils

Two models were developed: a BASIC model and an
EXTENDED model. The BASIC model was first developed
to describe the time course of leukocytes and neutrophils
simultaneously using the original model structure. In a second
step, an EXTENDED model was developed to further
improve the model’s predictive capacity as we have seen that
the original myelosuppression model overpredicts the nadir
value and the time to nadir for neutrophils for this docetaxel
data set.

The BASIC model was developed which consisted of a
neutrophil and a non-neutrophil model, each with the same
structure as the previously described myelosuppression
model, but allowing different parameter values for neutro-
phils and non-neutrophils, i.e. all white blood cells except
for neutrophils. The observed leukocyte count was modeled
as the sum of the predicted neutrophils and non-neutrophil
counts in the blood compartment. The t½ in blood (=LN(2)/
kcirc) was either equal to LN(2)/ktr (as in the published
model), estimated or fixed to the literature value for
neutrophils, 7 h [33, 34].

Subsequently, the BASIC model was extended to
incorporate more features of the hematological system and
each part of the cell chain was explored for enhancements
and differences between neutrophils and non-neutrophils.
For example, the following alterations to the EXTENDED
model were evaluated; (1) the effect of a feedback
mechanism on MMT as G-CSF is known to shorten the
maturation time in the bone marrow, (2) an immediate
release of neutrophils to the blood from a reserve pool, (3) a
time delay of the feedback that stimulates the proliferation
rate and (4) a time delay between drug concentration in

plasma and its effect on the proliferation compartment. The
function describing the drug effect and the number of
transit compartments were also optimized for the two
structural models of the neutrophils and non-neutrophils.

Data transformation, residual error, between patient
variability and correlations

An exponential model was used to describe the variability
between patients in parameter values. The covariance
matrix for random effects was evaluated for correlations
between the parameters.

The data was Box-Cox transformed with a factor of 0.2.
The value of 0.2 has in previous analyses of neutrophil data
shown to give rise to weighted residuals equally distributed
around zero [35, 36]. The residual error was an additive error
on the Box-Cox scale. Separate residual errors for neutro-
phils and non-neutrophils were applied. The neutrophil
residual error, applied to both neutrophils and the neutrophil
component of the leukocytes thus include a common residual
error of the neutrophils and leukocytes (e.g. error in
sampling times, blood volume).

Data analysis and model evaluation

The data analysis was performed by non-linear-mixed-
effect-modeling using the software NONMEM 6.2 [37].
The subroutine ADVAN 6 and the first-order conditional
estimation (FOCE) method with interaction were used
throughout the model development.

Model development was guided by the objective
function value (OFV), precision in parameter estimates,
graphical assessment and visual predictive checks. The
OFV from NONMEM was used to differentiate between
two nested models, using the log-likelihood ratio test. A
decrease in OFV of 10.8 was required for the addition of
one parameter to the model to be considered significant,
which corresponds to a p-value of 0.001. Precision in
parameter estimates was assessed by bootstrap using the
PsN toolkit [38] (http://psn.sf.net/). Graphical judgment
was performed using goodness of fit plots produced by
Xpose 4 [39] (http://xpose.sf.net), implemented into R
version 2.6.1 (http://www.r-project.com). The predictive
performance of the model was assessed by visual predictive
check using PsN and Xpose 4. Five-hundred data sets were
simulated from the model and the median and the 95%
prediction interval (PI) were calculated for each of the
simulated datasets. The 95% confidence interval (CI) for
these calculated PI was computed and superimposed on the
observed data.

The model was also evaluated in respect to its capacity
to predict individual neutrophil profiles when given
information of only leukocyte counts and vice versa. After
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omitting all the observed neutrophil counts from all patients
from the data set, the neutrophil profiles were predicted
using the population parameter values and running the
model without re-estimating the parameters (MAXEVAL=
0). The same procedure was performed to predict leukocyte
counts from neutrophil data.

Results

The basic simultaneous model

The estimated population parameters and between subject
variability (BSV) of the BASIC model are presented in
Table 1.

The half-life in blood was fixed to the literature value
for neutrophils of 7 h [33, 34] for both neutrophils and
non-neutrophils, as it has previously been shown that this
type of data contain little information of this parameter [5,
21]. By separating the half-life in blood from the estimation of
MMT resulted in an increase in MMT from 71 to 80 h
and from 87 to 101 h for non-neutrophils and neutro-
phils, respectively, which are closer to MMT values
reported for other anti-cancer drugs [5, 7, 9–11, 14, 15,
21, 22, 40]. A sensitivity analysis was performed which
showed that the choice of half-life did not influence the
estimates of the other parameters than MMT. A minor
increase of the MMT parameter was seen with shorter
half-lives than 7 h while a three times longer half-life
resulted in a reduction of MMT of 26% for neutrophils and

Table 1 Final parameter estimates of the BASIC and EXTENDED model

BASIC model EXTENDED model

Estimate BSV% Estimate RSE% BSV% RSE%

Neutrophils NEU0 (*10
9 cells/L) 5.26 39 5.07 2 40 3

MMT (h) 101 15 102 1 11 7

t1/2 blood (h) 7 FIX 7 FIX

γ 0.175 0.178 6

β 0.082 12

Slope (μM−1) 17.4 47

EC50 (μM) 1.14 8 56 11

Emax 44.6 4 29 6

h 10.3 18

Non-Neutrophils non-NEU0 (*10
9 cells/L) 2.11 37 2.06 2 37 3

MMT (h) 81.1 9 162 5 8 12

t1/2 blood (h) 7 FIX 7 FIX

γ 0.209 0.991 8

Slope (μM−1) 3.48 31

EC50 (μM) 1.25 7 51 16

Emax 99.5 7

h 9.52 55

Residual error Neutrophils 0.448 15 0.433 3 19 12

non-Neutrophils 0.288 21 0.227 2 25 11

Correlations non-NEU0−NEU0 (%) 47 47 12a

MMTnon-NEU−MTTNEU (%) 82

Slopenon-NEU−SlopeNEU (%) 80

Residualnon-NEU−ResidualNEU (%) 54

Slopenon-NEU−MMTnon-NEU (%) 56

Slopenon-NEU−MMTNEU (%) 8.2

MMTnon-NEU−SlopeNEU (%) 71

MMTNEU−SlopeNEU (%) 45

MMT−EmaxNEU (%) 66 17a

a Relative standard error of corresponding covariance

BSV between subject variability expressed as coefficient of variation

RSE relative standard error obtained by bootstrap (n=100)

836 Invest New Drugs (2012) 30:833–845



43% for non-neutrophils. As a final step the half-life
parameters were estimated using the EXTENDED model
which yielded values close to 7 h for neutrophils and 2.5 h
for non-neutrophils.

The visual predictive check of the BASIC model shows
that the model is able to capture the time-course of the
leukocytes, while a time shift is seen for the nadir of the
neutrophils (Fig. 2 BASIC model).

The extended model for myelosuppression

The data supported a more complex model than the BASIC
model. The final model is graphically presented in Fig. 3
and the NONMEM code is available in Appendix A.

In the original myelosuppression model the drug effect
on the proliferation rate was modeled with a linear function.
For docetaxel, however, an Emax function was reported to
be significantly better for both the leukocyte and neutrophil
data. We reinvestigated the drug-function and found that a
sigmoid Emax function was significant for both neutrophils
and non-neutrophils (ΔOFV -663 compared to BASIC
model) and substantially improved the description of the
nadir, which is seen in the VPC (Fig. 2 Sigmoid Emax
model). The number of transit compartments was optimized
for each of the two cell models. For neutrophils the optimal
number of transit compartment was six, while one transit
compartment for the non-neutrophil model was depicting
the data the best (ΔOFV -141 compared to Sigmoid Emax
model). The addition of transit compartments gives a
sharper profile with increased time-delay before the cell
counts start to fall below baseline, followed by a rapid drop
in cells and a pronounced rebound. This result in an earlier
and lower nadir compared with less number of transit
compartments (Fig. 2 Transit compartment model). A
feedback function that mimics the reduction of maturation
time in bone-marrow by endogenous growth hormones was
introduced (β). It was significant only on neutrophils
(ΔOFV-115 compared to Transit compartment model) and
resulted in a higher estimated value of MMT at the normal
neutrophil levels. The introduced modifications improved the
model’s capability to describe the nadir value of neutrophils as
shown by the visual predictive check (Fig. 2 EXTENDED
model). The total difference in OFV between the BASIC and
EXTENDED model was −889.

Addition of effect delay compartments between the drug
plasma compartment and the proliferation compartment and
between the circulating neutrophils and the feedback on the
proliferation compartment were also evaluated. An addition
of a neutrophil pool mimicking the reservoir of neutrophils
along the blood vessels was also tested. None of these
modifications improved the model fit.

The estimated population parameters and between
subject variability (BSV) with the corresponding relative

standard errors (RSE) of the EXTENDED model are
presented in Table 1. Based on the full variance-
covariance matrix, the MMT, EC50 and residual error for
neutrophils was 100% correlated with the corresponding
parameter for non-neutrophils. The model was therefore
simplified so the corresponding parameters shared the same
BSV distribution, but allowing for different magnitude of
BSV (i.e. completely positively correlated).

In Fig. 4 the predicted time-courses for leukocytes,
neutrophils and non-neutrophils for the typical patients are
shown. As depicted by the figure the neutrophils are more
sensitive to docetaxel, as they reach a lower value at nadir
than non-neutrophils, although the nadir occurs later for
neutrophils compared to non-neutrophils. These results are
in accordance with that the neutrophils are the most
sensitive cells and that their maturation time show lower
variability between cells as indicated by the six versus one
transit compartments.

The EXTENDEDmodel was also evaluated with respect to
its ability to predict neutrophil counts from leukocyte measure-
ments and vice versa. The epsilon-shrinkage for the neutro-
phils was 15%, which is reasonably low and thus it is enough
information in the data to reliably estimate the individual
predictions [41]. The calculation of epsilon-shrinkage is not
straight forward for leukocytes as it is modeled as the sum of
neutrophils and non-neutrophils. However it is expected to be
in the same range as for neutrophils since the amount of data
is the same for the two types of observations. The neutrophil
time-course was nearly as well described by the model using
only information of the leukocyte count and vice versa, as
shown in Fig. 5. And for the patients who had neutropenia of
grade 4, the individual predictions predicted grade 4
neutropenia in 89% of the cases.

Discussion

A joint semi-mechanistic myelosuppression model was
developed that simultaneously describe the leukocyte and
neutrophil time-course following docetaxel therapy. The
BASIC model described the leukocyte data well, but did not
capture the time-point and magnitude of the nadir for the
neutrophils. This might be due to the fact that the original
myelosuppression model was developed primarily using
leukocyte data and with the aim to be applicable across
several anti-cancer agents. Docetaxel had a more pronounced
toxic effect on the neutrophils than the other five investigated
drugs which may be the reason that the original model might
not describe these data equally well. The modifications
introduced in the EXTENDED model greatly increased the
predictability of the time-course of the neutrophils. The most
important modification to the model was the substitution of a
linear drug effect model with a sigmoid Emax model. As the
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authors stated in the development of the original model an
Emax model was superior to a linear model for docetaxel [5].
Even though the data in this study supported a more
complex drug-effect model, a few publications [7, 12, 14,
25, 29, 42] have tested an Emax model for other types of
anti-cancer drugs, but have not found it to significantly
improve the fit. Then again, in this study of docetaxel an
Emax model showed a relative low reduction in OFV, while
a sigmoid Emax model greatly improved the fit.

The neutrophil model consisted of six transit compartments
that result in cellular maturation times that are more similar for
all individual cells compared to when only one transit
compartment is used, which was optimal for non-neutrophils.
This is in line with that the non-neutrophils consist of a large
variety of blood cells with different maturation processes. We
were also able to characterize a second feedback mechanism
by endogenous G-CSF which reduced the maturation time of
neutrophils when the level of neutrophils is below baseline in
blood. This is in agreement with the known reduction of post
mitotic transit time of G-CSF [43–45].

The estimated parameters of the BASIC model for
neutrophils differ from the published myelosuppression
model by Friberg et al. [5] The SLOPE parameter is higher
in our analysis possibly due to that the estimation method
FOCE was used for all parameters instead of the hybrid

method, where the FO method was used to estimate MMT
and SLOPE. The FO method is known to induce bias in
parameters and therefore is our estimate of the SLOPE
value likely more accurate. The MMT increased to 101 h by
fixing the half-life in blood to 7 h as opposed to fixing it to
be equal to LN(2)/ktr (as in the previously published
model). Thereby the estimate of MMT approached the
estimated values for the post mitotic transit time for
neutrophils for other anti-cancer drugs [5, 7, 9–11, 14–16,
21, 22, 40]. However this is lower than the reported value

NEU0

1 Blood

NEUcirc

kcirc = LN(2) / T½ktrProlferating 
cell pool

ktr

Feedback = 
NEUcirc

kprol (=ktr)

MMT=(n+1)/ktr

2 3
ktrktr

4
ktrktr

5 6
ktr

Feedback =
NEUcirc

non-NEU0

Non-mitotic 
compartment

Blood

non-NEUcirc

Feedback =
non-NEUcirckprol (=ktr)

MMT=(n+1)/ktr

ktrktr

Emax * CDrug
h

h + CDrug
h

EDrug =

Proliferating 
cell pool

Non-mitotic compartments

EDrug =
Emax * CDrug

h

h + CDrug
h

kcirc = LN(2) / T½

Fig. 3 Presentation of the final simultaneous semi-mechanistic myelo-
suppression model (EXTENDED model). The estimated system related
parameters are: NEU0 and non-NEU0, baseline level of cells in blood;
MMT, mean maturation time; γ, feedback on the proliferation rate (kprol)

and β, feedback on MMT. The estimated drug effect parameters are:
Emax, maximal drug effect; EC50, the concentration that gives half of
maximum effect and h, the sigmoidicity factor. The parameters are
estimated separately for neutrophils and non-neutrophils

07 14 21 28 35

non-Neutrophils
Neutrophils
Leukocytes

C
el

l c
ou

nt
s 

(*
10

9 /
L)

Time after dose (day)

19

11

5.5

2.5

1

0.3

0.1

Fig. 4 Prediction of the typical time-course of neutrophils and non-
neutrophils after docetaxel administration (100 mg/m2)

Invest New Drugs (2012) 30:833–845 839



of 158 h in untreated healthy volunteers [46], which may be
a consequence of that some of the feedback from growth
factors released during the treatment cycle is incorporated
in the MMT parameter. Another reason may be that the
majority of patients in this study have received previous
chemotherapy treatment and thus they may already have an
augmented granulopoesis due to increased levels of growth
factors such as G-CSF at the start of this study.

The simultaneous analysis quantified the differences in the
time-course and drug sensitivity between the neutrophils and
non-neutrophils. In addition it showed that the neutrophil
fraction of leukocytes is changing over time. These differ-
ences need to be considered, hence prediction of neutrophil
count if not measured is important, e.g. in academic settings
where neutrophils are not routinely measured. Even if a
simultaneous analysis using this large dataset contributed little
to the improved description of the neutrophil nadir, a smaller
dataset with sparse sampling will likely benefit from a
simultaneous analysis to support the model, especially if the

leukocyte measurements are richer than the neutrophil
measurements or if they occur at different time points.

In conclusion, a simultaneous analysis of the time-course
of neutrophils and leukocytes was successfully performed.
The data supported a more complex model for the
hematological system compared to the previous model
developed by Friberg et al. [5] and yielded more precise
predictions of the time-course of the neutrophil counts. The
model shows good simulation properties and allows
utilization of all data available. A combined model may
be useful in illustrating the differences between the cell
types and allows prediction of neutrophil counts from
leukocyte measurements alone.
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Appendix A

$PROB   FINAL EXTENDED MYELOSUPPRESSION MODEL 
$INPUT  ID TIME DV FLG L2 CP EVID 
 
$DATA   data.csv IGN=@ 
$SUBS   ADVAN6 TOL=7 
 
$MODEL 
 
        COMP =(CIRCIN)         ;1  Systemic circulation - non-Neutrophils 
        COMP =(STEMIN)        ;2 
        COMP =(TRANS1IN)    ;3 
 
        COMP =(CIRCN)           ;4  Systemic circulation - Neutrophils 
        COMP =(STEMN)         ;5 
        COMP =(TRANS1N)     ;6 
        COMP =(TRANS2N)     ;7 
        COMP =(TRANS3N)     ;8 
        COMP =(TRANS4N)     ;9 
        COMP =(TRANS5N)     ;10 
        COMP =(TRANS6N)     ;11 
 
$PK 
"FIRST   
" COMMON /PRCOMG/ IDUM1,IDUM2,IMAX,IDUM4,IDUM5 
" INTEGER IDUM1,IDUM2,IMAX,IDUM4,IDUM5 
" IMAX=70000000 
 
;------- Pharmacokinetics ----------------------------------------------------------------------------------------------------- 
 
        CO      =  CP                ;predicted plasma concentrations of docetaxel in ng/L 
 
;------- Non-Neutrophils------------------------------------------------------------------------------------------------------- 
 
        BASNN     =  THETA(1)*EXP(ETA(1)) 
        MMTNN   =  THETA(2)*EXP(ETA(3)) 
        KNN          =  (2/MMTNN) 
        KENN       =  LOG(2)/THETA(3) 
        GAMNN   =  THETA(4) 
        E50NN      =  THETA(5)*808/1000*EXP(ETA(5))   ;convert from µmol/L to ng/L  
        EMXNN    =  THETA(6) 
        HILNN      =  THETA(7) 
 
        A_INITIAL(1)  =  BASNN 
        A_INITIAL(2)  =  (KENN*BASNN)/KNN 
        A_INITIAL(3)  =  (KENN*BASNN)/KNN 
 
;------- Neutrophils ------------------------------------------------------------------------------------------------------------ 
 
        BASN        =  THETA(9)*EXP(ETA(2)) 
        MMTN      =  THETA(10)*EXP(THETA(18)*ETA(3)) 
        KN             =  (7/MMTN) 
        KEN          =   LOG(2)/THETA(11) 
        GAMN      =  THETA(12) 
        BETN        =  THETA(13) 
 
        E50N         =  THETA(14)*808/1000*EXP(THETA(19) * ETA(5)) ;convert from µmol/L to ng/L 
        EMXN       =  THETA(15)*EXP(ETA(4)) 
        HILN         =  THETA(16) 
 
 
        A_INITIAL(4)    =  BASN 
        A_INITIAL(5)    =  (KEN*BASN)/KN 
        A_INITIAL(6)    =  (KEN*BASN)/KN 
        A_INITIAL(7)    =  (KEN*BASN)/KN 
        A_INITIAL(8)    =  (KEN*BASN)/KN 
        A_INITIAL(9)    =  (KEN*BASN)/KN 
        A_INITIAL(10)  =  (KEN*BASN)/KN 
        A_INITIAL(11)  =  (KEN*BASN)/KN 
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$DES 
 
;-----PD------------------------------------------------------------------------------------------------------------------------- 
 
        DRUNN   =   (EMXNN*CO**HILNN)/(E50NN**HILNN+CO**HILNN) 
        DRUN      =   (EMXN*CO**HILN)/(E50N**HILN+CO**HILN) 
 
;-----Physiology ------------------------------------------------------------------------------------------------------------- 
 
;----------- Non-Neuutrophils ------------------------------------------------------------------------------------------------- 
 
                                   FNN = (BASNN/0.0001)**GAMNN 
IF (A(1).GT.0.0001) FNN = (BASNN/A(1))**GAMNN              ;feedback on proliferation rate 
 
DADT(1)  =  KNN*A(3) - KENN*A(1)                                        ;circulating non-Neutrophils 
DADT(2)  =  KNN*A(2)*(1-DRUNN)*FNN - KNN*A(2)          ;proliferation compartment 
DADT(3)  =  KNN*A(2) - KNN*A(3)                                          ;transit compartment 
 
;-----------Neutrophils---------------------------------------------------------------------------------------------------------- 
 
                                   FBMN = (BASN/0.0001)**BETN 
IF (A(4).GT.0.0001) FBMN = (BASN/A(4))**BETN                  ;feedback on maturation time (MMT) 
 
                                   FN = (BASN/0.0001)**GAMN 
IF (A(4).GT.0.0001) FN = (BASN/A(4))**GAMN                      ;feedback on proliferation rate 
 
DADT(4)   =  KN*A(11)*FBMN - KEN*A(4)                             ;circulating Neutrophils 
DADT(5)   =  KN*A(5) *(1-DRUN)*FN - KN*A(5)*FBMN      ;proliferation compartment 
DADT(6)   =  KN*A(5) *FBMN - KN*A(6) *FBMN                  ;transit compartment 
DADT(7)   =  KN*A(6) *FBMN - KN*A(7) *FBMN                  ;transit compartment 
DADT(8)   =  KN*A(7) *FBMN - KN*A(8) *FBMN                  ;transit compartment 
DADT(9)   =  KN*A(8) *FBMN - KN*A(9) *FBMN                  ;transit compartment 
DADT(10) =  KN*A(9) *FBMN - KN*A(10)*FBMN                 ;transit compartment 
DADT(11) =  KN*A(10)*FBMN - KN*A(11)*FBMN                ;transit compartment 
 
;----------------------------------------------------------------------------------------------------------------------------------- 
 
$ERROR (ONLY OBSERVATIONS) 
 
;---- WBC: FLG=2 and NEU: FLG=1 -------------------------------------------------------------------------------------- 
 
        NNEU = A(1)                 ; non-Neutrophils 
        NEU    = A(4)                 ; Neutrophils 
        WBC   = NEU+INEU    ; Leukocytes 
 
                                 IPRED = (WBC**0.2-1)/0.2                         ;convert WBC to Box-Cox scale 
        IF (FLG.EQ.1) IPRED = (NEU**0.2-1)/0.2                          ;convert NEU to Box-Cox scale 

; ---- Residual error model --------------------------------------------------------------------------------------------------- 
 
        W1 = THETA(8)  *EXP(ETA(6))                                          ;additive residual error on Box-Cox scale 
        W2 = THETA(17)*EXP(THETA(20)*ETA(6))                    ;additive residual error on Box-Cox scale 
 
; The residual error is additive on Box-Cox scale for both non-NEU and NEU.  
; The predictions are therefore Box-Cox transformed before the residual error is added. 
 
        NNEUE = ((NNEU**0.2-1)/0.2) + W1*EPS(1)  ; non-NEU with res. error on Box-Cox scale 
        NEUE    = ((NEU**0.2-1)/0.2)    + W2*EPS(2)  ; NEU with res. error on Box-Cox scale 
 
; WBC is the sum of non-NEU and NEU on untransformed scale. Why they are converted back to 
; untransformed scale before WBC is calculated (WBC1).  
; Thereafter WBC is Box-Cox transformed as it is in the dataset (WBCE). 
 
        WBC1   = ((NNEUE*0.2+1)**(1/0.2))+((NEUE*0.2+1)**(1/0.2)) 
        WBCE   =  ((WBC1**0.2-1)/0.2)                                          ; WBC with residual error on Box-Cox scale 
 
                                Y =  WBCE                                                    ; WBC on Box-Cox scale (as in the dataset) 
        IF(FLG.EQ.1) Y =  NEUE                                                     ; NEU on Box-Cox scale (as in the dataset) 
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