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Abstract

Background and Objective Leuprolide is a gonadotropin-

releasing hormone (GnRH) agonist, which inhibits gona-

dotropin secretion by down-regulating pituitary GnRH re-

ceptor when administered continuously at therapeutic

doses. The objectives of this analysis were to develop a

population model that can describe the pharmacokinetics of

the 6-month depot formulation of leuprolide acetate in

patients with prostate cancer and to characterize the rela-

tionship of leuprolide plasma concentrations and serum

testosterone concentrations.

Methods The pharmacokinetic and pharmacodynamic

analyses were performed using a non-linear mixed-effect

modeling approach. Observations were pooled from

studies on healthy male volunteers and prostate cancer

patients, who were administered a single 1 mg intra-

venous dose of immediate-release leuprolide acetate and

two intramuscular doses of 45 mg of the depot formula-

tion, respectively. The covariates that were screened for

the pharmacokinetic model included body weight, creati-

nine clearance, liver function markers (total bilirubin,

blood urea nitrogen, AST, alanine aminotransferase), age,

and body mass index.

Results A two-compartment model with parallel first- and

zero-order absorption processes and a delayed first-order

process well-characterized the multi-phasic absorption

profile of leuprolide acetate depot formulation. Typical

population values of the absorption rate constant of the

immediate and delayed processes were estimated to be

0.357 and 0.017 day-1, respectively, with a mean transit

time of 9.5 days. No covariates were significant in this

analysis. A semi-mechanistic model, which accounts for

down-regulation of the GnRH receptor via an inhibitory

maximum effect (Emax) model and the stimulatory effect of

activated receptors on testosterone levels, adequately de-

scribed serum testosterone profiles following dosing. The

equilibrium dissociation constant of leuprolide and the

typical leuprolide plasma concentration required to achieve

a castration testosterone level of B0.5 ng/mL were 0.3 and

0.03 ng/mL, respectively.

Conclusion Population pharmacokinetics and pharma-

codynamics of the leuprolide depot formulation were

characterized using an integrated semi-mechanistic

model. The developed model adequately describes the

leuprolide–testosterone relationship and can potentially

be used to facilitate design of clinical studies for new

formulations, to aid in the selection of candidate for-

mulations, and for the optimization of doses and dosing

schemes.
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Key Points

The pharmacokinetics of leuprolide acetate depot

formulation were well-characterized using a two-

compartment model with parallel first- and zero-

order absorption processes and a delayed first-order

absorption process.

The effect of leuprolide on serum testosterone was

described using a semi-mechanistic model, which

accounts for down-regulation of the gonadotropin-

releasing hormone receptor via an inhibitory

maximum effect (Emax) model and the stimulatory

effect of activated receptors on testosterone levels.

No subject covariates were found to affect the

parameters of the leuprolide pharmacokinetic/

pharmacodynamic model.

1 Introduction

Prostate cancer is the second most common cancer and the

second leading cause of cancer deaths in men in the USA.

Approximately 233,000 new diagnoses and 29,480 prostate

cancer deaths are estimated in 2014 [1]. For patients with

metastatic or locally advanced prostate cancer, the standard

treatment is androgen deprivation therapy (ADT) estab-

lished surgically through bilateral orchiectomies or phar-

macologically using gonadotropin-releasing hormone

(GnRH) analogs. The latter is generally preferred due to its

reversibility, ease of administration, and acceptability to

patients [2–4]. The basis of ADT is to suppress serum

testosterone levels to below the castration level, thereby

inhibiting the growth of testosterone-dependent prostatic

cancer cells.

Leuprolide (USAN) or leuprorelin (INN), a synthetic

GnRH agonist with greater potency and a longer half-life

than the endogenous GnRH, is used to treat a wide range of

sex hormone-related disorders including advanced prostatic

cancer, endometriosis, and central precocious puberty. It

was first approved by the US FDA in 1985 for the palliative

treatment of advanced prostate cancer. Sustained-release

formulations (Lupron Depot�, AbbVie Inc., North Chi-

cago, IL, USA) were subsequently developed to reduce the

frequency of injections needed to maintain effective

testosterone suppression [5–7]. With long-term exposure,

leuprolide acts as a potent inhibitor of gonadotropin se-

cretion by down-regulation of GnRH receptors in the pi-

tuitary, which results in suppressed circulating levels of

luteinizing hormone (LH), follicle-stimulating hormone

(FSH), and gonadal steroids after a transient hormonal flare

[6]. Typically, within 4 weeks of leuprolide acetate ther-

apy, serum testosterone decreases to near surgically cas-

trated testosterone levels.

While a number of exposure-response and semi-

mechanistic pharmacokinetic/pharmacodynamic models

have been reported for GnRH antagonists, only a few have

modeled the pharmacokinetic/pharmacodynamic relation-

ship of GnRH agonists and serum testosterone [9–13]. No

population pharmacokinetic or pharmacokinetic/pharma-

codynamic model of leuprolide has been published to date.

In this current work, the objectives are to explore the po-

tential effects of patient demographics and covariates on

leuprolide pharmacokinetics and to develop a population

pharmacokinetic/pharmacodynamic model that incorpo-

rates receptor down-regulation in order to link the leupro-

lide exposure with the changes in testosterone levels after

administration of leuprolide 6-month depot formulation.

2 Methods

2.1 Study Design and Subjects

A total of 151 patients with prostate cancer were enrolled

in an open-label, multicenter phase III clinical trial. The

study consisted of a screening period (up to 28 days), a

48-week treatment period, and a 30-day follow-up period.

Subjects received two intramuscular (IM) injections of

Lupron Depot� 45 mg 6-month formulation administered

once every 24 weeks. The study drug was supplied in a

prefilled, dual-chamber syringe that contained sterile lyo-

philized powder and diluent, which were mixed just before

injection.

Male subjects, 18 years or older, with a pre-study serum

testosterone level of [1.5 ng/mL and histologically con-

firmed prostate cancer (National Cancer Institute stages

2–4) or rising prostate-specific antigen following either

radical prostatectomy (B0.2 ng/mL increase from previous

test on two consecutive assessments) or prostate irradiation

(B2.0 ng/mL increase above the nadir) were included in

the study. Other study inclusion criteria comprised an

Eastern Cooperative Oncology Group performance score of

B2, a life expectancy of at least 18 months, and that at least

32 weeks had elapsed since prior hormone therapy [14].

For the characterization of the disposition of leuprolide,

pharmacokinetic data following a single 1 mg intravenous

(IV) bolus of immediate-release (IR) leuprolide acetate,

available from a phase I study in six healthy volunteers,

was also included [15]. Institutional review board approval

was obtained at each site and written informed consent was
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provided by each subject before screening or any study-

related procedures.

2.2 Sample Collection and Analytical Methods

In the phase III study, blood samples for pharmacokinetic

and pharmacodynamic assessments were collected from a

subset of 28 patients on study days 1, 2, 4, and 8, and at

weeks 2, 4, 8, 14, 20, and 24 after the first IM adminis-

tration. Similarly, samples were collected 1, 2, 4, and 8

days and 2, 4, 8, 14, 20, and 24 weeks from the second

dose, i.e., study days 169, 170, 171, and 176 and at weeks

26, 30, 34, 40, 46, and 48. On study days 1 and 169, blood

samples for pharmacokinetic assessment were collected

pre-dose (0 h) and at 2, 4, and 8 h post-dose.

In the phase I study following the 1 mg IV dose, phar-

macokinetic samples were collected from all subjects at

pre-dose, 5, 10, 15, 20, 30, and 45 min and 1, 1.5, 2, 3, 4, 5,

6, 8, 12, and 24 h post-dose.

Leuprolide plasma concentrations were determined by a

validated liquid chromatography–tandem mass spec-

trometry (LC–MS/MS) method at PPD Development

(Richmond, VA, USA), which has been previously re-

ported [16]. The assay was selective for leuprolide with a

lower limit of quantitation (LLOQ) of 0.025 ng/mL in

0.5 mL of plasma. Measurement of leuprolide plasma

concentrations for the IV study was performed using a

previously reported radioimmunoassay procedure with an

LLOQ of 0.1 ng/mL [15].

Serum testosterone levels were measured in the phase III

study using a validated liquid chromatography–mass

spectrometry (LC–MS) method after non-polar solvent

extraction at Esoterix (Calabasas Hills, CA, USA) and

Abbott Bioanalysis (Abbott Park, IL, USA), as previously

reported [17]. The LLOQ of this assay was 0.03 ng/mL.

2.3 Data Analysis

Non-linear mixed-effects modeling was performed using

NONMEM� version 7.2 software (ICON Development

Solutions, Ellicott City, MD, USA). The first-order con-

ditional estimation method with interaction (FOCEI) was

used. Diagnostic graphics and exploratory analyses were

performed using R (version 3.1.0) and Xpose (version

4.3.2). The Perl-based software Perlspeaks-NONMEM

(PsN) (version 3.6.2) was used to perform visual predictive

checks.

The pharmacokinetic/pharmacodynamic data analysis

was performed sequentially. Development of the popula-

tion pharmacokinetic model started with construction of

the base model, including the structural pharmacokinetic

model and models for the inter-individual variability (IIV)

and residual variability (includes within-individual

variability, experimental errors, and/or model misspecifi-

cations, etc.). IIV was assumed to be log-normally dis-

tributed and modeled using an exponential error structure.

Modeling of residual error using different error models

(i.e., additive, proportional, and combined additive and

proportional error) was explored. Once the base model was

developed, the effect of covariates on the pharmacokinetic

parameters was explored graphically and tested statistically

using the forward inclusion and backward elimination ap-

proach. Individual posthoc pharmacokinetic parameters

from the final pharmacokinetic model served as input for

the pharmacodynamic model.

Leuprolide plasma concentration measurements below

LLOQ (24 out of a total of 671 observations) were not

included in the analysis.

2.4 Pharmacokinetic Model

2.4.1 Base Model

Disposition: As observed from the IV data, the leuprolide

plasma concentration declined in a multi-exponential

manner; hence, both two- and three-compartment models

were fitted to the IV data. With the disposition model

established, simultaneous fitting of IV and IM data were

initially attempted. Due to a tendency for flip-flop kinetics

of the individual profiles from the depot formulation study,

population disposition parameters [clearance (CL), volume

of distribution of the central compartment (Vc), intercom-

partmental clearance (Q), and the volume of the peripheral

compartment (Vp)] were subsequently fixed to the values

from the final IV pharmacokinetic model.

Absorption: Similar to other microsphere-based sus-

tained-release formulations, leuprolide release from the

45 mg depot formulation is described as a multi-phase

process with an initial ‘burst’ and a delayed slow release

[6, 16, 18–20]. To describe this multi-phase absorption

process, a number of different absorption models including

first-order, zero-order and parallel first- and zero-order

absorption together with a delayed first-order absorption

process were explored. Delay was implemented using both

a lag time and transit compartment model as previously

reported by Savic et al. [21, 22]. The NONMEM� control

stream file is provided in the Electronic Supplementary

Material.

2.4.2 Covariate Model

Covariates screened for their possible effect on pharma-

cokinetic parameters included creatinine CL(CLCR), liver

function markers (total bilirubin, blood urea nitrogen, AST,

ALT), age, body weight, body surface area (BSA), and

body mass index (BMI). CLCR and BSA were calculated
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using Cockcroft-Gault and Mosteller formulas, respec-

tively [23, 24].

The impact of continuous covariates on the pharma-

cokinetic parameters was explored using power models,

with the covariate scaled by the median value. Covariate

modeling was performed using the forward inclusion

[p\ 0.01; objective function value (OFV) drop of at least

6.64 for 1 df], and backward-elimination approach

(p\ 0.001; OFV increase of 10.83 for 1 df) and was

guided by evaluation of the empirical Bayes pharmacoki-

netic parameter estimates versus covariate plots as well as

changes in the estimates of pharmacokinetic parameter

variability and residual variability. Nested models were

compared using the likelihood ratio test, while non-nested

models were compared using the Akaike information cri-

terion (AIC).

2.5 Pharmacodynamic Model

The model describing the relationship between pharma-

cokinetics and serum testosterone consisted of three sub-

models, and was modified from the model described by

Romero et al., for another GnRH agonist [8].

1. Competitive interaction between endogenous GnRH

and leuprolide for GnRH receptors was incorporated

through Eq. 1:

FRAC ¼ AGNþ BGN

AGNþ BGN þ 1
ð1Þ

where FRAC is the fraction of activated receptor, AGN

is the endogenous GnRH concentration normalized by

its receptor equilibrium dissociation constant, and

BGN is the leuprolide concentration normalized by its

receptor equilibrium dissociation constant. At baseline,

the fraction of activated receptor, FRAC0, is a function

of AGN
1þAGN

.

2. The effect of leuprolide on receptor down-regulation

was described by an indirect response model pa-

rameterized with a zero-order rate constant for the

production (kSR) and a first-order rate constant for the

degradation (kDR) of the total amount of receptor (RT).

Inhibitory effect of leuprolide on the rate of production

was modeled using an inhibitory maximum effect

(Emax) function and described by Eq. 2:

dRT

dt
¼ kSR � DR

c
50

DR
c
50 þ½FRAC� FRAC0�c

� kDR � RT ð2Þ

where DR50 is the change in fraction of activated re-

ceptor from baseline needed to achieve half of the

maximum synthesis rate and c is the Hill’s constant, a

shape factor. At baseline, the arbitrary total receptor

amount, RT, is 1.

3. The stimulatory effect of activated receptor on testos-

terone rate was modeled using Eq. 3:

dTestosterone

dt
¼ kST � RT� FRAC þ kIN

� Testosterone � kDT ð3Þ

where kST is the zero-order rate constant for the pro-

duction of testosterone and kDT is the first-order rate

constant for the degradation of testosterone. kIN is a

zero-order input from non-LH/FSH-dependent testos-

terone production [25]. The total amount of activated

receptor is a function of RT and the fraction of activated

receptor. The significance of including the shape factor,

c, on the Emax function and kIN were evaluated. We also

explored the term RT/RT0 9 (2 - RT/RT0), where

RT0 is baseline total receptor, included by Romero et al.

[8], to regulate the drop and recovery of RT, by taking

into account the instantaneous amount of RT.

2.6 Model Assessment

Models were evaluated based on the goodness of fit to the

data using the following criteria: (1) successful conver-

gence of the estimation and covariance routines; (2) sig-

nificant drop in the OFV as described earlier; (3) agreement

in scatterplots of the population- and individual-predicted

versus measured observations, and the lack of systematic

patterns in scatterplots of conditional weighted residuals

versus predicted observations and versus time; and (4)

precision of the parameter estimates as assessed using the

asymptotic standard errors obtained by the covariance

routine in NONMEM�.

2.7 Model Qualification

Models during development were qualified by prediction-

corrected visual predictive check (PC-VPC) where the final

parameter estimates were used to simulate 1,000 replicates

of the observed dataset [26]. Both observations and the

simulated data were normalized on the typical model pre-

diction for the median independent variable in each bin in

order to account for variation in sampling times and pre-

dictive covariates introduced by binning of the observa-

tions. The median and 5th and 95th percentile

concentrations of the simulated datasets were then plotted

against the original observations.

3 Results

A total of 647 plasma leuprolide concentrations (101 from

the IV study and 546 from the IM study) and 587 serum
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testosterone concentrations were analyzed. The demo-

graphic and clinical characteristics of the population in-

cluded in the pharmacokinetic/pharmacodynamic analysis

are summarized in Table 1.

3.1 Pharmacokinetic Model

A two-compartment disposition model with parallel first-

and zero-order absorption processes characterizing the

initial phase of drug release and a delayed first-order pro-

cess characterizing the slower phase best described the

leuprolide plasma concentration data from the depot for-

mulation. The model was parameterized in terms of first-

order absorption rate constants for the immediate and de-

layed absorption processes (ka2 and ka1, respectively), du-

ration of infusion of the zero-order process (D3), mean

transit time (MTT), number of transit compartments (N),

absolute bioavailability (Fabs), CL, Vc, Q, and Vp.

Description of the disposition of the IV data using a

three-compartment model was not found to provide a sig-

nificantly better fit than a two-compartment model

(p[ 0.01), and this is consistent with previous reports

[15]. Models of immediate zero- or first-order absorption

followed by delayed first-order absorption models tended

to produce poor prediction of concentrations after the first

peak, particularly around the trough between the first and

second peak. By allowing a combination of immediate

zero- and first-order absorption and delayed first-order

absorption, there was a significant improvement in the fit,

with OFV improvement of more than 200. The duration of

infusion for the zero-order process was estimated, using the

data from the initial phase of drug release, to be

0.0095 days. The parameter was then fixed to this value in

the simultaneous fitting of all data, which helped to im-

prove model stability.

When covariates were added univariately in the forward

inclusion process, only the effect of body weight on

clearance (OFV drop of 12.37). However, there was no

reduction in IIV, CL, or residual variability and the IIV of

Vc was inflated by twofold. As such, no covariates were

retained in the final pharmacokinetic model, which in-

cluded IIV on ka1, MTT, CL, and Vc in addition to co-

variance between CL and Vc. Attempts to include IIV on

ka2 and inter-occasion variability of ka1 in the model were

made but could not be well-estimated.

A schematic of the final structural pharmacokinetic

model is illustrated in Fig. 1 and the parameter esti-

mates, with the corresponding percentage relative stan-

dard errors (% RSE) are shown in Table 2. Goodness-of-

fit to the observed concentrations is demonstrated in

Fig. 2.

Figure 3 shows the visual predictive check, where it can

be observed that the 5th, 50th, and 95th percentiles of the

prediction-corrected observations are in close agreement

with the 95 % confidence intervals of their respective

percentiles of the prediction-corrected simulated data,

indicating ability of the selected model to describe the

central tendency and variability of the observed data.

Table 1 Summary of subject

characteristics at baseline

Values are expressed as mean

(standard deviation) [range]

Characteristics Patients (n = 28) Healthy volunteers (n = 6) Total (n = 34)

Age (years) 75.7 (8.24)

[56–92]

27.1 (3.37)

[23–31]

67.1 (20.3)

[23–92]

Body weight (kg) 83.5 (13.9)

[62.7–118]

84.2 (18.0)

[65.9–111]

83.6 (14.4)

[62.7–118]

Body mass index (kg/m2) 27.3 (3.32)

[22.6–35.3]

25.2 (3.45)

[21.0–30.0]

26.9 (3.38)

[21.0–35.3]

Body surface area (m2) 2.01 (0.201)

[1.68–2.45]

2.05 (0.274)

[1.78–2.49]

2.02 (0.212)

[1.68–2.49]

Creatinine clearance (mL/min) 58.1 (18.3)

[28.1–101]

121 (17.2)

[99.9–141]

69.2 (30.3)

[28.1–141]

Creatinine (mg/dL) 1.35 (0.247)

[0.9–1.8]

1.08 (0.117)

[0.9–1.2]

1.30 (0.250)

[0.9–1.8]

Total bilirubin (mg/dL) 0.482 (0.223)

[0.1–1.2]

0.850 (0.226)

[0.6–1.1]

0.547 (0.262)

[0.1–1.2]

ALT (U/L) 22.8 (11.5)

[6–62]

Unavailable

–

22.8 (11.5)

[6–62]

AST (U/L) 23.6 (6.1)

[13–36]

17.7 (4.5)

[9–23]

22.6 (5)

[9–36]

Serum testosterone (ng/mL) 4.1 (1.47)

[1.61–7.97]

8.03 (1.60)

[6.40–10.4]

4.87 (2.25)

[1.61–10.4]
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3.2 Pharmacodynamic Model

Figure 1 shows the schematic representation of the final

population pharmacokinetic/pharmacodynamic model of

the effect of leuprolide on serum testosterone levels for

patients with prostate cancer. The parameter estimates,

with the corresponding % RSE, are summarized in Table 3.

The goodness-of-fit plots show that the final model predicts

the observed testosterone concentrations adequately, with

no indication of systematic bias (Fig. 2). In this final

pharmacodynamic model, only IIV on baseline testosterone

could be supported by the data. Inclusions of IIV on other

parameters were attempted but were either not successful

or could not be precisely estimated. Addition of the term

RT/RT0 9 (2 - RT/RT0), which was included by Romero

et al. [8] to regulate decrease and recovery of RT, was not

found to significantly improve the fit and could not be

estimated together with the Hill’s constant. Inclusion of the

Hill’s constant allowed for flexibility in the degree of

sigmoidicity in the relationship between the down-regula-

tion effect and change in the fraction of activated receptor

from baseline. This latter model produced similar popula-

tion estimates as the model with the RT/RT0 9 (2 - RT/

RT0) term with better precision and slightly improved AIC.

By solving the differential equations using estimates of

the typical values from the model, and assuming a target

castration testosterone level of 0.5 ng/mL [27], the typical

leuprolide plasma concentration needed to achieve the

target testosterone level was estimated to be 0.03 ng/mL.

Figure 4 shows the visual predictive check for the phar-

macodynamic model, where it can be observed that the 5th,

50th, and 95th percentiles of the prediction-corrected

testosterone levels are in close agreement with the 95 %

confidence intervals of their respective percentiles of the

prediction-corrected simulated data, indicating ability of

the selected model to describe the central tendency and

variability of the observed testosterone concentrations.

4 Discussion

To the best of our knowledge, this is the first report of the

development of a population pharmacokinetic or a

population pharmacokinetic/pharmacodynamic model for

leuprolide. The models were developed using pharma-

cokinetic and pharmacodynamic data from a multicenter,

phase III clinical trial where patients with prostate cancer

were treated with leuprolide 6-month depot formulation for

Depot 1 
F1 

Leuprolide Central 
Compartment 

Leuprolide Peripheral 
Compartment 

Depot 2 
F2 

… 
kTR kTR kTR kTR 

ka2 

ka1 

CL 

Q 

D3 

Delayed  absorp�on 

Immediate  
absorp�on 

N, number of transit compartments 

Total GnRH 
Receptor 

kSR kDR 

Testosterone 
kST kDT 

kIN 

Inhibi�on 

S�mula�on 

Depot 3 
F3 

Fig. 1 Schematic of pharmacokinetic/pharmacodynamic model

structure. CL clearance, D3 duration of infusion for the zero-order

absorption, F1 fraction of drug absorbed via delayed first-order

process, F2 fraction of dose absorbed via immediate first-order

process, F3 fraction of dose absorbed via zero-order process, GnRH

gonadotropin-releasing hormone, ka1 absorption rate constant for

delayed process, ka2 absorption rate constant for immediate process,

kDR rate constant for degradation of total GnRH receptor, kDT rate

constant for degradation of testosterone, kIN zero-order input from

non-luteinizing hormone-/follicle-stimulating hormone-dependent

testosterone production, kSR zero-order rate constant for the produc-

tion of total GnRH receptor, kST zero-order rate constant for the

production of testosterone, kTR transit rate constant, Q inter-compart-

mental clearance
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48 weeks and pharmacokinetic data from healthy volun-

teers who received the IR leuprolide 1 mg formulation.

Leuprolide plasma concentration–time profiles were

well-described using a two-compartment disposition model

with parallel first- and zero-order absorption and a delayed

first-order absorption process. Typical of microsphere de-

pot formulations, the pharmacokinetic profile of leuprolide

6-month depot formulation exhibited an initial burst phase

followed by a later prolonged-release phase. This initial

rapid rise in plasma concentration is often attributed to a

combination of release of the drug from the swelled

polymer matrix near the surface and through the hydrated

aqueous channels produced by the connected drug cores

[20, 28, 29]. The delayed phase of release results from the

slow erosion of the core of the biodegradable polymer. For

the modeling of this delayed-phase, transit compartment

absorption model, which describes drug absorption as a

multiple step process represented by a chain of pre-sys-

temic compartments, was preferred over a lag-time model.

The advantage of the absorption transit model is that it

allows for a more gradual change, and hence describes the

delay in a more physiologically plausible manner. Fur-

thermore, unlike the lag-time model, it is more stable and

IIV of the delay could be estimated.

In this analysis, the population estimate of leuprolide CL

is 198 L/day, which is consistent with the previously re-

ported mean values of 166–271 L/day in patients with

prostate cancer [30], and mean values of 218 and 199 L/h

after IV and subcutaneous (SC) administration of IR le-

uprolide, respectively, in healthy subjects [15]. While an

assumption that leuprolide disposition in healthy subjects

and patients with prostate cancer is similar was made for the

analysis, this is supported by the lack of appreciable dispo-

sition differences in these two populations as observed in

previous reports. Besides comparable CLs, themean volume

of distribution at steadystate (37.1 L) after SC administra-

tion of IR leuprolide 1 mg in healthy subjects (n = 6) was

also similar to that in prostate cancer patients (n = 11 to

n = 6), where the mean ranged from 27.3 to 36 L [18, 30].

For populations with severe renal or hepatic impairment,

leuprolide pharmacokinetics have not been formally char-

acterized. In our analysis, where the majority of the pa-

tients have mild or moderately impaired renal function, a

trend towards reduction in leuprolide CL with decrease in

CLCR was observed but the association was not statistically

significant (p[ 0.05). No association between hepatic

function biomarkers (ALT, AST, and total bilirubin) and

leuprolide CL was observed. Whilst the modest number of

subjects with hepatic impairment or severe renal impair-

ment may have limited the power to detect significance, it

is important to note that for sustained-release formulations,

drug concentration–time profiles are governed mainly by

the slow release; hence, alterations in disposition with renal

or hepatic function would not be expected to have a major

influence. Furthermore, with the wide safety margin of

leuprolide and the established safety profile in large patient

populations, where mild to moderate renal impairment pre-

exists, there is no evidence of a need for dose adjustment in

patients with renal or hepatic impairment. This is consis-

tent with the lack of recommendation for dose adjustments

for depot formulations of the other GnRH agonists, trip-

torelin and goserelin in patients with renal or hepatic im-

pairment. This is despite the fact that triptorelin CL

following 0.5 mg IV bolus administration was reported to

decrease with decreasing renal and hepatic function [31].

Table 2 Parameter estimates of the final population pharmacokinetic

model

Parameters Estimate (%RSE)

F1a 0.205

F2b 0.0076 (5.5)

F3b 0.0084 (8.9)

Number of transit compartments 21.6 (44.6)

ka1 (day
-1) 0.017 (11.6)

ka2 (day
-1) 0.357 (20.2)

CL (L/day)c 198 (9.4)

Vc (L)
c 8.53 (12)

Q (L/day)c 261 (14)

Vp (L)
c 11.5 (10.7)

Fabs 0.221 (16.8)

D3 (day) 0.0095 (fixed)

MTT (day) 9.507 (28.8)

IIV ka1 (% CV) 23.3 (33.5)

IIV ka2 (% CV) 23.3 (33.5)

IIV CL (% CV) 31.5 (15.0)

IIV Vc (% CV) 88.7 (21.3)

Covariance of CL and Vc (% CV) 47.6 (34.1)

IIV MTT (% CV) 57.4 (28.4)

Proportional residual error (% CV): IM 40.5 (7.0)

Proportional residual error (% CV): IV 12.6 (12.8)

Additive residual error (ng/mL): IV 0.146 (30.6)

% CV percentage coefficient of variance, % RSE percentage relative

standard error, CL clearance, D3 duration of infusion for the zero-

order absorption, F1 fraction of dose absorbed via delayed first-order

process, F2 fraction of dose absorbed via immediate first-order pro-

cess, F3 fraction of dose absorbed via zero-order process, Fabs ab-

solute bioavailability, IIV inter-individual variability, IM

intramuscular, IV intravenous, ka1 absorption rate constant for delayed

process, ka2 absorption rate constant for immediate process, MTT

mean transit time, Q inter-compartmental clearance, Vc volume of

distribution of the central compartment, Vp volume of distribution of

the peripheral compartment
a Parameter was calculated as F1 = Fabs - (F2 ? F3)
b Reported % RSE are for the untransformed parameters (see the

NONMEM� control stream file provided in the Electronic Supple-

mentary Material)
c Values estimated using the IV dataset
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As for goserelin, decreased CLs were found to be corre-

lated to reductions in renal function but not hepatic im-

pairment [32].

There has been no evidence in the literature of an effect

of BMI on the pharmacokinetics of leuprolide or consensus

on its relationship with the outcome of testosterone sup-

pression. In one study conducted in 49 prostate cancer

patients, it was observed that men with a BMI[30 kg/m2

had higher total and free testosterone levels during le-

uprolide 3-month depot treatment than men with a normal

BMI [33]. Other studies, however, have not noted differ-

ences in serum testosterone concentration among normal

weight, overweight, and obese patients receiving GnRH

agonist therapy for prostate cancer [34–36]. Furthermore,

in the larger pivotal clinical study of the 6-month depot

formulation (n = 150) [14], it was observed that serum

testosterone was suppressed to values B0.5 ng/mL from

week 4 through week 48 at a similar rate for the subgroups

based on BMI. We explored the relationship between BMI

on the absorption parameters, and found no evidence of its

effect on either the absorption rate and MTT of the delayed

absorption process. This seems to be consistent with the

observation that absorption following IM administration is

generally less susceptible to differences in body composi-

tion, such as in the case of obesity or sex difference, than

SC administration. It should be noted that the small pro-

portion of obese patients (14 %) may be a limitation.

Similarly, no effect of body weight on CL has been ob-

served. In this analysis, there was a similar weight distri-

bution between the healthy and patient populations

(84 ± 18 vs. 84 ± 14 kg, respectively).

Based on the framework of the receptor down-regulation

model proposed by Romero et al. [8], the current model

was able to adequately describe serum testosterone profiles

following leuprolide dosing. Indirect response models were

used to characterize leuprolide effect on receptor dynam-

ics, and the stimulatory effect of activated receptors on

testosterone production in this analysis. Estimated values

Fig. 2 Goodness-of-fit plots for

pharmacokinetics (left) and

pharmacodynamics (right), with

the top two rows presented on

log scale. Circles represent the

observations; the solid black

and red lines show the line of

identity and smoothed (loess)

line through the data,

respectively. CWRES

conditional weighted residuals
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for system parameters such as kDT and kIN are 0.01 h-1 and

0.018 ng/mL/day, respectively. These are similar to the

values published previously for kDT and kIN [8, 12, 37]. At

baseline, production of testosterone via the process inde-

pendent of GnRH receptor activation is estimated to be

approximately 0.37 % of the total production rate of

testosterone, which is in close agreement to the value of

0.43 % reported previously [8]. This contribution to the

overall production of testosterone might be representative

of the synthesis of testosterone from dehydroepiandros-

terone in the general circulation [25]. Estimate of kd, the

equilibrium binding constant of leuprolide, is within the

range reported from in vitro binding assays [38]. A

limitation of this model is the inability to estimate IIV of

parameters other than baseline testosterone, and this could

be in part due to the lack of data from different dose levels.

Nonetheless, the work presented serves as a good frame-

work and was able to describe the pharmacokinetic/phar-

macodynamic relationship for leuprolide without the

complexity of modeling the dynamics of the hypothala-

mus–pituitary gland axis, including LH and precursor pool

of LH as well as involvement of multiple feedback inter-

actions, which often results in long run times [12, 13].

In order to establish a more direct relationship of le-

uprolide concentrations to the outcome of testosterone

concentrations in this complex system, we calculated the

minimum leuprolide concentration needed to achieve and

maintain the castration testosterone level of 0.5 ng/mL.

This was based on the typical values from the established

population pharmacodynamic model. While there have

not been any previous reports for leuprolide minimum

effective concentration, the concentration of 0.03 ng/mL

estimated in our analysis is close to the estimated median

Fig. 3 Prediction-corrected visual predictive check for the pharma-

cokinetic model. Leuprolide concentrations are on the log-scale.

Circles represent prediction-corrected observations; red lines repre-

sent 5th (dashed), 50th (solid), and 95th (dashed) percentiles of the

prediction-corrected observations; and shaded areas represent 95 %

confidence intervals of the 5th, 50th, and 95th percentiles of

prediction-corrected simulated data

Fig. 4 Prediction-corrected visual predictive check for the pharma-

codynamic model. Testosterone concentrations are on the log-scale.

Circles represent the prediction-corrected observations; red lines

represent 5th (dashed), 50th (solid), and 95th (dashed) percentiles of

the prediction-corrected observations; and shaded areas represent

95 % confidence intervals of the 5th, 50th, and 95th percentiles of

prediction-corrected simulated data

Table 3 Parameter estimates of the final population pharmacody-

namic model

Parameters Estimate (%RSE)

Baseline testosterone (ng/mL) 3.896 (7.2)

kd (ng/mL) 0.302 (34.6)

DR50 0.013 (38.4)

kDR (day-1) 0.234 (7.3)

kIN (ng/mL/day) 0.018 (12.2)

kDT (day-1) 0.233(6.8)

AGN 0.222 (12.9)

Hill’s constant 3.838 (35.1)

IIV baseline testosterone (% CV) 49.7 (20.2)

Proportional residual error (% CV) 31.8 (16.1)

Additive residual error (ng/mL) 6.83 9 10-4 (27.3)

% CV percentage coefficient of variation, %RSE percentage relative

standard error, AGN the endogenous GnRH concentration normalized

by its receptor equilibrium dissociation constant, DR50 change in

fraction of activated receptor for 50 % maximal down-regulation, IIV

inter-individual variability, kd dissociation constant, kDR rate constant

for degradation of total receptor, kDT rate constant for degradation of

testosterone, kIN zero-order input from non-luteinizing hormone-/fol-

licle-stimulating hormone-dependent testosterone production
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value of 0.0356 ng/mL required to achieve the castration

testosterone level [8] and the EC50 (concentration of drug

producing 50 % of Emax) estimate of 0.047 ng/mL re-

ported for another agonist with comparable potency [12].

This finding is supported by two pharmacokinetic/phar-

macodynamic studies of the 1- and 3-month leuprolide

depot formulations, where castration testosterone levels

(B0.5 ng/mL) were maintained while leuprolide concen-

trations in the prolonged-release phase were observed to

be above 0.1 ng/mL [26, 39]. Our findings could be

further validated through pharmacokinetic evaluation of

patients who fail to achieve a castration testosterone

level.

5 Conclusion

Good characterization of the pharmacokinetics of the

6-month depot formulation of leuprolide was achieved

using non-linear mixed-effects modeling. No clinically

relevant relationship with the demographic covariates

tested was found in the absorption and disposition prop-

erties. A pharmacokinetic/pharmacodynamic model was

also developed and adequately described the effect of le-

uprolide on the dynamics of testosterone via receptor

down-regulation. This established model can potentially be

used for optimization of doses and dosing schemes, as well

as to facilitate selection of new candidate formulations,

hence allowing for a more rational and model-based drug

development.
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