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Purpose. An empirical pharmacodynamic model was developed to assess the effect of recombinant human
erythropoietin (rHu-EPO) treatment on the reticulocyte production rate and lifespan distribution.
Materials and Methods. Single doses of rHu-EPO at levels 20, 40, 60, 90, 120, and 160 kIU were
administered to healthy volunteers (n=8 per dose level). Erythropoietin plasma concentrations as well
as hematologic responses were measured up to 42 days. The hematological data were used to determine
explicit relationships between reticulocyte and red blood cell counts (RBC) and the reticulocytes’
production rate and lifespan distribution.

Results. The parameter estimates obtained by simultaneous fitting of the model to the reticulocyte and
RBC data revealed that rHu-EPO transiently increased the reticulocyte lifespan from the baseline value
of 1.7 days to 3.4 days and the effect lasted for 8.3 days. The dose dependent increase in the reticulocyte
production had the maximal value of 77.5 10° cells/lI/day and was followed by a rebound that was less
than 9% of the baseline value. Both reticulocyte and RBC responses were preceded by a dose-
independent lag time of 1.7 days.

Conclusions. The effect of rHu-EPO on the reticulocyte production rate and lifespan distribution was
characterized. The results of the present study can be further utilized in building more mechanistic
pharmacodynamic models of rHu-EPO stimulatory effects.

KEY WORDS: precursor-successor relationship; pharmacodynamic model; lifespan; recombinant
human erythropoietiny NONMEM.

INTRODUCTION progenitor cells in bone marrow and initiating intracellular

signaling pathways leading to inhibition of cell apoptosis, and

Recombinant human erythropoietin (rHu-EPO) has
been indicated for treatment of renal failure anemia as well
as anemias induced by chemotherapy of cancer and AIDS
patients. RHu-EPO stimulates production of red blood cells
(RBC) by binding to erythropoietin receptors expressed on

enhancement of proliferation and differentiation (1). The
stimulated progenitor cells differentiate to erythroblasts,
which mature to reticulocytes. The reticulocytes are released
to blood where they continue the maturation process to
RBC. The RBC are removed from the circulation mostly due
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kgr(t) from the baseline value; Akg;, Increase in reticulocyte production rate due to rHu-EPO; Akg,, Decrease in reticulocyte production rate
following exposure to rHu-EPO; ARET(¢), Change of the reticulocyte count from the baseline value; ARBC(f), Change of RBC count from
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E,, Baseline effect; Ey,,x, Maximal effect; EDsq, Dose eliciting 50% of the maximal effect; INT(z), The integral part of the number z; kou(?),
Reticulocyte elimination rate; kg(f), Reticulocyte production rate; kgro, Baseline reticulocyte production rate; kg, Reticulocyte production
rate during rHu-EPO stimulation; kgr,, Reticulocyte production rate during the rebound; ¢(z,t), Probability density function for reticulocyte
lifespan distribution at time ¢; ¢y(z), Time independent probability density function for reticulocyte lifespan distribution; MRBC, Mature red
blood cells; mature red blood cell count; MRBC, Baseline mature red blood cell count; N, Integer part of the ratio #/ Trgro; p.d.f., Probability
density function; RBC, Red blood cells; RBCy, Baseline red blood cell count; RET, Reticulocytes; reticulocyte count; RET,, Baseline
reticulocyte count; RHu-EPO, Recombinant human erythropoietin; o, Standard deviation of the residual error; 7, Reticulocyte lifespan; 7,
Lag time between rHu-EPO administration and its effect; 77, Time at which the effect of rHu-EPO on the reticulocyte lifespan distribution
stops; 75, Time at which the rebound ends; Tret, Reticulocyte lifespan; TrgTo, Baseline reticulocyte lifespan; Trpc, Red blood cell lifespan;
Imax, Observed reticulocyte count peak time; UIR(¢), Unit impulse response.
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to senescence. A single subcutaneous dose of rHu-EPO of
450 IU/kg administered in healthy adult humans causes an
increase in reticulocyte count with a peak of 3.5% on day 7
with a lag time of 3 days (2).

A wealth of mathematical models has been developed
that describe hematological responses (reticulocyte and RBC
counts, hemoglobin blood concentrations, hematocrit) to
rHu-EPO treatment in healthy subjects (3,4) and various
patient populations (5,6). The stimulatory effect of rHu-EPO
on reticulocyte, RBC, and hemoglobin production has been
modeled by means of the Hill function of the rHu-EPO
serum concentration whereas the loss rates of these hemato-
logical responses were controlled by the reticulocyte and
RBC life spans. The lifespan, maturation, or transition times
in those models have been considered dose independent.
Flow cytometry analysis of reticulocyte RNA content indi-
cates that the age distribution for reticulocytes released to
blood due to stimulated erythropoiesis differs from that of
normal reticulocytes (7). A pharmacodynamic model of the
changes in the reticulocyte subtype distributions in stress
erythropoiesis has been proposed (8). Consequently, rHu-
EPO treatment affects not only the production rate of the
hematological responses but also the values of the pharma-
codynamic parameters controlling their loss rates.

The precursor—successor relationship holds between two
compartments of a biological system if a known part of the
material from the precursor is transferred to the successor. If
there is no intermediate compartment, then the precursor is
absolute (9). The precursor—successor relationship is known
if the time course of the amount in the successor compart-
ment can be determined from the time course of the amount
in the precursor compartment. The basic tenet of such
relationship is conservation of mass. Any deviation from it
indicates mass “leakage.” A physiological example of an ab-
solute precursor—successor system is reticulocytes and mature
erythrocytes. Assuming that each reticulocyte matures to an
erythrocyte, the reticulocyte compartment constitutes the
absolute precursor for the RBC compartment. Establishing a
precursor—successor relationship between these compart-
ments will allow one to predict RBC count at any moment
of time solely from the reticulocyte counts for any stimulus of
the reticulocyte production that preserves the “mass balance”
between reticulocytes and mature RBC.

Most mathematical models describe the conversion of
reticulocytes to mature RBC as a first-order process (10).
The precursor—successor relationship between reticulocytes
and mature RBC derived for such processes requires
knowledge of the reticulocyte elimination rate constant that
is difficult to obtain from the reticulocyte count data without
employing modeling techniques. We have introduced another
description of the reticulocyte conversion rate where the
reticulocyte lifespan determines the transition rate to mature
RBC. According to this concept a reticulocyte becomes a
mature RBC after reaching a common population age (11).
Such an age defines the reticulocyte residence time in the
circulation and can be identified with a reticulocyte lifespan.
This lifespan determines the reticulocyte conversion rate by a
simple delay of the production rate. When stimulated by a
therapeutic agent administered as a single dose, the retic-
ulocyte lifespan can be easily identified from the reticulocyte
vs. time plot as the peak time (11). We applied this concept
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to derive a precursor—successor relationship between retic-
ulocytes and RBC.

Our objectives for the present study were (1) to derive a
precursor—successor relationship between reticulocyte and
mature RBC, (2) determine if rHu-EPO treatment affects
reticulocyte production rate and lifespan distribution, and
(3) quantify rHu-EPO effect on the time course of the
reticulocyte production rate without reference to the serum
concentrations. To address our objectives we used hemato-
logical data from healthy subjects who received subcutaneous
single doses of rHu-EPO.

THEORETICAL
Dynamics of the Reticulocyte and Mature RBC System

The reticulocyte count, RET, is determined by the
balance between the production rate, kg(f), and elimination
rate, kou(?):

dRET
d

kR(I) - kout(t) (1)

If one assumes that the reticulocytes have known
lifespan distributions that can change with time due to the
drug treatment, then the reticulocyte lifespan distribution
uniquely defines kyu (). As shown in (12), ko (f) can be
calculated by the convolution of kr(#) with the lifespan (r)
distribution probability density function (p.d.f.) ¢(¢,7):

[o¢]

kout (1) = / kr(t —1)0(t — 7,7)dr (2)

0

If each reticulocyte becomes a mature erythrocyte after
its lifespan expires, then kg (¢) is the production rate for the
mature RBC (MRBC). We assume that each mature RBC
has a fixed lifespan, Trpc, Which in adult healthy humans is
about 120 days. Then one can write the equation describing
the change of MRBC in time (11):

dMRBC

dr = kout(l) - kout(t - TRBC) (3)

Figure 1 illustrates the RET-MRBC system. Prior to
drug treatment the reticulocytes were at steady-state with the

Fig. 1. Schematic diagram of the model describing the turnover of
reticulocytes and RBC in blood. Reticulocytes are released from
the bone marrow to blood at an arbitrary, time dependent rate kr(f).
The conversion rate of reticulocytes to mature RBC is determined by
the reticulocyte lifespan distribution that can depend on time £(t,7).
Mature RBC are eliminated from blood due to senescence after time
Trpc. RBC are calculated as the sum of reticulocytes and mature
RBC.
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constant production rate, kg, and time independent lifespan
distribution /y(7) related by the baseline (12):

RET) = kro - TrETO (4)

where Tgrgro is the baseline mean reticulocyte lifespan. A
similar relationship holds for MRBC (11):

MRBC, = kro - TRBC (5)

If the drug was administered at time =0, then for times
t< Trpc the MRBC elimination rate is constant:

kout(t — Trec) = kro (6)

As the RBC count in blood is the sum of RET and MRBC,
then adding side-by-side Egs. 1 and 3, an equation describing
the change of RBC in time can be obtained:

dRBC _
d

kr(t) — kou(t — TreC) (7)

which after integration yields for times ¢ < Trpc the following
relationship:

RBC(1) = RBC, + / Akr(2)dz (8)
'

where Akg(f) denotes the change of kr(f) from the baseline
value:

Akgr(t) = kr(t) — kro )

Equation 9 states that theoretically the RBC data alone
suffices to determine the reticulocyte production rate kg().

The Precursor-Successor Relationship Between Reticulocyte
and RBC

Assuming that the reticulocyte lifespan distribution does
not depend on time and each reticulocyte has the same
lifespan Trgto, then the lifespan distribution is centered at
TreTo and the p.d.f. £(z,7) becomes the

L(t,7) = 6(tr — TreTO) (10)

where §(7) denotes the Dirac delta function. In this case Eq. 1
can be integrated yielding the following relationship between
RET and kg (11):

RET(r) = / kr(z)dz (11)

t—TRrET0

Equation 11 can be used to express the integral in Eq. 8 and
derive an equation for RBC(7) in terms of RET() evaluated at
finite number of times t delayed by multiples of Trero (see
Appendix A)

N
ARBC(1) = » ARET(t — i Trero) for t < Trpc
i=0

(12)
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where N=INT(#/Trgro) is the integer describing how many
times t is bigger than Trero and ARBC(7) and ARET(¢) denote
the changes from the baselines at time £

ARBC(f) = RBC(t) — RBCj and 13
ARET(t) = RET(¢) — RET), (13)
Briefly, if fixed life spans for RET and MRBC are
assumed, then the change in the RBC count at time t is the
sum of the changes in the reticulocyte counts occurring at
times ¢, t — TrgT0s s Up to ¢ — (N+1)Trero- Equation 12
constitutes the precursor—successor relationship between
RET and RBC since at any moment of time, the RBC count
can be determined solely from the reticulocyte counts at
specific times. Figure 2 shows a comparison of the observed
RBC count in peripheral blood with RBC predicted by Eq. 12
in an adult healthy human.

rHu-EPO Effect on the Reticulocyte Lifespan Distribution

As seen in Fig. 2 the assumption of fixed life spans for
RET and RBC is not valid for the RET-MRBC system stimu-
lated by rHu-EPO. The observed discrepancy between ob-
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Fig. 2. Reticulocyte and RBC counts for an individual patient (solid
symbols). The RBC count predicted by the precursor-successor
relationship is represented by open symbols. According to this
relationship, the change from the baseline in RBC at time ¢ can
be determined by summing up the changes from the baseline of
the reticulocyte counts at times t — Trgro, t —2TrET0, €tC. UP tO
N times.
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served and predicted RBC values can be removed by assuming
a transient effect of rHu-EPO treatment on lifespan distribu-
tion that can be described by an empirical p.d.f.:

Ut 1) = (1= x(1)é(r — Trero) +x(1)6(r — Trer)  (14)

where y(¢) is a jump function between the times T and T

. (15)
0,ift<OQor Ty <t

1, if Ty <t<T;
x(1) = {

assuming that the drug was administered at time t=0. The
function y(r) represents the effect of drug action on the retic-
ulocyte lifespan distribution. According to Eqgs. 14 and 15 the
drug switches the distribution of life spans to the point dis-
tribution centered at Trgt for times in the interval To<t<Tj,
otherwise the lifespan distribution is centered at the baseline
lifespan Trgro Which we assume is less than 7grgr. The
parameter 7 is interpreted as the lag time between rHu-
EPO administration and its effect on the lifespan distribution.
The difference AT; =T, — Ty, can be interpreted as the
duration of drug effect on the lifespan distribution. In the
case Treto=TrEeT, the p.d.f. 4(t,r) reduces to the point
distribution described by Eq. 10. The convolution integral
in Eq. 2 that defines k. (f) now can be explicitly calculated:

kout(t) = kr(t — TreT0)(1 = X(t — TRETO))(+AR(f — TRET)X(t — TRET)
(16)
Similarly to Eq. 12, this form of the reticulocyte conversion

rate allows the integration of Eq. 1 and obtains the following
relationship (see Appendix B):

t t—TRrETO
RET(z) = / kr(z)dz +

t—TRreT0

kr(2)x(z)dz  (17)

t—TreT

The second integral in Eq. 17 describes the change in
reticulocyte counts caused by the transient rHu-EPO effect
on the reticulocyte lifespan distribution.

RHu-EPO Effect on the Reticulocyte Production Rate

Theoretically, the RBC data suffices to recover the kgr(?)
function via Eq. 8 and evaluate the effect of the drug treat-
ment on reticulocyte production. However, because of data
variability such information is of limited value. The simplistic
form of the function y(¢) allows one to use the reticulocyte
data for this purpose, which is less variable. Although decon-
volution techniques are available to obtain the kg(?) profile
(13), such results might be difficult to interpret. Instead we
postulate an empirical function describing kr(#) by means of
a few parameters that have clear physiological interpretations.
Figure 3 shows that except for the lag time in reticulocyte
response to tHu-EPO and extended duration of the stimula-
tory effect, one can observe a rebound. These three processes
were accounted for in the following step function

kro, t< Ty
_ ) kri, To<t<T
ew (1) = kro, Ti<t<T (18)
kro, t>T
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Fig. 3. The time of maximum reticulocyte count (f,,,x) for a represen-
tative subject (upper panel) and the plot of #,,,x for all subjects vs. rHu-
EPO dose. For the placebo group f,.x=TrgTo that was calculated
from the baseline equation. The solid line indicates the fit of the Ey,.x
equation with the estimated parameters E,,,x="7.7 days (dashed line),
Ey=1.7 days (dotted dashed line), and EDs,=2.2 kIU.

where we assume that kr,<kgro<kgri. The profile of the
function kg(f) is shown in Fig. 4. The rebound in the retic-
ulocyte production occurs between the times 77 and 75. The
simplistic forms of functions y(¢) and kgr(¢) allows the integra-
tion of the equations for RET(r) and RBC(¢) (see Appendix B).
If TRETO < TTRET7 To + TRET < T17 and Tl + TRET < Tz, then

RET), t<To
Akgi(t = To) + RET, To <t < To+ Trem
kri(1=To), To + Trero <t < Ty + TreT
kri TrET, To+ Trer <t < Ty
RET(f) = { —(kri—kr2)t+kri (T1+Trer) — kroT1, T <t < T1 + Trero
—krit + kri (T1+Trer) + kra TrETO, T+ Trero <t < T1 + Trero + AT
kroTrETO, T+ Trero +AT <t < T
Akpot — Akpo T + kro TrETO, T <t < T+ Trero
RET), T + Trero < t
19
and
RBCy, t<Tp
RBC(1) = RBCy + Akgi (t — To), To<t<T
RBC() — AkRz(l — T1) + AkR]ATl, T, <t<T,
RBCy — AkroAT, + Akri AT, T, <t < Trac
(20)
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Fig. 4. Empirical time profiles of the reticulocyte production rate
kr(7) and the time dependent factor y(7) in the reticulocyte lifespan
distribution following a single dose administration of rHu-EPO aug-
mented by the subsequent time courses of reticulocyte and RBC
counts as predicted by the model. The effect of rHu-EPO on k() was
described by simplistic step functions for the lag time T, duration of
the stimulatory effect AT} = T — T and the change from the base-
line Akr; = kgr1 — kro, as well as duration of the rebound effect AT, =
T, — Ty and the change from the baseline Akr, = kro — kr2. The
rHu-EPO effect on the reticulocyte lifespan distribution was assumed
to coincide with the stimulatory effect and was modeled by the jump
function of value 1 and duration AT} = T| — Ty The durations of the
onset and offset parts of the reticulocyte response are determined by
the increased reticulocyte lifespan AT = Trer — TrETO- At the times
To+ TreTo and Ty + Treto One can observe kinks in the reticulocyte
response curve caused by a temporary change in the reticulocyte
lifespan distribution. The period of the maximum reticulocyte count is
T: — Tret and the rebound minimum lasts from 7} + Trgt to 7>. The
reticulocyte count returns to the baseline at time 75+ Trero. The
RBC counts increases at the rate Akgr; to the peak value attained at
time 7. The rebound effect causes RBC to decline at the rate Akr,
to plateau at time 7. All profiles are valid for times no greater than
TrBC-

where Ale :le _kR07 AkRz :kR() — kRZ: ATZ = T2 — Tl, and
AT = Trer — Trero. The parameter Akgr; characterizes the
stimulatory effect of rHu-EPO on the reticulocyte production,
whereas Akg, describes the depth of the rebound effect of
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duration AT,. Equation 20 holds true without the conditions
under which Eq. 19 was derived. As mentioned above, all
parameters describing kg(¢) should be theoretically identifiable
from the RBC data, however the reticulocyte counts also
provide information necessary to determine the parameter
values although in a more complex form.

MATERIALS AND METHODS
Data

RHu-EPO plasma concentrations as well as hematolog-
ical responses were obtained from an open-label, random-
ized, parallel-design, single-center study (14). Fifty-six
healthy male subjects were randomly assigned in equal
numbers (n=8 per group) to 7 study treatment groups. The
study treatment groups received single fixed s.c. doses of
epoetin alfa at levels 20, 40, 60, 90, 120, and 160 kIU. A
control group was also included in the study, and the subjects
in this group did not receive a drug injection but underwent
all other study procedures. Blood collection for determina-
tion of pharmacokinetic and pharmacodynamic data began
prior to drug administration on study Day 1 and continued at
scheduled time points through study Day 43. Total study
duration was 43 days. Blood samples (2.5 ml) for determina-
tion of erythropoietin serum concentration were collected at
30, 20, and 10 min before drug administration and at 0.5, 1, 2,
5, 8, 12, 18, 24, 30, 36, 48, 60, 72 h after administration. For
erythropoietin pharmacodynamic measurements blood sam-
ples were collected 30 and 10 min prior to drug administra-
tion on day 1, daily for days 2-10, every other day for days
12-26, and on days 29, 35, and 43. Additional blood samples
were collected for iron measurements, serum chemistry, and
genetic analysis. The total volume of blood collected within
the first day of study did not exceed 40 ml. Approximately
120 ml of blood, in total, was colleted for pharmacokinetic
blood samples. The total quantity of blood drawn from each
subject who completed the study was about 350 ml. The study
was conducted in accordance with principles for human
experimentation as defined in the Declaration of Helsinki
and was approved by the Human Investigational Review
Board of the study center. Informed consent was obtained
from each subject after being told the potential risks and
benefits, as well as the investigational nature of the study.

Precursor—Successor Relationship

For each dose and each patient the RET, and RBC,
were calculated as the mean of three points of pretreatment
data. For the control group, all data were used to calculate
RET, and RBC,. The baseline reticulocyte lifespan values,
TreT0, Were subsequently obtained from Eqgs. 4 and 5 as
follows

RET,

MRBCy 1)

TrETO = TrBC

where Trpc 120 days. Equation 12 was used to determine RBC
count at time ¢. To calculate RET(¢ — i Treto) the reticulocyte

data were linearly interpolated as shown in Fig. 2 (upper panel).
The interpolation procedure and the precursor—successor
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relationship were implemented in NONMEM (15) to obtain
the predicted RBC values at observed times. A NONMEM
control stream containing this procedure and a representative
data file are shown in Appendix C.

Reticulocyte Peak Time Dependence on Dose

The reticulocyte peak times, t,.x, for all subjects re-
ceiving rHu-EPO were determined from the data. The fyay
values for the control group were equal to Trero. The rela-
tionship between the f,,x and rHu-EPO dose, D, adminis-
tered to a subject was described by the Ey,,x equation:

(Emax - EO) -D

E=E
0+ ED50+D

(22)
where E; denoted the model predicted Trgro, and Ej,.x the
maximal value of the reticulocyte peak time. Equation 22 was
fitted to the pooled t;,,x data as a fixed effect model in
NONMEM (15) with dose as the independent variable. The
residual random effect model consisted of the additive error
model describing the residual variability

tmax = E+ & (23)
where f,,x is the observed reticulocyte peak times, E is the
corresponding model predicted reticulocyte peak times, and ¢
is an independent normally distributed random variables with
zero mean and variance, 2.

Resolution of Parameters Describing kg and £(t,7)

Although explicit solutions for RET and RBC were
derived (see Egs. 19 and 20), their implementation into a
computer program would require consideration of a large
number of cases dictated by unknown relationships between
parameters Treto, ITreT and Ty, Ty, T». Instead the integral
representations of RET and RBC in Egs. 8 and 17 were used
based on the explicit solution of the integral

X krox, x<Ty
ke(2)dz = kri(x — To) + kro Ty, To<x<T
J R kra(x — T1) + kr1(T1 — To) + kroTo, Th<t<T
0 kro(t — T2) + kra(T2 — T1) + kri(T1 — To) + kroTo, t>T,
(24)
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where x=t, t—Trgr0o. A similar relationship was used to
calculate the integral [jkr(z)x(z)dz . The integrals present in
Eqgs. 8 and 17 were expressed as the differences between the
integrals calculated in Eq. 24 with the appropriate x values.
Equations 8 and 17 determined the fixed effect models
describing the reticulocyte and RBC count data for each
subject receiving rHu-EPO using NONMEM (15). The
additive error model was used to describe the residual
variability. The estimated parameters were 7T,, ATy, AT,
Akgy, Akg,, and the variance of the residual variability, o> A
NONMEM code and a fragment of a data set for a
representative subject are shown in Appendix D.

Dose Dependence of Parameters Describing kg and £(t,7)

The estimates of the fixed model parameters for each
subject were pooled and analyzed as functions of rHu-EPO
dose. The E .« equation Eq. 22 was used to fit separately the
individual estimates of ATy, AT, Akgri, Akrs, and T,.
Similarly, the estimations were performed by NONMEM
using the additive residual error model and first order
conditional estimation (FOCE) method (15). To test if the
dose dependence is significant the 95% confidence intervals
for the E.,.x estimate were calculated using non-parametric
bootstrap (16) implemented in the package Wings for NON-
MEM (N. Holford, Version 4.04, June 2003, Auckland, New
Zealand). For the non-parametric bootstrap, a new replica-
tion of the original dataset (a bootstrap sample) was obtained
by random draws of individual data (with replacement) from
the original dataset. The model was re-fitted to each new
dataset and this process was repeated 1,000 times with
different random draws. Bootstrap runs with unsuccessful
minimization were excluded from further analysis. The 95%
confidence intervals for the model parameters were calculat-
ed as the 2.5th and 97.5th percentiles of the parameter
estimates obtained from each non-parametric bootstrap
replicates. If the estimated 95% confidence intervals for the
Enax value included the Ej value, then the dose dependence
was not present, otherwise dose dependence was concluded.

RESULTS

One subject from the 60 and 90 kIU dosing groups was
not included in our data set for analysis because of an

Table I. The Mean (+Standard Deviation) Values of the Baseline Reticulocyte (RET;) and RBC (RBCy) Counts, Reticulocyte Life Spans
(TrET0), Reticulocyte Production Rates (kro) and Range of Probabilities (P) for the Two-sided ¢ Test on the Difference Between the Mean
Values of Observed RBC and Predicted by Eq. 12

Dose kIU RET, 10'? cells/l RBC, 102 cells/I TreT0 days kro 10° cells/l/day P
0 0.07+0.02 4.96+0.4 1.71+0.5 50.1+8.9 0.14-0.98
20 0.07+0.03 4.91+0.3 1.81+0.7 40.3+2.5 0.051-0.97
40 0.06+0.02 4.97+0.2 1.53+0.4 40.9+2.1 0.005-0.82
60 0.06+0.01 5.10+£0.2 1.43+0.2 42.0+1.2 0-0.95
90 0.08+0.03 4.79+0.3 1.92+0.8 39.3+2.5 0.010-0.88
120 0.06+0.02 4.61+0.2 1.63+0.6 37.9+2.0 0-0.89
160 0.09+0.04 4.91+0.2 2.10+1.0 40.2+2.0 0.024-0.84

RET, and RBC, were Obtained from Each Subject from the Pretreatment Data, Trero Was Estimated by Fitting Eq. 12 to Individual RBC

Counts and kgro was Calculated from Eq. 4
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Fig. 5. Observed and model predicted effects of rHu-EPO on the individual parameter estimates as a function of dose: (a) change in the
reticulocyte lifespan, AT, (b) duration of rHu-EPO stimulatory effect, AT7, (c) change from the baseline of the reticulocyte production rate
due to the rHu-EPO stimulatory effect, Akgy, (d) change from the baseline of the reticulocyte production rate due to the rHu-EPO rebound
effect, Akgro, () the lag time in reticulocyte response, 7.
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incomplete reticulocyte profile that was terminated before
reaching the peak value. One subject from 20 kIU dosing
group was also excluded because of the abnormal RBC time
course.

Prediction of RBC Counts from the Precursor—Successor
Relationship

If fixed life spans for reticulocytes and RBC are assumed,
then Trgro for each subject can be calculated from the
baseline counts. Subsequently, the precursor—successor rela-
tionship between RET and MRBC can be established, and an
explicit equation predicting RBC counts solely from the
reticulocyte counts was derived. Equation 12 was used to
calculate RBC at observation times and compare the
predictions with the observed values. The predicted RBC
time courses exhibited an initial 3-4 day lag time, rapid onset
followed by a plateau that was reached about day 13. For all
doses the mean predictions were greater than mean observa-
tions except for a few initial points. Figure 2 shows an RBC
vs. time profiles for a representative subject. To test if the
predicted RBC was significantly different from observed
RBC, we assumed that at each time point the predictions and
observations were normally distributed. Since the predictions
were correlated, only the probabilities that prediction was
different than observation were calculated at separate time
points. The range of such probabilities was recorded in
Table I. The mean predictions were significantly higher than
mean observations for dose groups 60, 90, 120, and 160 kIU.
The lowest probability was for the 60 KIU dose group. For
these doses, the null hypothesis that the observations are the
same as predictions can be rejected. Consequently, either the
assumption about the fixed life spans is violated or some
fraction of reticulocytes did not mature to RBC violating the
precursor—successor relationship. We explored the former
possibility assuming that there was no loss of reticulocytes
during their conversion to RBC.

Tmax Dependence on Dose

If the reticulocyte lifespan was fixed and the reticulocyte
production rate kg(f) had a rapid onset to a peak value
followed by a gradual return to the baseline, then according
to the argument presented in (11), the difference between the
peak time f,, and the lag time in reticulocyte responses
should coincide with the reticulocyte lifespan Treto. The fimax
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values were obtained for all treated subjects and plotted
against rHu-EPO dose as shown in Fig. 3. Fitting of the E,.«
equation resulted in the estimate of E ., =8.45 days with the
95% confidence interval (95%CI) 7.59 to 9.39. Since the
estimated value E, of the baseline reticulocyte lifespan was
1.65 (95%CIL: 1.38-1.94) days we concluded that fn. is
depended on dose. Consequently, kg(f) might have a
different profile than postulated above or the reticulocyte
lifespan could change after rHu-EPO treatment.

Characterization of Time Courses of kr(¢) and /(t,7)

The resolution of the kr(f) from the reticulocyte data
cannot be obtained without knowledge of the reticulocyte
conversion rate kou(f). Since the results presented above
indicated that rHu-EPO affects the lifespan distribution, we
postulated the simplest empirical function that would account
for temporal changes described by Eqs. 14 and 15. After a lag
time, the rHu-EPO treatment shifts 7}, the point reticulocyte
lifespan distribution centered at Trgto, to the point distribu-
tion centered at Trer. The duration of this change is AT =
b T, — T, after which the distribution is centered again at
TreTo- Such an approach allowed us to introduce a param-
eter characterizing the duration of rHu-EPO effect on the
reticulocyte lifespan. To be able to determine the values of
To, AT, and AT, we also assumed that the duration of the
rHu-EPO effect on kg(f) is AT; and can be characterized by a
single parameter Akgr;=kgr1 — kro representing the increase
of the reticulocyte production from the baseline value. The
observed rebound in the reticulocyte data was modeled as a
decrease in kgr(f) of duration AT, =T, — T} and value Akg, =
kro — kr2 immediately following the increase. However, for
the majority of the subjects AT, was not able to be estimated
with an acceptable precision and was fixed at 42 days, the last
data time point for all subjects. This forced the rebound to
occur beyond the last measurable data point if Akg, >0, and
only the apparent rebound intensity was estimated.

The simultaneous fittings of Eqs. 8 and 17 to the
individual subject RBC and reticulocyte counts resulted in
estimates of Ty, AT, ATy, Akry, and Akg, (see Fig. 5). To test
if these parameters depend on dose, the E,,x model
presented in Eq. 22 was fitted to the pooled parameter
values, and significant difference between Ey.x and E, was
claimed if the 95% confidence interval for the E,,.x estimate
did not include the E, value. As shown in Table II, only the
E...x value for the T, individual estimates was not different

Table II. Parameter Estimate Values (95% Confidence Interval) of the E,x Model Fitted to the Pharmacodynamic Characteristics of all
Subjects as a Function of Dose

Parameter To*, days AT}, days Akgy, 107 cells/l/day Akgo, 107 cells/l/day AT, days
E, 1.65
(1.38-1.94) - - - -
Enax - 8.33 77.5 3.73 1.74
(7.51-9.26) (49.9-97.6) (2.20-9.10) (1.37-2.55)
EDs, kIU - 4.98 72.7 5.07 0.33
(0-14.10) (21.35-122) (0-147) (0-22.70)
o 0.99 1.65 16.6 3.71 1.40
(0.80-1.19) (1.30-1.91) (13.0-19.8) (2.83-4.30) (1.00-1.71)

*The values of T\, where fitted by the constant equation E = E,.
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from Ey, and therefore the lag time in the rHu-EPO effect on
kgr(?) and £(t,r) was found to be dose independent, with a
typical value of 1.65 days. The remaining parameters, exhib-
ited dependence on dose, as the E. estimates were dif-
ferent than 0, which was the fixed value for E,. The estimated
maximum value of AT was 1.74 days indicating that rHu-EPO

Reticulocytes, 10'2 cells/L

RBC, 10" cells/L

0.3 1

Reticulocytes, 10" cells/L

Time, days

Fig. 6. Simulated reticulocyte and RBC responses following single
s.c. dose of rHu-EPO. The parameters Ty, AT, AT}, Akgry, and Akgo
were calculated from the E\,,x equations describing their dependence
on dose using the estimated values presented in Table II. Retic-
ulocytes and RBC were simulated according to Egs. 8 and 17. The
indicated doses are expressed in kIU. The lower panel shows the
simulated reticulocyte counts superimposed on the observed retic-
ulocyte counts corrected by the baseline values for doses 20, 40, and
160 kIU. The symbols denote the mean values for each dosing group.
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transiently increases the reticulocyte lifespan from its mean
baseline value Trero=1.74 days to Trer=3.39 days. The
estimated value of the duration of this effect was 8.3 days.
The low value of ED50=0.3 kIU for the AT estimates implies
that rtHu-EPO administration changes the reticulocyte life-
span even for low doses. According to our assumption, the
same duration of effect applies to the increase of kg(f) with
the estimated value of EDs;y=4.98 kIU. The maximum
estimated value of Akg; was 77-10° cells/l/day which trans-
lates into 88% increase with respect to the mean baseline of
kro=41-10° cells/l/day. The estimated value of EDs, for this
parameter was 72 kIU, yielding 36% and 53% of the
maximum effect predicted for the dose of 40 and 80 kIU,
respectively. Finally, the estimated maximum effect of the
rebound phenomena was 3.710° cells/l/day, which was 9% of
the baseline production. Similarly to AT}, the estimated EDs5,
value for Akr, was 5.07 kIU.

Simulations of RET and RBC Time courses

The E.x equations describing the relationships between
parameters Ty, AT, ATy, Akry, and Akg,, and dose were used
to determine their values for an array of doses. Equations
8 and 17 were used to simulate RET and RBC time profiles
shown in Fig. 6. The baseline values RET, and RBC, were
obtained as the mean of the placebo group combined with
the pre-dose measurements from the treatment groups. Both
RET and RBC counts increased with dose, but the differ-
ences between these responses became smaller. For example
the peak RBC count increase from the baseline caused by a
dose of 20 kIU was 0.11 x 10'? cells/l. Compared to the
20 kIU dose, the 40 kIU dose yielded an 84% increase in the
peak of the RBC response corrected by the baseline, which
was further increased by 54% when the dose increased to
80 kIU. Since the EDsq value for Akg, was 5 kIU, all RET
responses exhibited the maximal rebound of 8% of the
baseline, which was observed as a negative slope in the RBC
responses.

DISCUSSION

The assumption of a fixed lifespan for all reticulocytes
made in our previous models of the stimulatory effect of rHu-
EPO on the reticulocyte and RBC (4,17,18) was dictated by
the rule of parsimony and yielded satisfactory results.
However, the obtained estimates of Trgto in the range 3-7
days (4,11,18), made the predictions of Trpc based on the
baseline relationship much larger than 120 days. This flaw
could not be removed by considering in our PD models
arbitrary reticulocyte lifespan distributions described by the
gamma and log-normal functions (12). The over-prediction of
the RBC counts by the precursor—successor relationship and
the dose dependence of f,,y indicated that administration of
rHu-EPO affects the reticulocyte lifespan distribution. Our
simplistic and empirical way of assessing this effect yielded
an increase by 1.74 days for all considered doses. The
maximal duration of the change in the lifespan was about
8 days.
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Our approach towards empirical modeling of the retic-
ulocyte production rate using simplistic step functions is
based on the work of Uehlinger et al. (5) where the he-
matocrit time profiles in anemic patients were integrated
step-like RBC survivor functions. This technique has been
elaborated using a linear system analysis where the reticulo-
cyte count was described as the convolution of the reticulo-
cyte production rate with the unit impulse response UIR(¢)
(19). The production rate was a function of erythropoietin
serum concentration whereas UIR(f) was a jump function
with a lag time and duration of the response equal to the
fixed reticulocyte lifespan. This model has been extended
further to describe reticulocyte, RBC, and hemoglobin
responses to endogenous erythropoetin in phlebotomized
sheep (20). In our approach we purposely omitted rHu-EPO
serum concentration control of the reticulocyte production
and derived the integral relationships from the compartmen-
tal indirect response models rather than a system-structure
independent convolution type model. The p.d.f. of reticulo-
cyte lifespan distribution ¢(f,r) plays a role similar to the
UIR(f), although qualitatively these two functions are dif-
ferent. The relationships presented here can be formulated
using the linear system convolution type formalism, including
the relationship between reticulocytes and the reticulocyte
production rate (13).

The step-like function describing kr(f) did not depend
on rHu-EPO serum concentrations Cgpo(?). Including rHu-
EPO into the model would require additional assumptions
about functional relationship between Cgpo(f) and kg (f) and,
consequently lead to a limited generality of our findings
about the time profile of kg(f). This would also prohibit
testing the dose dependence of the components of kg(f) such
as Ty, ATy, and Akg;. Instead, the information gained from
our study about the shape of the kr(f) function can be further
utilized in a development of a more mechanistic pharmaco-
kinetic-pharmacodynamic model that will take into account
both kr(f) dependence on Cgpo(f) and the rHu-EPO effect
on the reticulocyte lifespan distribution. The proposed shape
of the reticulocyte production rate kgr(¢) limits applications of
our model to data comprising of reticulocyte and RBC re-
sponses to a single dose of rHu-EPO. For other dosing regi-
mens a more relevant functional form should be proposed.

Increases of f,,x and AT, with dose indicates a rHu-EPO
effect on reticulocyte lifespan. An increase of the maturation
time of the reticulocyte population in the circulation after
administration of a single dose of rHu-EPO to healthy volun-
teers has been reported previously (7). This is may be caused
by an earlier release of immature reticulocyte from bone mar-
row to blood as well as increased number of younger retic-
ulocytes produced from the bone marrow progenitor cells
stimulated by rHu-EPO (7). A shift in the circulating retic-
ulocytes age distribution from older to younger cells may
lead to a transient increase in their lifespan. The hematolog-
ical markers of reticulocyte age HFR, MFR and LFR have
been reported to reflect such a behavior in time in phleboto-
my-induced stress erythropoiesis (8).

Although maturation to erythrocytes is the major process
for depleting the reticulocyte pool in plasma, they are also ex-
posed to random destruction as any other hematopoietic cells
(21,22). Younger stress reticulocytes are removed from cir-
culation much faster than normal reticulocytes, which may be
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connected with mechanical stability and membrane rigidity
of reticulocytes (23), although there have been reports sug-
gesting that in phlebotomy-induced anemia, the immature
reticulocytes undergo normal in-vivo maturation without a
change in lifespan (24,25). One might expect then violation of
the precursor—successor relationship between reticulocytes
and RBC due to the endogenous random destruction. This
process could be modeled by introducing an endogenous
conversion factor (CF) that would account for the fraction of
reticulocytes that survived and become MRBC. In our model
the destruction of reticulocytes was not included since the
parameter CF would not be identifiable from the available
data together with the remaining model parameters. Our sim-
ulations indicated (data not shown) that Trgt and CF were
highly correlated, since increasing Trer had the same effect
on RBC predictions as decreasing CF, and consequently
neither of these parameters would be reliably estimated
simultaneously. Blood loss due to sampling for pharmacoki-
netic and pharmacodynamic measurements was not incorpo-
rated in our model. The total quantity of blood withdrawn
during each day of study was less than 0.2% except for first
3 days where it was less than 1% and was not considered a
significant perturbation of the erythropoiesis.

In summary, applying a simplistic assumption that all
reticulocytes have the same lifespan and all mature to RBC,
we were able to establish an explicit relationship between
reticulocyte and RBC counts in plasma at any moment of
time less than RBC life span. This precursor—successor rela-
tionship was used to predict RBC increase from reticulocyte
counts due to rHu-EPO treatment. The predictions were sig-
nificantly different from observations for rHu-EPO doses
higher than 20 kIU leading to the hypothesis that rHu-EPO
transiently increases the reticulocyte lifespan. We positively
tested this hypothesis by proposing an empirical PD model
that allowed us to estimate the increase in the mean reticulo-
cyte lifespan distribution. Additionally, we were able to quantify
the basic changes in the reticulocyte production rate following
the rHu-EPO treatment. The results of the present study can be
further utilized in building more mechanistic PKPD models of
rHu-EPO stimulatory effect on RBC production.
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APPENDIX A
Derivation of the Precursor—successor Relationship Eq. 12
If the fixed lifespan TrgTo is assumed for all reticulocytes,

then the RBC production is the delayed Tgrgto reticulocyte
production rate (11):

kout (k) = kr(t — TrETO) (25)
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Thus, similarly to Eq. 11, one can write

MRBC / kR Z — TRETO)d

t—=Trpc

(26)

Changing the variables in the above integral s = z — TreT0
leads to

t—TRero

MRBC (1) = kr(s)ds (27)

t—Trero-—TrBC

The interval of integration in Eq. 27, t — Trgro > 5 > t—
Trero — TrBC , can be partitioned to the following subintervals:
t—Trer >s >t —2TRrgr, t —2Trer > 5 >t — 3TRET, .-, t —
NTgrgr >s>1t— (N + 1)TRETO , where N= INT(Z/TRET()) is
the integer describing how many times t is bigger than TrgTo.
One can now decompose the integral in Eq. 27 into a sum of
integrals over these subintervals and a remainder:

N iTrem
MRBC(1) = kg (s)ds
=l (i) Trem
1—=(N+1)-Treto
+ / kr(s)ds (28)
t=Trec—TRETO
Equation 11 implies that for any integer i
t—i-TrETO
RET(t —i- Trer) = kr(s)ds (29)
1—(i+1) Trero

Since for #/Trgr <N +1, the upper limit in the reminder
integral in Eq. 28 is less than 0, and for < Tgrpc the lower
limit in this integral is less than 0 as well. We assume that
prior to erythropoietin treatment the reticulocyte production
was at the baseline level, kr(s)=kro for s<0. Then the
reminder integral in Eq. 28 is equal to

t—(N+1)-TreT0
kr(z)dz = Trpc - kro — N - TreTo - kR0~ (30)

t=Trpc—TRETO
Taking into account the baseline Eqgs. 4 and 5 yields
= MRBC, — N - RET)

Trec - kro — N - TreT0 - kRO (31)

One can now combine Egs. 28, 29, 30, 31, and obtain

N
= ZRET(Z - iTRETo) — RET), (32)
i=1

MRBC(r) — MRBC,

Because RBC is the sum of MRBC and RET, then

N
= ARET(1) + Y _ ARET(¢ — iTger0)
i=1

ARBC(1) (33)

and Eq. 12 follows.
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APPENDIX B
Derivation of equation for RET(t)
Taking into account Eq. 16 for the reticulocyte conver-

sion rate ko, () one can integrate both sides of Eq. 1 from 0
to ¢ and obtain
0+ fua
t

- /kR(Z — Trero)(1 — 2(z — TrETO))d2Z
0

RET(t

t

- / kr(z — Trer)x(z — TreT)dZ
0

(34)

Changing the variables in the second integral s = z — TrgTo
and in the third integral s = z — Trer Yyields

tTrem
RET(1 / ke (2)dz — K (5)dz
—TRrET0
t—TRreTO t—TRer
+ / Jer ()7 (5)dz — / kr($)x(s)dz  (35)
—TRETO —TReT

Since for t < 0 kr(t) = kro and y(r) =0, the integrals in
Eq. 35 can be further simplified to

t
RET(r) = R(0) — Tretokro + / kg (z)dz

t—TrET0 t—=TrET0
- / kr(s)dz + kr(s)x(s)dz
0 0
t=Trer
- kr(s)x(s)dz (36)

The reticulocytes at time =0 are at steady-state,
therefore Eq. 4 implies that the first and second term in Eq.
36 cancel each other out. If the first integral is combined with
the second, and the third with the fourth, then one obtains

t—TRET0

/ kr(z)dz + kr(z)x(z)dz

t—TRrET0

RET(s (37)

t—TreT

which is the exact form of Eq. 17. Assuming the following
relationships between the time parameters

Trero < Ttrer, To + Trer < Ty,and Ty + Trer < T (38)

they can be ordered as follows Ty < Ty + Trero < To +
Trer < Th < T+ Trero < T1 + Trer < T2 < To + Trero-
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Consequently, an arbitrary ¢ value must fall into one of the fol-
lowing intervals:
t<T,, then

RET(t) = RET, (39)

To<t<To+ TrETO, then

]

t—TRreT0

7 (40)

/ kr(z dz+/kR

t—TRreT0

=kro(To —t + TRETO) + kri(t — Tp)

RET(t

To+ TreTo<t<To+ TreT, then

t

/ kr(z dz+/kR( Ydz

t—TRET0 To

RET(¢

t—TRET0
+ / kr(z)x(z)dz

To

- / ki (2)dz = kry (1 — To) (41)

Ty
T() + TRET <t< Tl, then

RET(r) = kg1 TreT0 + kR1(TRET — TRETO) = kR1 TRET (42)

Tl <t< Tl + TRETO’ then

/ kR dZ+ / kR

t—TRreT0

RET(¢

t—=TRET0
+ / kr(z)x(z)dz

t—TReT

/ kr(z dz+/kR

t—TRer

= le(Tl —t+ TRET) —+ kRZ([ — Tl) (43)
Tl + TRETO <t< Tl + TRET, then
T,
RET / kR dZ+ / kR
t—TRrET0 t—Trer
= kroTreT0 + kR1 (T1 — ¢ + TRET) (44)
Tl + TRET <t< Tz, then
RET(t) = kraTrET0 (45)

T, <t<T+ TrEeTO then
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T,
RET / kR dZ+ / kR
t—TRrET0
= kro(T2 — t + Trero) + kro(t — T2)  (46)
T2 + TRET() < t, then
RET(t) = kroTrETO (47)

Arranging terms in Eqs. 39, 40, 41, 42, 43, 44, 45, 46, 47
yields Eq. 10. A similar derivation holds for Eq. 20, except
that one needs to consider the cases determined by the
intervals To< Ty < T, < Trpc and use Eq. 8.

APPENDIX C

NONMEM control stream and data file for estimation
of Trero from Eq. 12

$PROB Estimation of TRET

$INPUT ID TIME CMT MDYV DV RET RBC DOSE
$DATA C:\data_1041.csv IGNORE=#

$PRED

TRET = THETA(1)*EXP(ETA(1))

"OPEN(2,FILE="C:\nmv\run\fdata’)
"REWIND 2

"DO WHILE (NOT.EOF(2))
" READ(2,*) X1,X2,X3,X4,X5,X6,X7,X8
" IF(X1.EQ.ID.AND.CMT.EQ.1) THEN
" IF (X2.EQ.0) RT0=X6

" IF (X2.EQ.2) RT2=X6

" IF (X2.EQ.3) RT3=X6

" IF (X2.EQ.4) RT4=X6

" IF (X2.EQ.5) RT5=X6

" IF (X2.EQ.6) RT6=X6

" IF (X2.EQ.7) RT7=X6

" IF (X2.EQ.8) RT8=X6

" IF (X2.EQ.9) RT9=X6

" IF (X2.EQ.11) RT11=X6

" IF (X2.EQ.13) RT13=X6

" IF (X2.EQ.15) RT15=X6

" IF (X2.EQ.17) RT17=X6

" IF (X2.EQ.19) RT19=X6

" IF (X2.EQ.21) RT21=X6

" IF (X2.EQ.23) RT23=X6

" IF (X2.EQ.25) RT25=X6

" IF (X2.EQ.27) RT27=X6

" IF (X2.EQ.28) RT28=X6

" IF (X2.EQ.31) RT31=X6

" IF (X2.EQ.32) RT32=X6

" IF (X2.EQ.34) RT34=X6

" IF (X2.EQ.35) RT35=X6

" IF (X2.EQ.40) RT40=X6

" IF (X2.EQ.42) RT42=X6

" IF (X2.EQ.0) RBC0=X7
"ENDIF

"ENDDO

"CLOSE(2)

" RB=RBC0
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" IF(DOSE.GT.0) THEN

" 1=0

" DO WHILE (TIME - I*TRET.GE.0.0)

" X=TIME-I*TRET

" IF (0.LT.X.AND.X.LE.2) RB=RB+RT0+(RT2—RT0)/
(2—0)*(X—0)—RT0O

"IF (2.LT.X.AND.X.LE.3) RB=RB+RT2+(RT3—RT2)/
(3—2)*(X—2)—RT0

"IF (3.LT.X.AND.X.LE.4) RB=RB+RT3+(RT4—RT3)/
(4-3)*(X—3)~RT0

"IF (4 LT.X.AND.X.LE.5) RB=RB+RT4+(RT5—RT4)/
(5—4)*(X—4)—RT0

"IF (5.LT.X.AND.X.LE.6) RB=RB+RT5+(RT6—RT5)/
(6—5)*(X—5)—RT0

"IF (6.LT.X.AND.X.LE.7) RB=RB+RT6+(RT7—RT6)/
(7—6)*(X—6)—RT0

"IF (7.LT.X.AND.X.LE.8) RB=RB+RT7+(RT8—RT7)/
(8—7)*(X—7)—RT0

"IF (8 LT.X.AND.X.LE.9) RB=RB+RT8+(RT9—RT8)/
(9—8)*(X—8)—RT0

"IF (9.LT.X.AND.X.LE.11) RB=RB+RT9+(RT11—RT9)/
(11-9)%(X—9)—RT0

"IF (11.LT.X. AND.X LE.13) RB=RB+RT11+(RT13—RT11)/
(13— 11)*(X—11)—RT0

"IF (13LT.X.AND.XLE.15) RB=RB+RT13+(RT15—RT13)/
(15—13)*(X—13)—RT0

"IF (15LTX.AND.X LE.17) RB=RB+RT15+(RT17—RTI5)/
(17-15)%(X—15)—RT0

"IF (17LTX.AND.X LE.19) RB=RB+RT17+(RT19—RT17)/
(19—17)%(X—17)—RT0

"IF (19LT.X.AND.X.LE21) RB=RB+RT19+(RT21 —RT19)/
(21-19)*(X—19)—RT0

"IF (21.LTX.AND.X LE23) RB=RB+RT21+(RT23—RT21)/
(23—21)%(X—21)—RT0

"IF (3 LT.X.AND.X LE25) RB=RB+RT23+(RT25—RT23)/
(25—-23)%(X—23)—RT0

" IF (25LT.X.AND.XLE27) RB=RB+RT25+(RT27—RT25)/
(27-25)%(X—25)—RT0

"IF (27LTX.AND.X.LE28) RB=RB+RT27+(RT28—RT27)/
(28—27)%(X—27)—RT0

"IF (28 LTX.AND.X LE.31) RB=RB+RT28+(RT31 —~RT28)/
(31—28)*(X—28)—RT0

"IF (31 LT.X.AND.X LE.32) RB=RB+RT31+(RT32—RT31)/
(32-31)*(X—31)—RT0

"IF (32LT.X.AND.X.LE34) RB=RB+RT32+(RT34—RT32)/
(34—32)%(X—32)—RT0

" IF (34LT.X.AND.X.LE35) RB=RB+RT34+(RT35—RT34)/
(35—34)%(X—34)—RT0

" IF (35LT.X.AND.X.LE40) RB=RB+RT35+(RT40—RT35)/
(40—35)%(X—35)—RT0

" IF (40LTX.AND.X LE42) RB=RB+RT40+(RT42—RT40)/
(42— 40)*(X—40)—RTO0

" I=I+1

" ENDDO

" ENDIF

IPRED=RB+ERR(1)

Y = IPRED

IRES = DV — IPRED
$THETA (0,,15) ;TRET
$OMEGA 0.00 FIX
$SIGMA 0.02
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$EST NSIGDIG=3 MAX=9999 PRINT=1 NOABORT
POSTHOC METHOD=1

$COV PRINT=E

$TABLE ID TIME CMT IPRED IRES DOSE RET

NOPRINT FILE=C:\1041.txt

The following file data_1041.txt contains records for Subject 1041.
The missing values for RET were calculated by the linear interpola-
tion of the neighboring reticulocyte measurements

#1D TIME CMT MDV DV RET RBC DOSE

1041 0 1 0 5145 0.054 5145 40
1041 2 1 0 5.55 0.072  5.55 40
1041 3 1 0 5.49 0.135  5.49 40
1041 4 1 0 5.36 0.192  5.36 40
1041 5 1 0 5.2 0253 52 40
1041 6 1 0 5.26 0.245  5.26 40
1041 7 1 0 5.5 0291 55 40
1041 8 1 0 54 0349 54 40
1041 9 1 0 5.69 0218  5.69 40
1041 11 1 0 5.44 0132 544 40
1041 13 1 0 5.37 0.103  5.37 40
1041 15 1 0 5.27 0.092  5.27 40
1041 17 1 0 5.45 0.070  5.45 40
1041 19 1 0 5.55 0.093  5.55 40
1041 21 1 0 5.39 0.072  5.39 40
1041 23 1 0 5.49 0.083  5.49 40
1041 25 1 0 5.55 0.084  5.55 40
1041 27 1 1 0 0.108 0 40
1041 28 1 0 5.49 0.120  5.49 40
1041 31 1 1 0 0111 0 40
1041 32 1 1 0 0.108 0 40
1041 34 1 1 0 0101 0 40
1041 35 1 1 0 0.098 0 40
1041 40 1 1 0 0.082 0 40
1041 42 1 0 522 0.076  5.22 40
APPENDIX D

NONMEM control stream for estimation of Ty, AT, AT},
Ale, and AkRz

$PROB RHUEPO EFFECT ON RET AND RBC
$INPUT ID TIME CMT MDV DV RET RBC DOSE
$DATA C:\data_1034.csv IGNORE = #

$PRED

TO = THETA(1)*EXP(ETA(1))
DTI = THETA(2)

DT = THETA(3)

DT2 = THETA(4)

DKRI1 = THETA(5)

DKR2 = THETA(6)

"OPEN(2,FILE="C:\nmv\run\fdata”)
"REWIND 2

"DO WHILE (NOT.EOF(2))

" READ(2,*) X1,X2,X3,X4,X5,X6,X7,X8
" IF(X1.EQ.ID.AND.CMT.EQ.1) THEN
" IF (X2.EQ.0) THEN

" RT0=X6
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" RBCO=X7

" TT=RT0/(RBCO—RT0)*120.0

" ENDIF

" ENDIF

"ENDDO

" CLOSE(2)

KRO=RTO/TT

KR1=KR0+DKR1

KR2=KR0-DKR2

T1=T0+DT1

T2=T1+DT2

TR=TT+DT

CHO0=0

CH1=1

CH2=0

X=TIME

IT1=0

1T2=0

IT3=0

1T4=0

IF (X.LE.T0) IT1=KR0*X

IF (X.GT.TO.AND.X.LE.T1) IT1=KR1*(X—T0)+KR0*T0

IF (X.GT.T1.AND.X.LE.T2) IT1=KR2*(X—T1)+KR1*
(T1-T0)+KRO*T0O

IF (X.GT.T2) IT1=KRO*(X—T2)+KR2*(T2—T1)+ KR1*
(T1-T0)+KRO*T0

X=TIME—-TT

IF (X.LE.T0) IT2=KR0*X

IF (X.GT.TO.AND.X.LE.T1) IT2=KR1*(X—T0)+ KR0O*T0

IF (X.GT.TL.AND.X.LE.T2) IT2=KR2*(X~T1)+KR1*
(T1-T0)+KR0O*T0

IF (X.GT.T2) IT2=KRO0*(X—T2)+KR2*(T2—T1)+KR1*
(T1-T0)+KRO*T0

X=TIME—TT

IF (X.LE.T0) IT3=KR0*CH0*X

IF (X.GT.TO.AND.X.LE.T1) IT3=KR1*CH1*(X —T0)+
KRO*CHO*TO0

IF (X.GT.T1.AND.X.LE.T2) THEN

IT3=KR2*CH2*(X-T1)+KR1*CH1*(T1-T0)+
KRO*CHO*TO

ENDIF

IF (X.GT.T2) THEN

IT3=KRO*CHO*(X —T2)+KR2*CH2*(T2—T1)+KR1*CH1*
(T1-TO)+KRO*CHO*TO

ENDIF

X=TIME-TR

IF (X.LE.T0) IT4=KR0*CH0*X

IF (X.GT.TO.AND.X.LE.T1) IT4=KR1*CH1*(X —T0)+
KRO*CHO*T0

IF (X.GT.T1.AND.X.LE.T2) THEN

IT4=KR2*CH2*(X~-T1)+KR1*CH1*(T1-T0)+
KRO*CHO*TO0

ENDIF

IF (X.GT.T2) THEN

IT4=KRO*CHO*(X —T2)+KR2*CH2*(T2—T1)+KR1*CH1*
(T1-TO)+KRO*CHO*T0

ENDIF

R=IT1-IT2+IT3—1T4

RB=IT1-KRO*TIME+RBC0

IPRED=0
IF(CMT.EQ.1) IPRED=RB+ERR(1)
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IF(CMT.EQ.2) IPRED=R+ERR(2)
Y = IPRED
IRES = DV — IPRED

$THETA

(0,1.5,5) ;TO

(0,7.0 20) ;DT1
(0,2,20) ;DT

42 FIX ;DT2
(0,0.04, 0.1) :DKR1
(0,0.01,0.05) ;:DKR2

$OMEGA 0.0 FIX

$SIGMA

0.01 ; RBC

0.01 ; RET

$ESTIMATION NSIGDIG=3 MAX=999 PRINT=1
NOABORT POSTHOC METHOD=1

$COV PRINT=E

$TABLE ID TIME CMT IPRED DOSE RET RBC
NOPRINT
FILE=C:\1034.txt

#ID TIME CMT MDV DV RET RBC DOSE
1034 0 1 0 4925 0.079 4.925 160
1034 0 2 0 0.079  0.079  4.925 160
1034 2 1 0 538 0126 538 160
1034 2 2 0 0126 0.126  5.38 160
1034 3 1 0 559 0149 559 160
1034 3 2 0 0.149 0.149  5.59 160
1034 4 1 0 549 0189 549 160
1034 4 2 0 0.189 0.189  5.49 160
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