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An integrated semi-mechanistic pharmacodynamic (PD) model describing the relationship
between luteinizing hormone (LH) and testosterone (T) after short-term administration of
degarelix was developed. Data from three clinical studies involving, intravenous (IV) and sub-
cutaneous (SC) dosing, in healthy male subjects were available. Degarelix pharmacokinetic
(PK) data from all studies were modeled simultaneously. One intravenous study was used to
develop the PD model and the two other studies (IV and SC dosing) were used to qual-
ify the model. Degarelix PK follows a two-compartment model and exhibits flip-flop kinet-
ics after subcutaneous dosing. Based on physiological mechanism, the gonadotropin releasing
hormone (GnRH) time course was described using a pulsatile release model. A precursor-
dependent pool model was used to describe the kinetics of LH in the pituitary and plasma
compartment. In males, LH regulates T production in leydig cells. Degarelix inhibits the
release of LH from the pool compartment to the plasma compartment leading to decreased
T production. The plasma half-life of LH (2.6–3.3 hr) and T (2.7 hr) match well with the
literature reports. The proposed PD model reasonably described the time course of LH and T
including the LH rebound for short-term studies. The model predicted the time course of LH
and T for the second IV and SC dosing studies very well. However, the long term simula-
tions from the final model did not match with literature reports. A modification is suggested
based on the physiological understanding of the system. The proposed novel modification to
precursor models can be of general use for predicting long term responses.
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INTRODUCTION

Prostate cancer is a major public health concern (1) accounting for
43% of new cancer cases among American men and second (14%) only
to lung cancer (32%) as a cause of cancer related deaths. (2, 3) A variety
of treatment options are available at different stages of the disease rang-
ing from observation, prostatectomy, radiation and chemotherapy or hor-
monal therapy. Hormonal therapy offers a few alternatives ranging from
estrogen, gonadotropin releasing hormone (GnRH) agonist and recently,
GnRH blockers. (1)

For the last couple of decades, GnRH agonists, leuprolide, brusere-
lin and goserelin, have been the standard of care during locally advanced
stage of cancer as evidenced by world sales above 3.0 billion U.S. dollars
in 2003. (4) However, GnRH agonists initially stimulate luteinizing hor-
mone (LH) production causing testosterone (T) and dihydrotestosterone
(DHT) surge for 5–12 days before inhibition by receptor desensitization.
This surge can cause a flare reaction (‘Clinical flare’) and could be pain-
ful and often dangerous. (5) On the other hand, GnRH blockers suppress
gonadotropin release from the pituitary gland leading to suppression of
T levels and do not trigger a flare reaction. Therefore, GnRH blockers
have been investigated for the management of prostate cancer and other
sex-steroid dependent pathologies. Recently, the first GnRH blocker with
prolonged effect, abarelix, was approved by the United States Food and
Drug Administration for the palliative treatment of advanced symptom-
atic prostate cancer. (6) Degarelix, a GnRH blocker, is under clinical eval-
uation for the treatment of advanced prostate cancer. Degarelix has been
shown to produce rapid and long-lasting suppression of the hypothalamic–
pituitary–gonadal (HPG) axis in rats and non-human primates compared
to other drugs in its class (7).

A few reports attempting to explain pharmacodynamic (PD) effects of
GnRH blockers are available. (8–12) In these reports, the effect of GnRH
blockers on LH and T is analyzed independently. Due to interdependence
of LH and T, such models do not represent the mechanistic understand-
ing of the physiological system. Therefore, a model integrating complex
interaction within the HPG axis would offer insights about the physiology
of control of LH and T. A mechanistic pharmacostatistical, pharmacoki-
netic-pharmacodynamic (PKPD), model is useful in (i) understanding and
describing the physiological system (13, 14) (ii) simulating several what-if
scenarios that are practically impossible to test by experimentation and
(iii) selecting drug doses and/or dosing regimens to be studied in future
trials or for labeling purposes. A more rational PKPD based drug devel-
opment is particularly suited in developing GnRH blockers for several
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reasons. First, empirical testing would be costly due to longer trials and
challenges in recruiting patients. Second, the endpoint used for regula-
tory approval expects more than the conventional P-value. To demonstrate
effectiveness, it is expected to have about 90% patients with T level below
0.5 ng/ml. Finally, a great deal of prior information from similar drugs is
readily available to derive expectations at various stages of development.

The objectives of the current work were to (1) Develop an integrated
mechanistic PKPD model describing the relationship between GnRH, LH
and T after short-term IV administration of degarelix. (2) Evaluate the
PKPD model by comparing the predictions to the observed data collected
in two other studies with IV and SC administration. (3) Predict effects on
T upon long-term administration of degarelix using simulations.

MATERIAL AND METHODS

Study Designs

For the current analysis, data from 3 short-term clinical trials were
available. In Studies 1 and 2, healthy men received intravenous (IV) doses
of degarelix, while in Study 3 degarelix was administered subcutaneously
(SC). One of the principal aims of these early clinical trials is to select a
rational dose and regimen for the long-term studies. All three studies were
included in estimating the PK parameters. Study 1 was used to develop a
PD model and other two studies were used to qualify the model.

Study 1: This was a single center, randomized, placebo-controlled,
single-dose, constant-infusion study with parallel IV treatment groups. A
total of 48 healthy male subjects aged at least 65 years with normal serum
T levels and normal creatinine clearance were randomized to seven treat-
ment groups (groups A to G). The subjects were admitted to the clinic the
day before dosing and followed for 72 hr after dosing. The dosing scheme
is given in Table I.

Blood samples for quantifying degarelix, LH and T were collected at
the following times: pre-dose, 30 min, 1, 2, 4, 6, 8, 10, 12, 15, 18, 24, 36,
48, 60, 72, 96 hr after start of infusion.

Study 2: This was a single center, randomized, single-dose, IV infu-
sion study. A total of 24 healthy male subjects with normal serum T levels
and normal creatinine clearance were randomized to four treatment groups
(groups I – IV). The subjects were admitted to the clinic the day before
dosing and followed for 14 days after dosing. The dosing scheme is given
in Table I.

Blood samples for quantifying degarelix, LH and T were collected
at the following times: pre-dose, during infusion a number of times (see
below), at 5, 10, 15, 30, 45 min, 1, 2, 4, 8, 12, 24, 36, 48 hr, and on days 3,
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Table I. Dosing Regimen for Study 1, 2 and 3

Group N 0–1hr (µg/kg)/h 1–6hr (µg/kg)/hr 6–48hr (µg/kg)/h Total dose µg/kg

Study 1
A 6 0 0 0 0
B 6 0.0887 0.0257 0.0154 0.864
C 6 0.177 0.0514 0.0308 1.73
D 6 0.38 0.11 0.066 3.7
E 6 1.01 0.294 0.176 9.87
F 9 2.53 0.734 0.44 24.7
G 9 5.07 1.47 0.88 49.4
Study 2
I 6 6 15 min infusion 1.5
II 6 25 6
III 6 20 45 min infusion 15
IV 6 40 30
Study 3 Dosing solution conc. (mg/ml) Total dose mg
1 6 5 0.5
2 6 5 2
3 6 10 5
4 6 10 10
5 6 10 20
6 6 20 40
7 6 10 40
8 6 20 40
9 6 15 30
10 6 30 30
11 20 0 0

4, 7 and 10 after infusion. For subjects receiving 15 min infusion or 45 min
infusion, blood samples were drawn at 5, 10 min and 15, 30 min, respec-
tively, during infusion.

Study 3: This was a single center, randomized, placebo-controlled sin-
gle SC dose escalation study. A total of 80 healthy male subjects with
normal serum T levels and normal creatinine clearance were randomized
to eleven treatment groups (groups 1–11). The following dose levels were
included in the study: placebo, 0.5, 2, 5, 10, 30, and 40 mg/subject at con-
centrations ranging from 5 to 30 mg/ml in the dosing solution. The dosing
scheme is given in Table I.

Blood samples for quantifying degarelix, LH and T were collected at
the following times: pre-dose and 5, 15, 30, 45 min, 1, 1.5, 2, 4, 6, 8, 12,
24 hr, and on days 2, 4, 9, 13, 20, 29, 36, 43, 51 and 59 after dosing.
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Analytic Methods

Degarelix concentrations were measured by liquid chromatography
using tandem mass spectrometric detection (LC-MS/MS) with lower limit
of quantification (LLOQ) of 0.5 ng/ml. The intra- and inter-assay preci-
sion were less than or equal to 7.5% and 14.1%, respectively. The accu-
racy was within ±3%. The LH assay was based on the Microparticle
Enzyme Immunoassay (MEIA) technology (Abbott Laboratories, IL) with
an LLOQ of 0.1 IU/l. The intra- and inter-assay precision were less than
or equal to 5.7% and 5.3%, respectively. The accuracy was within ±11%.
Total serum T concentrations were measured according to LC-MS/MS
after solid phase extraction with an LLOQ of 0.05 ng/ml. The intra- and
inter-assay precision were less than or equal to 15.8% and 14.1%, respec-
tively. The accuracy was within ±8%.

Model Building

Pharmacokinetic Model

Degarelix PK data from all three studies were modeled simulta-
neously with a previously reported population PK model shown in
Fig. 1. (14) Degarelix follows a two compartment body model after IV
administration. The model assumes that degarelix given SC was absorbed
by a slow (ka,slow) and a fast (ka,fast) first order process. The following set
of ordinary differential equations was used to describe the PK model.

F 
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Slow absorption
compartment
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Fig. 1. Schematic PKPD model for degarelix, GnRH, LH and T concentration. Solid lines
(——) indicate compartmental transfer of biomaterial, broken lines (- - - - -) indicate feedfor-
ward interaction, dotted lines (· · · · · · ) indicate feedback interaction. A positive sign (+) indi-
cates stimulatory control and a negative sign (−) indicates inhibitory control.
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d Xsc,fast

dt
= −ka,fast · Xsc.fast (1)

d Xsc,slow

dt
= −kconc

a,slow · Xsc.slow (2)

d Xc

dt
= ka,fast · Xsc.fast + kconc

a,slow · Xsc.slow + Q ·
(

Xt

Vt
− Xc

Vc

)
− C L · Xc

Vc
(3)

d Xt

dt
= Q ·

(
Xt

Vt
− Xc

Vc

)
(4)

where Xsc,fast, Xsc,slow, Xc and Xt represent the amount of degarelix in
the fast and slow SC depot compartments, plasma (central) and tissue
(peripheral) compartments, respectively. CL, Q, Vc and Vt represent clear-
ance from the plasma compartment, intercompartmental clearance, vol-
ume of the plasma compartment and volume of the tissue compartments,
respectively. The SC dose was partitioned into fast [Frconc·Fconc·DOSEsc]
and slow [(1 − Frconc) · Fconc · DOSEsc] absorption compartments, where,
Fr, F and DOSEsc refers to the fraction of the administered dose for the
fast absorption process, the absolute bioavailability and the input from
the SC degarelix dose at time of administration, respectively. The parame-
ters F , Fr and ka,slow, were allowed to vary with different dosing solution
concentration.

The first-order absorption rate constant ka,fast associated with the fast
absorption components was estimated as the absorption half-life t1/2,fast.
To ensure that the slow absorption half-life t1/2,slow was constrained to be
larger than t1/2,fast even after taking inter-individual variability (IIV) into
account, the following parameterization was chosen.

t1/2,slow,i = t1/2,slow−fast · exp
(
ηt1/2,slow−fast,i

)
+ t1/2,fast,i (5)

where t1/2,slow−fast is the typical individual’s difference between t1/2,fast
and t1/2,slow. The fraction of the dose absorbed via the fast absorption
route (Fr) and the absolute bioavailability (F) parameters were constrained
between 0 and 1 by logit transformation using Eqs. 6 and 7.

ρ = log
Fr

1 − Fr
(6)

Fr = exp(ρ)

1 − exp(ρ)
(7)

The IIV for t1/2,fast, t1/2,slow, C L and Vc was assumed to follow a log-
normal distribution which was described using an exponential error model.
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The residual error was assumed to follow a combined additive and pro-
portional error model. The goodness of fit was assessed by plotting
population and individual predictions versus observed data, inspecting
representative individual time–concentration profiles and comparing PK
parameter estimates with the previously reported values.

Pharmacodynamic Model

Study 1 data were used for building the PD model. The population
mean concentrations were used to drive the PD model. Several attempts,
including fixing some parameters to reported literature estimates, were
made to develop a mixed effect model for the PD analyses. Because
numerical solution to the complex differential equations used here must be
obtained, the initial attempts showed that the fitting could result in long
computational time and model convergence problems. Therefore, a mixed
effects model for the PD analyses was not used. More importantly, the IIV
of the maximal response was ∼40%. Hence modeling group means was
considered reasonable.

Figure 1 provides a schematic representation of the processes involved
in the HPG axis. It has been shown that the hormonal regulation at
the HPG axis is a complicated multivariate closed loop system with sev-
eral feedback and feedforward interactions. (14) GnRH is formed in the
preoptic area of the hypothalamus; it is transported via the hypotha-
lamic-hypophyseal portal microcirculatory system, to the anterior pituitary
gland. GnRH is secreted in a pulsatile manner that governs the synthe-
sis and pulsatile release of the gonandotropins, LH and follicle stimulating
hormone (FSH). (15) Using animal models, it has been shown that GnRH
is a major factor governing the LH pulses and there is a one-to-one rela-
tion between GnRH and LH pulses. (16–18) These pulses follow an ult-
radian rhythm with approximately one event every 60–120 min. (19) The
time course of GnRH was described using Eq. 8.

dGnRH
dt

= Krel,GnRH − kdeg,GnRH · GnRH (8)

where Krel,GnRH is the zero order pulse rate at a frequency of 2 hr and
kdeg,GnRH is the first order degradation rate constant for GnRH.

A GnRH blocker inhibits LH release to elicit therapeutic benefit.
Eqs. 9 and 10 describe the kinetics of LH in the pool and plasma
compartments.
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dLHpool

dt
= Kf ,LH − krel,LH · GnRH · LHpool · I (C) (9)

dLHplasma

dt
= krel,LH · GnRH · LHpool · I (C) − kdeg,LH · LHplasma (10)

where Kf ,LH is the zero order formation rate constants for LH, krel,LH is
the rate constant governing the release of LH to the plasma compartment,
kdeg,LH is the first order degradation rate constant for LH and I (C) is the
inhibitory effect of degarelix on the release of LH from the pool compart-
ment given by Eq. 11.

I (C) = 1 − C

I C50 + C
(11)

where C is the degarelix plasma concentration and IC50 is the degar-
elix plasma concentration which produces 50% of maximum inhibition of
krel,LH. Preliminary graphical inspection indicated that degarelix is capable
of completely suppressing LH release. Hence the maximal suppression was
fixed at 100% (i.e. Imax = 1).

In males, LH regulates T production in testicular leydig cells by inter-
acting with the LH receptors. Testosterone is primarily responsible for
normal growth and development of male sex and reproductive organs
as well as secondary male characteristics. A clear temporal correlation
between LH and T pulses has been shown (20). Equation 12 illustrates the
kinetics of T regulation by plasma LH levels.

dT

dt
= kf ,T · LHplasma − kdeg,T · T (12)

where kf ,T is the formation rate constant for T and kdeg,T is the first order
degradation rate constant for T.

All the compartments (GnRH, LHpool, LHplasma, T) in the system
were assumed to be at steady state before drug administration. The fol-
lowing equations describe steady state levels for each compartment.

GnRH0 = 1

1 − e−kdeg,GnRH·τ e−kdeg,GnRH·τ (13)

LHpool0 = Kf ,LH

krel,LH · GnRH0
(14)

LHplasma0
= krel,LH · GnRH0 · LHpool0

kdeg,LH
(15)

T0 = kf ,T · LHplasma0

kdeg,T
(16)
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where GnRH0, LHpool0 , LHplasma0
and T0 are the baseline states of

GnRH, LHpool, LHplasma and T compartments before drug administra-
tion and τ is the GnRH pulse frequency of 2 hr. The following parame-
ters,Kf ,LH, krel,LH, kdeg,LH, kf ,T, kdeg,T, IC50, were estimated and the above
baseline estimates were derived from these fitted parameters. The good-
ness of fit was assessed by plotting observed and predicted time course
for each dose group and, more importantly, comparing the parameter esti-
mates with the values available in literature.

Model Qualification

Studies 2 and 3 were used to assess the predictive ability of the model.
The model developed using Study 1 (IV) was employed to predict the
mean time course of LH and T, according to the design of the Studies 2
(IV) and 3 (SC). The population mean degarelix concentrations from stud-
ies 2 and 3 were used for the PD simulations.

The final model was also used to predict the time course of LH and
T after long term administration of degarelix. A typical individual was
assumed to be given 40 mg SC dose (20 mg/ml degarelix in the dosing
solution) once a week for 6 weeks.

Data Analysis

Sequential PKPD modeling was performed using NONMEM version
V with Compaq digital Fortran compiler on DELL Latitude Intel P4 with
1.8 GHz processor and 512 MB RAM running Windows XP professional.
The population PK predictions were used to drive the PD model. The
first-order conditional estimation (FOCE) method was used throughout
the PKPD model development using the subroutine ADVAN5 TRANS1
for the PK analysis and ADVAN9 for the PD analysis. Data from all
doses were modeled simultaneously.

RESULTS

Model Building

Pharmacokinetics

A total of 126 subjects were included in the PK modeling. Degar-
elix plasma concentrations displayed a biphasic disposition. Representa-
tive observed and predicted degarelix concentration-time profiles for the
IV and SC studies are shown in Fig. 2. The SC profiles (Panels c and d)
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Fig. 2. Representative individual plots from a (Study 1: 24.7 µg/kg), b (Study 2: 15 µg/kg),
c and d (Study 3: 40 mg and 5 mg at 10 mg/ml). Observed degarelix plasma concentration
(symbols), population predictions (solid line) and individual predictions (dotted line) are pre-
sented.

show a prolonged terminal phase, with concentrations detectable until
60 days after single dose administration. Comparison of the disposition
phases for the IV (Panels a and b) and SC data indicates flip-flop kinetics,
i.e., slower absorption relative to the elimination. The basic goodness of fit
plots of individual and population predictions vs. observed concentrations
are shown in Fig. 3. The scatter of data points around the line of iden-
tity indicates good agreement between the model predictions and observed
data. The model predicted degarelix concentration–time profile to differen-
tiate between dose groups is presented in Fig. 4. For simplicity, only three
dose groups (low, medium, high) for study 3 are included.

The population PK parameter estimates are reported in Table II. The
population mean CL was 2.91 l/hr and the population mean Vc was 11.4
l. For the SC dosing, t1/2,fast was 1.17 day and the t1/2,slow increases with
increasing dosing solution concentration. The t1/2,slow estimate ranged
between 41.5 days for the 5 mg/ml dosing solution to 70.3 for the 30 mg/ml
dosing solution. The absolute bioavailability, F , decreases with increasing
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vs. observed degarelix concentrations from the IV and SC studies. The solid line indicates the
line of identity.
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Fig. 4. Plot of population predicted degarelix concentration vs. time for (a) all study 1
groups (b) all study 2 groups and (c) three study 3 groups.

dosing solution concentration. The range of F was estimated to be 100%
for the 5 mg/ml dosing solution to 34% for the 30 mg/ml dosing solu-
tion. The fraction of the dose absorbed via the fast absorption route (Fr)
was relatively small, ranging between 8.5% and 14%. The IIV on all the
parameters, as expressed by %CV, was small. The IIV on Q, Vt and F
could not be estimated and was fixed to zero.

Pharmacodynamics

The PD model predictions for LH and T levels from Study 1 are
shown in Figs. 5 and 6. The LH levels reach nadir in about 0.5 day and
as degarelix concentrations fall below the IC50, LH levels gradually reach
baseline with a rebound effect in about 2 days. Although, the baseline LH
and T levels are highly variable, the variability in PD effect is noticeably
low. Degarelix lowers the LH and T levels in a concentration-dependent
manner. The duration of drug action also exhibits dose-dependency with
slower recovery phase with increasing degarelix doses. The rebound phe-
nomenon is apparent in LH time profiles for almost all the groups. The
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Table II. Summary of Population PK Estimates for Degarelix Following IV and SC Admin-
istration

Parameter Units Population estimate IIV (% CV) Definition

CL l/hr 2.91 26.6 Clearance
Vc l 11.40 55.7 Volume of distribution in the

plasma compartment
Q l/hr 6.04 NE Intercompartmental clearance
Vt l 44.30 NE Volume of distribution in the

tissue compartment
t1/2,fast day 1.17 57.8 Absorption half-life for the

fast-absorption process
t5
1/2,slow day 41.50 21.9a

t10
1/2,slow day 42.83 22.0a Absorption half-life for the

t15
1/2,slow day 49.08 22.0a slow-absorption process; the

t20
1/2,slow day 62.42 22.1a superscript represents the

t30
1/2,slow day 70.33 22.1a dosing solution concentration

F5 – 1.00
F10 – 0.47 Absolute bioavailability; the
F15 – 0.42 NE superscript represents the
F20 – 0.41 dosing solution concentration
F30 – 0.34
Fr5 – 0.10 24.8b Fraction of the administered
Fr10 – 0.12 24.2b dose for the fast absorption
Fr15 – 0.14 23.7b process; the superscript
Fr20 – 0.10 24.9b represents the dosing solution
Fr30 – 0.09 25.2b concentration

CV: Coefficient of variation; NE: Not estimated.
t1/2,slow = t1/2,slow−fast + t1/2,fast.

a CV
(

tconc
1/2,slow

)
=

((
tconc
1/2,slow−fast

)2 · ω2
tconc
1/2,slow−fast

+ (
t1/2,fast

)2 · ω2
t1/2,fast

)1/2 /(
t1/2,fast+

tconc
1/2,slow−fast

)
b CV (Fr) = (1 − Fr) · ωFr.
ω represents IIV on the parameter of interest.
t∗1/2,slow, F∗ and Fr∗—a superscript represents the dosing solution concentration.

proposed precursor dependent model captures it well. The proposed PD
model reasonably captures the time course of LH and T after IV admin-
istration in Study 1. The population mean PD parameter estimates are
reported in Table III. The plasma half-life of LH and T was found to
be 2.6–3.3 and 2.7 hr, respectively. The estimate of IC50 was found to be
0.45 µg/l.
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Table III. Summary of PD Estimates for Degarelix from Study 1

Parameter Units Estimate Definition

Kf ,LH IU/l/hr 1.24 Formation rate of LH
krel,LH l/IU/hr 0.63 Pulsatile release process for GnRH
kdeg,LH per hr 0.21
kA

deg,LH per hr 0.26 Degradation rate constant for LH

kD
deg,LH per hr 0.24

kE
deg,LH per hr 0.22

kf ,T l/hr/IU 0.68 Formation rate constant for T
kdeg,T per hr 0.26 Degradation rate constant for T
IC50 µg/l 0.45 Degarelix plasma concentration which

produces 50% of maximum inhibition of
krel,LH

k∗
deg,LH—a superscript represents the group number for which the parameter was allowed to

vary thus accounting for baseline differences.

Model Qualification

The PD model developed using Study 1 (IV) was employed to pre-
dict the mean time course of LH and T, according to the design of the
Studies 2 (IV) and 3 (SC). The time course of LH for Studies 2 and 3
are shown in Figs. 7 and 9. The time course of T for Studies 2 and 3
are shown in Figs. 8 and 10. The baseline hormone level meaningfully
varied between the studies (Baseline T range–Study 1: 14.2–18.8 nM, Study
2: 16.8–21.7 nM, and Study 3: 8.7–22.5 nM). Simulations were conducted
to match the mean baseline for the observed data by scaling the predic-
tions with the ratio of observed and predicted baseline. Importantly, the
predictions were independent of the real data. The simulated and observed
data are in close agreement with an exception of higher LH rebound seen
in some groups in Study 2 (Fig. 7). The LH rebound in groups I, II and
III in the observed data is considerably higher, almost two times above
the baseline, compared to Study 1. The model developed from the IV
data performs considerably well after the SC administration of degarelix
in Study 3.

Subsequently, the time course of LH and T after the administration
of once a week 40 mg SC dose (20 mg/ml degarelix in the dosing solution)
were simulated. Figure 10 provides the time course of degarelix, LH and
T in a typical individual. Expectedly, the LH and T levels are suppressed
considerably after the first dose. The LH and T levels seem to return to
baseline even after maintaining degarelix concentrations well above the
IC50 value.
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Fig. 7. The time course of observed mean (symbols) and simulated (solid line) LH levels
from Study 2. The error bars correspond to one standard deviation.

DISCUSSION

Model Building

Pharmacokinetics

The assessment of individual time–concentration profiles and scat-
ter of data points around the line of identity indicate that the proposed
model describes degarelix PK reasonably well (Figs. 2 and 3). The esti-
mated PK parameters are in close agreement with the previously reported
estimates. (14) The SC administration of degarelix produced flip-flop PK
behavior. It has been reported that an in situ depot formation is respon-
sible for the prolonged degarelix release. The nature of the depot has not
been well established, but interaction with the tissue proteins after SC or
intramuscular (IM) administration is believed to form a gel like structure.
(7, 21) This phenomenon results in a slow release of degarelix from the
depot, resulting in detectable drug concentrations until 60 days after sin-
gle dose administration. The formation of a depot is consistent with other
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Fig. 8. The time course of observed mean (symbols) and simulated (solid line) T levels from
Study 2. The error bars correspond to one standard deviation.

drugs, such as abarelix and cetrorelix, as evidenced by the prolonged ter-
minal half-life after SC or IM administration. Degarelix exhibits longer
terminal half-life (> 40 days) compared to abarelix (∼ 13 days) and cete-
rorelix (∼ 2.5 days) (6, 8). The slow-release depot structure could be an
advantage in the treatment of prostate cancer, because drug concentration
can be maintained for longer period of time with a low dosing frequency.

Pharmacodynamics

The GnRH compartment (Eq. 1) model was based on the litera-
ture data. GnRH is responsible for the pulsatile pattern observed in LH
and FSH levels. The pulse frequency, one pulse every 2 hr, was obtained
from the literature (19). GnRH levels were not available, therefore, a unit
dose for the duration of 0.1 hr was introduced and kdeg,GnRH was fixed to
10 hr−1 to obtain a pulse of one unit in magnitude. More complex bio-
mathematical models are available (22). However, our aim was to obtain
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Fig. 9. The time course of observed mean (symbols) and simulated (solid line) LH levels
from Study 3 (all groups not shown). The error bars correspond to one standard deviation.
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Fig. 10. The time course of observed mean (symbols) and simulated (solid line) T levels
from Study 3 (all groups not shown). The error bars correspond to one standard deviation.
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a pulsatile pattern to conform observed data, therefore, an empirical ver-
sion of the model was employed.

The time course of LH after IV administration is well described by
the proposed PD model (Fig. 5). The estimated degradation half-life of
LH (2.6–3.3 hr) compares well with the literature reported values of 2–
3 hr. (15, 20) The parameter kdeg,LH was allowed to be different for groups
A, D and E to account for the baseline differences. The groups exhibit
slightly different baseline conditions, probably, due to highly variable
nature of the input and output processes. Either the formation, degrada-
tion or both could be important determinants of the baseline differences.
It is difficult to elucidate the exact contributor without additional data.
Therefore, only kdeg,LH was allowed to vary for simplicity. Other param-
eters were common for all the groups. A precursor dependent indirect
PD response model (23, 24) was used to characterize the rebound phe-
nomenon in LH levels (Eq. 2). The presence of LH precursor compart-
ment (pituitary) is mechanistically well characterized (25). LH is stored
in the secretory granules in a readily releasable form that is secreted via
exocytosis after stimulation. The process of LH release is dependent not
only on the LH levels in the pituitary but also on pulsatile GnRH lev-
els. This interaction is modeled as a binary component assuming no basal
LH release in the absence of GnRH. The choice was based on the stud-
ies involving animal models (26, 27) and a pathological condition called
Kallaman’s syndrome (28). According to this syndrome, lack of GnRH
leads to almost complete abolition of LH. Use of a competitive interaction
model (i.e. stimulatory Emax model) will not lead to complete shut-off of
LH release, even when GnRH levels are zero.

The rebound phenomenon is apparent in LH time profiles for almost
all the groups (Fig. 5). This pattern is not obvious for group G, most
probably, due to sampling constraints. However, the presence of rebound
was reported in the literature. (7, 9, 29) LH rebound was apparent after
IV and SC administration of cetrorelix, a chemical analog of degarelix, in
healthy volunteers (9). Similar phenomenon was also seen from the animal
data after administration of degarelix, azaline or similar analogues. (7, 29)

LH was assumed to be a primary regulator of T formation (Eq. 4).
This assumption is well justified as LH deprivation leads to T deficiency
(30) as well as drug induced reduction of LH levels, also leads to suppres-
sion of T below the detection limit leading to chemical castration. The
time course of T after IV administration is reasonably well described by
the proposed PD model (Fig. 6). The estimated degradation half-life of T
is 2.7 hr. The values ranging between 0.17 and 1.67 hr have been reported
for this parameter (15, 20, 31). In addition to LH, there are other reg-
ulators of T secretion, supposedly, yielding a circadian rhythm to basal
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T secretion (13, 32). Also, there is a long-loop and a short-loop nega-
tive feedback from T onto LH and GnRH secretion, respectively. How-
ever, such controls were not included in the model, mainly due to lack
of sufficient data to estimate related parameters. Thus, the input function
(kf ,T) in Eq. 12 is a complex form governed by LH levels and the factors
controlling circadian rhythm. On the other hand, negligible placebo effects,
relative to the drug effects, should influence neither the estimation of the
PD parameters nor the choice of the dosing regimen. The IC50 estimate
obtained from the current model was similar to the one obtained from a
model that does not account for GnRH pulses (results not shown).

The presence of rebound in the T levels was not obvious due to lim-
ited data in the recovery phase. For steroid hormones like T, presence of
readily releasable form (pool) is not reported. The rebound in LH levels
could lead to T rebound. The estimate of IC50 was found to be 0.45 µg/l
and it is slightly different than 0.94 µg/l (14), probably, due to different
populations used in these studies, but more importantly, due to the differ-
ent modeling assumptions.

Model Qualification

The model developed using Study 1 (IV) reasonably predicts the mean
time course of LH and T for the Studies 2 (IV) and 3 (SC) (Figs. 7–10).
There are minor discrepancies between the observed and predicted lev-
els, possibly due to different characteristics of the patients included in the
study. The subjects in Study 1 are much older (65–82 years) than those in
Study 2 (19–46 years) and Study 3 (19–69 years). Nevertheless, the model
predictions are in good agreement with the observed data. The model
could be used to bridge two different routes of administration without
having to generate additional clinical data.

Simulation of long term degarelix use, indicates that the drug effect
could not be maintained as the levels of LH and T return to the base-
line even if the drug concentration is maintained well above the IC50 esti-
mate. (Fig. 11a) The real data after long term administration do not seem
to suggest such a phenomenon (14). Clearly, the model deviates from the
expectation about the long term effects. We offer the following explanation
for this discrepancy. The input in the pool compartment is assumed to be
unaffected by subsequent bio-processes, such as, feedback due to reduced
LH or T levels. The LH levels in the pool compartment (not shown)
increase monotonically when sufficient drug is present (24). With time,
these amounts reach to a level where the drug fails to maintain its effect
on the release from the pool compartment. Physiologically, this phenom-
enon of unlimited accumulation in the pool compartment is unrealistic.
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Fig. 11. Simulated time course of degarelix, LH and T after long term administration of
degarelix (40 mg SC dose given once a week for 6 weeks using 20 mg/ml degarelix in the dos-
ing solution) under (a) Final model developed based on the data (b) proposed modification
to the final model (Eq. 17).
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These biological molecules are in a highly regulated system and the pres-
ence of uncontrolled increase is counterintuitive to the concept of homeo-
stasis. There are several ways to model such controls. We suggest the fol-
lowing modification to the model based on the physiological understand-
ing of the HPG axis. As explained earlier, LH is stored in the secretory
granules of anterior pituitary glands, which is expected to have a finite
storage volume. Pituitary hormone autoregulation through intrapituitary
paracrine and autocrine hormones, for example, IGF-1 for growth hor-
mone secretion, is well documented in literature (15). These controls are
important to maintain hormonal balance. Thus, we propose a feedback
control on the formation of LH (Fig. 1). It can be achieved by modify-
ing the input function of Eqs 9–17.

K ′
f ,LH = Kf ,LH ·

(
1 − LHpool − LHss

pool

�LH50
pool + (LHpool − LHss

pool)

)
(17)

where, K ′
f ,LH is the modified input rate in the LHpool compartment,

LHss
pool is the steady state LHpool level, LH50

pool is the difference in the
elevated LHpool levels and LHss

pool that decrease Kf ,LH by 50%. Due to
unavailability of the long term data, we could not estimate model parame-
ters of Eq. 17. The proposed modification was conceptualized by estimates
derived by eye-balling the observed data (Fig. 11b). The trough level of
LH at baseline was used as a threshold, LHss

pool = 46.4 IU/l, and LH50
pool =

20 IU/l. The suggested modification to the model is essential for reliable
prediction of long-term effects.

In conclusion, a mechanistic PKPD model explaining the interrelation
between GnRH, LH, T and degarelix concentration was developed. The
validity of the model accounting for the time course of drug effect and the
observed rebound was justified based on the short term data. This model
can be easily extended to other GnRH agonists. The PD model parame-
ters, kdeg,LH and kdeg,T, compare well with the physiological estimates, an
important consideration in building mechanistic models. The model per-
formed consistently across different routes, IV and SC, of administration.
It allowed us to predict the drug effects after SC administration, while the
model was developed using the IV data. We also proposed a novel modi-
fication to the precursor models that can be of general use for predicting
long term responses. The reported PKPD model with the suggested modi-
fication can be used to select doses for future studies. This model can also
be employed to describe the PKPD of drugs affecting HPG axis.
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