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Endometriosis is a gynecological condition that results from the 
presence and proliferation of endometrial-like tissue (stroma 
and gland) outside the endometrial (uterine) cavity. Clinical 
manifestations of the disorder are highly variable although 
pelvic dysmenorrhea is often the major presenting symptom. 
Other clinical manifestations of the disease include dyspare-
unia, pain with defecation, and infertility. Endometriosis most 
commonly occurs in women between the ages of 30 and 40. 
It is found incidentally at the time of surgery in about one-fifth 
of all women undergoing gynecological surgery. Symptomatic 
endometriosis affects up to 15% of all women of reproduc-
tive age and 25% of women who experience pelvic pain.1 It is 
rare after menopause. Indeed, the pain associated with endo-
metriosis is often cyclical in nature and this probably reflects 
the response of the ectopic endometrial-like tissue to cycling 
reproductive hormones (particularly estrogen).

Estrogen suppression stops proliferation and induces 
degenerative changes in endometrial-like tissue that exists 
outside of the uterine cavity. Removal of these endometrial 
implants by surgery or reduction in size via estrogen suppres-
sion provides adequate pain relief to patients.2 The majority 
of medical treatments are therefore based on the direct or 
indirect suppression of female hormone levels. Synthesis 
and release of the primary ovarian hormones, estrogens, and 
progesterones are driven by two major anterior pituitary sex 
hormones, follicle-stimulating hormone and luteinizing hor-
mone. Release of follicle-stimulating hormone and luteiniz-
ing hormone by the pituitary is regulated by the release of 
gonadotropin-releasing hormone (GnRH), the hypothalamic 
hormone. GnRH modulation, therefore, provides an indirect 
mechanism for affecting estrogen.

The hypoestrogenic state induced by GnRH-modulating 
treatments also leads to a variety of adverse effects that 
are similar to those experienced during menopause. These 

menopausal-like symptoms affect compliance and have lim-
ited the approved treatment durations of available therapeutic 
agents. One of the most clinically important hypoestrogenic-
related side effects is the loss in bone mineral density (BMD) 
that occurs over the course of treatment, and in some patients 
BMD loss may not be reversible.3 Concurrent “add back” hor-
monal therapy (e.g., northindrone acetate at 5 mg daily) has 
been shown to be effective in reducing this associated loss 
of BMD.3–6 Therefore, it may be possible to achieve a balance 
of efficacious relief of endometrial-related symptomatic pain, 
e.g., as measured by endometriosis symptom severity score 
(ESSS),7 and minimally associated BMD loss, without “add 
back” therapy, if an optimal range for estrogen suppression 
can be identified and targeted.

A model-based approach of quantifying this estrogen target 
range is reported herein. An existing, published multiscale, sys-
tems pharmacology model8 of calcium homeostasis and bone 
remodeling9 served as the foundation for modeling the BMD 
response. Extension of this model began by adding meno-
pause-related estrogen effects on bone physiology, through 
interaction with transforming growth factor-β (TGF-β) and 
osteoblast signaling,10–14 and on renal-calcium handling.15,16 
Translation was then completed to describe estradiol-related 
bone remodeling changes affected through GnRH modulation. 
Results were interpreted alongside a logistic regression-based 
analysis to concurrently evaluate efficacy (pain reduction) pro-
jected across a range of serum estradiol (E2) concentrations 
(Figure 1).

Three clinical development question-based goals leading 
into this analysis were (i) which biomarkers (estrogen, bone 
markers, etc.), if any, might provide reliable predictions of 
long-term BMD? (ii) what are the expected biomarker time 
courses? and (iii) can a biomarker target range be identified? 
The results indicated which system markers would sufficiently 

Integrated Pharmacometrics and Systems Pharmacology 
Model-Based Analyses to Guide GnRH Receptor Modulator 
Development for Management of Endometriosis
MM Riggs1, M Bennetts2, PH van der Graaf2 and SW Martin3

Endometriosis is a gynecological condition resulting from proliferation of endometrial-like tissue outside the endometrial 
cavity. Estrogen suppression therapies, mediated through gonadotropin-releasing hormone (GnRH) modulation, decrease 
endometriotic implants and diminish associated pain albeit at the expense of bone mineral density (BMD) loss. Our goal was to 
provide model-based guidance for GnRH-modulating clinical programs intended for endometriosis management. This included 
developing an estrogen suppression target expected to provide symptomatic relief with minimal BMD loss and to evaluate end 
points and study durations supportive of efficient development decisions. An existing multiscale model of calcium and bone 
was adapted to include systematic estrogen pharmacologic effects to describe estrogen concentration-related effects on BMD. 
A logistic regression fit to patient-level data from three clinical GnRH agonist (nafarelin) studies described the relationship 
of estrogen with endometrial-related pain. Targeting estradiol between 20 and 40 pg/ml was predicted to provide efficacious 
endometrial pain response while minimizing BMD effects.
CPT: Pharmacometrics & Systems Pharmacology (2012) 1, e11; doi:10.1038/psp.2012.10; advance online publication 17 October 2012

http://www.nature.com/doifinder/10.1038/psp.2012.10
http://www.nature.com/doifinder/10.1038/psp.2012.10
mailto:mattr@metrumrg.com


CPT: Pharmacometrics & Systems Pharmacology

Integrated Pharmacometrics and Systems Pharmacology Model-Based Analyses 
Riggs et al

2

evaluate long-term BMD effects and the treatment duration 
required to initially estimate these expected changes. Ideally, 
this modeling provides a platform for future simulations, that 
could include compound-specific kinetic and dynamic con-
siderations, to evaluate candidate drug and dosing selection 
scenarios. Overall, this integrated approach represents a 
synergy of multiscale systems pharmacology modeling and 
more traditional pharmacometrics analyses; this could serve 
as a case study for recent efforts to promote model-based 
drug development.8,17–21

RESULTS
Data curation
Bone markers and BMD. Clinical data regarding menopause 
transition were available from a study relating the magnitude 
and time course of estrogen loss relative to the number of years 
around the final menstrual period.22 Two additional studies pro-
vided the magnitude and time course of estrogen effects on 
bone remodeling markers during the menopause transition23 
and during postmenopausal estrogen replacement therapy 
(ERT).24 Urine cross-linked N-telopeptide of type I bone col-
lagen (NTx) and bone-specific alkaline phosphatase (BSAP) 
were used as the markers of bone resorption (osteoclast func-
tion) and formation (osteoblast function), respectively. The bone 
marker data from the ERT study24 were rescaled such that their 
baseline was equal to the relative percentages after menopause 
from the first study;23 e.g., data on the expected increase in 
BSAP across menopause transition showed an increase from 
8.7 to 13.2 ng/ml from peri to postmenopause,23 or an approxi-
mate increase to 151% of baseline. The ERT data, reported 
as mean percentage change from baseline,24 pertained to a 
postmenopausal population, and so it was assumed that these 
patients started at 151% of the model’s baseline with rescaling 
of subsequent reported changes from this baseline. This cre-
ated a contiguous data set for which the simultaneous effects of 
menopause transition and ERT could be estimated.

Fourteen14 double-blind studies met criteria of reporting 
serum estradiol (E2) and lumbar spine BMD results following 
GnRH agonist or antagonist treatment (≥6 months) from a liter-
ature-based database (publication years 1988–2012) of clini-
cal endometriosis study results. Data from these  studies were 
split into estimation and evaluation data sets.  Studies (N = 5) 
selected for the estimation set were chosen to  represent a 
range of E2 suppression and included relatively robust BMD 
collections. This data set included treatments with elagolix,25 
leuprolide,4,6,26 and triptorelin27 and was used to estimate  relative 
longitudinal effects of E2 suppression on lumbar spine BMD.

For summarization, treatment groups were assigned into 
three suppression categories assuming a typical baseline E2 
of ~100 pg/ml, which was the approximate average screen-
ing value across studies.28–30 E2 was <15 pg/ml from each of 
the leuprolide and triptorelin treatment groups that did not 
include estradiol “add back.” These groups were assigned 
to the 90% suppression category. The elagolix 250 mg q.d. 
(E2 = 21 pg/ml)25 and the leuprolide + estradiol 2 mg/day 
+ promegestone 0.5 mg (E2 = 27 pg/ml)6 treatment groups 
were assigned to the 80% suppression category; elagolix 150 
mg q.d. (E2 = 41 pg/ml)25 was assigned to 60% suppression.

The nine remaining studies (evaluation set) met criteria of 
reporting E2 and 6-month BMD data; these also represented 
similar treatments as the estimation set including leuprolide,28,31 
nafarelin,28–30 goserelin,5,32 and elagolix.33 These were used to 
evaluate lumbar spine BMD predictions at month 6.

ESSS. Total ESSS, the efficacy measure, was a  summation 
of dysmenorrhea, dyspareunia, pelvic pain, pelvic tender-
ness, and induration scores (range: 0–12).7 Endometriosis 
patient-level ESSS and E2 measurements were available 
from nafarelin on-treatment regimens of three studies;30,34,35 
each investigated nafarelin (200 mcg b.i.d.)  administered 
for 3 or 6 months. On-treatment collections of E2 and 
ESSS (N = 1,354) were available from 499 patients. Median 
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Figure 1 Schematic of model-based approach for establishing gonadotropin-releasing hormone modulation study design options  
and targets.
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E2 and  percentages of observations at each ESSS (0 through 
12) were 0 (10.2 pg/ml, 27.3%), 1 (16.7 pg/ml, 21.9%), 
2 (12.0 pg/ml, 17.6%), 3 (27.0 pg/ml, 11.4%), 4 (16.0 pg/
ml, 8.3%), 5 (30.0 pg/ml, 5.4%), 6 (19.4 pg/ml, 3.5%), 7 (31.7 pg/
ml, 2.2%), 8 (21.0 pg/ml, 1.4%), 9 (33.7 pg/ml, 0.6%), 10 (0.0 
pg/ml, 0.1%), 11 (40.3 pg/ml, 0.2%), and 12 (36.9 pg/ml, 0.1%). 
ESSS total score was  categorized with increasing pain as (0, 
1, 2, 3, and ≥4)  (Supplementary Table S2 online).

Model development
Multiscale systems pharmacology model for bone markers 
and BMD. Longitudinal changes in endogenous estrogen 
(E), expressed as a relative fraction (E = 1 at baseline), were 
modeled using an ordinary differential equation (ODE) with 
first-order elimination (kout,E) and a zero-order endogenous 
production rate (kin,E) (Eq. 1); kout,E was assumed to have a 
12-h half-life to provide a plausible representation of the elim-
ination rate constants for various estrogen forms.
 

(1)

This mathematical description of estrogen loss due to 
senescence, with an added effect during menopause, was 
consistent with, but modified considerably from Burger et al.36 
in its parameterization. For example, the Burger model was 

parameterized on a log-linear domain, whereas the model 
described herein described nonlinearity through proportional 
changes in the production rate constant (kin,E). The first term 
represented changes affected by general senescence using 
a simple power term ((Age/41)−2.3). The second effect, asso-
ciated with a steeper decline during menopause transition, 
used a sigmoidal Emax relationship as a function of onset age. 
In this equation, age was contiguous patient age (years), 
Ageonset was time from start of menopause, and Agemid was the 
midpoint (0.83 years, total menopause duration = 1.66 years). 
The model, fit to clinical data,22 estimated an ~70% decline 
in natural estrogen 2 years after final menstrual period and 
thereafter with a more gradual decline (Figure 2a). Of note, 
Ageonset was set at a relatively early age as a centering refer-
ence value; actual onset age is more typically 51 years.22

Within the construct of the previously reported multiscale 
systems pharmacology calcium-bone model,9 model compo-
nents describing estrogen effects at several reported interces-
sion points were investigated (Supplementary Data online). 
This included effects on latent and active TGF-β (Eqs. 2 and 
3), responding osteoblasts (ROB, Eq. 4), active osteoblasts 
(Eq. 5), and the maximum decrease in the tubular reabsorption 
maximum for calcium renal excretion that were simultaneously 
fitted to the clinical data.23,24 These data included longitudinal 
bone marker measurements (NTx and BSAP). Aside from the 
parameter estimates reported below, all other model param-
eters were considered as system values and fixed at the previ-
ously reported values.9 This includes rate constants (simplified 
below) and initial conditions; for example, the rate constants (k) 
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in Eqs. 2 and 3 are actually multivariate effects influenced by 
osteoblast and osteoclast function (Supplement Data online)9.
 

(2)

 
(3)

In Eqs. 2 and 3, the production rate constant (kin,TGF-β) for 
latent TGF-β was inversely related to E, and its rate con-
stant for active TGF-β (kconversion,E) conversion was proportion-
ally related with E, both through power functions. Estimates 
for TGF-β related power (unitless) parameters θTGF-β,latent and 
θTGF-β,active were 0.075 and 0.045, respectively.
 

(4)

 (5)

In Eqs. 4 and 5, the production rate constant (kin,ROB) for 
ROB was inversely related to E as was the rate constant 
for elimination of active osteoblasts (kapop,OB). Estimated 
osteoblast-related parameters θROB and θOB were 0.16 and 
0.000012, respectively.

During postmenopausal ERT, the fraction of estrogen effect 
relative to premenopause estrogen was estimated. For example, 
an estimate of 0.5 would indicate that ERT represented a 50% 
return to premenopausal estrogen, whereas an estimate of 1.0 
would indicate a complete return to premenopausal estrogen 
efficacy. This fraction was estimated to be 0.98. In addition, E 
was estimated to linearly decrease the urine calcium reabsorp-
tion maximum. The estimated slope equated to an ~8% decline 
in the tubular maximum with a 90% estrogen reduction.

These combined effects were predictive of observed 
changes in BSAP and NTx, both over the time course of 
menopause transition and during estrogen replacement in 
postmenopausal women (Figure 2b). In addition to the bone 
markers, the model predicted changes in extracellular cal-
cium, parathyroid hormone, and urinary calcium excretion 
rate. Consistent with the physiologic requirements, predicted 
calcium concentrations remained within 2% of baseline val-
ues despite the marked shifts in exchange with bone calcium. 
This balance was maintained in part by the ~2.5-fold increase 
in calcium renal excretion rate from pre to postmenopause. 
The model also predicted a longitudinal parathyroid hormone 
increase, reflective of physiologic response to spare marked 
extracellular calcium fluctuations (Figure 2c).

This extended multiscale model was then used to estimate 
GnRH-related changes in bone markers. To account for poten-
tial differences in estrogen moieties affected by GnRH modula-
tion as compared with the just described menopausal-related 
affects, a scaling function relating E2 suppression fraction 
to E, as used in Eqs. 2–5, was included through a sigmoidal 

expression (Eq. 6). For example, E2 suppression levels of 90%, 
80%, and 60% corresponded with E2

fraction of 0.1, 0.2, and 0.4 
and E values of 0.299, 0.647, and 0.887, respectively.

 (6)

In the multiscale model, the active osteoblast compartment 
described changes in BSAP, and an osteoclast compartment 
described changes in either NTx or serum c-telopeptide. 
E2 suppression effects on bone markers were used to esti-
mate lumbar spine BMD changes (BMDspine) using an ODE  
(Eq. 7) with zero-order input (kin,BMD) and first-order elimination 
(kout,BMD). BMDspine production and elimination were affected by 
relative changes in osteoblast (BSAP) and osteoclast (serum 
c-telopeptide) function, respectively.
 

(7)

The parameters kout,BMD (0.140 (unitless)) and γOC (0.00953 
d−1) were fit to the estimation data set; γOB was fixed at a 
 previous estimate of 0.0739.37 Predictions were used to 
 evaluate longitudinal changes in bone markers and BMD 
(Figure 3). In particular, the rate and magnitude of these 
changes determined if these markers would be useful early 
markers for short-term (1–3 month) clinical investigations 
(Figure 3, Supplementary Table S1 online). The model pre-
dictive check appeared to be in agreement with the evaluation 
data set observations (Figure 4).

Logistic regression model for ESSS. Cumulative logit  functions 
(λ0, λ1, λ2, and λ3; Eq. 1) included E2 measurements for each 
patient (i) and visit (j) and interindividual variance [ηi ~ nor-
mally independently distributed (0, σ2)]. Constants α0, α0 + α1, 
α0 + α1 + α2, and α0 + α1 + α2 + α3 determined baseline prob-
abilities of ESSS = 0, ESSS ≤ 1, ESSS ≤ 2, and ESSS ≤ 3, 
respectively (Supplementary Data online).

Probabilities of each ESSS categorical score were derived 
from cumulative probabilities with a sum of all probabilities 
equal to 1 (Eq. 2).
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The logistic regression results (Table 1) provided a character-
ization of the E2–ESSS relationship. The probability of a patient 
experiencing a less severe score (e.g., ESSS = 0) was decreased 
with increased E2, and correspondingly the probability of 
greater severity (e.g., ESSS ≥ 4) was increased with increased 
E2  (Figure 5). From the model predictions, P(ESSS = 0) 
increased as E2 decreased from 80 pg/ml (23%) to 40 pg/ml 
(26%) to 20 pg/ml (29%) to 10 pg/ml (31%).  Concurrently, the 
P(ESSS ≥ 4) decreased as E2 decreased from 80 pg/ml (27%) 
to 40 pg/ml (23%) to 20 pg/ml (19%) to 10 pg/ml (18%).

An overlay of BMD and ESSS predictions relative to E2 
provided for comparative responses at potential target 
E2 ranges has been shown in Figure 6. This comparison 
revealed the relative steepness in BMD loss as E2 concen-
trations approach and fall below 20 pg/ml compared with a 
relatively constant (linear) improvement in ESSS across the 
E2 range. E2 between 20 and 40 pg/ml was therefore consid-
ered a reasonable target to evaluate efficacious endometrial 
pain response while minimizing BMD effects.

DISCUSSION

The combined approach of modeling both efficacy (ESSS) 
and safety (BMD) of GnRH modulation, as functions of E2, 
supported clinical trial designs with respect to treatment 
duration required to observe changes in various efficacy and 

bone-related biomarkers.These models helped to identify 
which, if any, of the bone biomarkers would offer an early, 
sensitive measure of long-term BMD outcomes and a target 
range for selected marker response. For example, estrogen 
suppression level of 80% was predicted to cause less than a 
25% change in bone markers; neither substantive marker nor 
BMD changes were predicted before 3 months from the start 
of treatment (Supplementary Table S1 online, Figure 3). 
Continuous suppression of estrogen by 80% for 6 months 
was expected to cause a 2% BMD loss, nearly double the 
rate of loss during menopause.38 Expected BMD loss was 
perhaps more acceptable (~1%) from 60% suppression, but 
because of relatively minimal bone marker changes from this 
suppression level, it is unlikely that they would serve as use-
ful biomarkers to differentiate efficacy and tolerability.

By contrast, E2 concentrations themselves appeared to be 
direct, sensitive markers of both responses. Maximal E2 sup-
pression typically occurs within 1–2 months of treatment;28,39 E2 
may serve as an early marker for safety and dose ranging stud-
ies of investigational GnRH-modulator therapies. An E2 sup-
pression target >20 pg/ml with an upper range near 40 pg/
ml was expected to provide an ESSS improvement whereas 
limiting untoward effects on 6-month BMD, on average, to 
<2% decline. This model-based approach provided a quanti-
tative framework for research efforts focused on mechanisms 
that modulate E2 levels. Furthermore, based on the appar-
ent reliability of E2 and lack of early sensitivity for the bone 
markers, model predictions supported decisions to limit invest-
ments in novel BMD biomarkers for this mechanism. Notably, 
bone marker changes are related to the affecting mechanism. 
Markers of osteoclast function, for example, undergo near 
maximal changes within the first month following denosumab 
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administration.40 The usefulness of bone markers, therefore, is 
mechanism dependent.

Regarding the requirement of applying the multiscale, sys-
tems pharmacology model in this setting, it can be argued 
that a more empiric model could have been developed link-
ing E2 concentrations with BMD changes from baseline. 
Such a model would have probably provided similar recom-
mendations for target E2 range for minimizing BMD loss. That 
approach, however, would not have provided a simultaneous 
understanding and quantification of each of the many inter-
related mechanisms, controls, and associated biomarkers 
involved in this regulation, nor would it have allowed for the 
longitudinal predictions that were used for the biomarker eval-
uations. The range of scales determined the choice of model 
used as the foundation for this analysis. For example, there are 
several published models of calcium homeostasis41 and bone 
remodeling,42–44 but estrogen affects both calcium balance and 
bone health. These affected sites were already included in the 

model that was extended in this analysis9 enabling efficient 
translation of the estrogen-related effects.

The model extension to include estrogen-related effects on 
bone dynamics provided predictions of clinical changes occur-
ring during the transition through menopause, during postmeno-
pausal ERT, and in this highlighted case, during therapeutic 
intervention for endometriosis treatment. Estrogen withdrawal, 
caused naturally during menopause, through discontinuation 
of postmenopausal estrogen replacement or as an intended 
pharmacologic effect of GnRH modulation, increases bone 
turnover and decreases BMD. Conversely, postmenopausal 
ERT decreases net bone resorption and increases BMD. Data 
pertaining to each situation were therefore used to characterize 
the proposed estrogen-related mechanisms that impact bone 
remodeling. Of note, the model extension describing estrogen-
related effects in postmenopausal women was translatable 
to similar effects of estradiol reduction in a typically younger, 
premenopausal patient  population with endometriosis. This 
indicates similarities in system parameters between these 
populations and any differences were possibly accounted for 
by scaling between E2 and E (Eq. 6).

Notably, the current assessment did not consider the likeli-
hood (e.g., expected percentages) of diverse patient popula-
tions individually achieving this target. For such an exercise, 
pharmacokinetic and response (pharmacodynamic) variabil-
ity could be included within Monte Carlo simulations to deter-
mine prediction intervals for E2 and BMD. A result of such a 
simulation could be the expected accuracy and precision of 
this mechanism (GnRH modulation) for achieving a target E2 
range, i.e., to quantify the potential challenge of individually 
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Table 1 Logistic regression estimates for estradiol-endometrial symptom 
severity score model

Mean Median SD 95% Credible interval

α0 −1.33 −1.33 0.101 (−1.55, −1.15)

α1 1.20 1.20 0.0663 (1.07, 1.34)

α2 0.921 0.921 0.0577 (0.808, 1.04)

α3 0.702 0.702 0.0543 (0.597, 0.812)

α4 0.00995 0.00990 0.00161 (0.00679, 0.013)

ω2 1.12 1.11 0.0972 (0.936, 1.32)

α0 through α3, additive components of cumulative logit functions; α4, linear 
E2 concentration effect centered at 40 pg/ml; ω2,  interindividual variance.
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targeting E2 in a diverse patient population. In other words, 
the relative steepness of the BMD response through lower 
regions of E2 (Figure 6), in context with compound-specific 
pharmacokinetic and pharmacodynamic variability, may chal-
lenge the viability of this therapeutic target.

Regarding the multiscale model, a noted limitation is a lack 
of precision estimates for the model parameters, which are 
not reported by the software program (Berkeley Madonna, 
Berkeley, CA) used to fit the model parameters. Ongoing 
research includes porting the model to software that will 
provide estimates of parameter uncertainty as well as allow 
for nested variance structures. Still, in its current state, this 
model extension preserves the structure and parameter esti-
mates from the previously reported model,9 thereby highlight-
ing its extensibility whereas retaining its ability to describe the 
previously described therapeutic interventions and disease 
states.37 The logistic analysis was likewise useful in predict-
ing that efficacious responses were possible with less than 
maximal suppression of E2. The integration of the models 
provided a target for future clinical investigation. During these 
studies, additional validated and exploratory endometriosis 
end points can be assessed; for example, daily collections 
including the initiative on methods, measurement, and pain 
assessment in clinical trials (IMMPACT II).45

In summary, E2, measured as early as 1–2 months after 
treatment initiation, was shown to be a reliable predictor of 
6-month BMD change. On the contrary, bone marker changes 
affected through GnRH inhibition were projected to change 
too slowly to provide reliable dose differentiation; for example, 
these markers would likely require at least 3 months to show 
marked differences. Doses within a GnRH antagonist devel-
opment program that target E2 in the range of >20–40 pg/ml 

were expected to provide an evaluable range for efficacious 
endometrial response while minimizing BMD effects. This 
model-based approach provided a quantitative framework for 
preclinical and clinical research efforts focused on mechanisms 
that modulate E2 levels. As far as the authors were aware at 
the time of this manuscript’s preparation, this study is one of 
the first peer-reviewed, published examples of an integration 
of a pharmacometrics and systems pharmacology model in 
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a clinical pharmacology context and as such may serve as a 
blueprint for further development in this area.

METHODS

Data curation
Bone markers and BMD. Literature data were used for model 
development and estimation of estrogen-related effects on bone 
markers and BMD. Potential literature sources of data pertain-
ing to menopause transition were identified in PubMed (http://
www.ncbi.nlm.nih.gov/pubmed/) using combinations of search 
terms: “estrogen,” “menopause,” “osteoporosis,” “bone turnover,” 
“final menstrual period,” “alkaline phosphatase,” and “telopep-
tide.” Reports were reviewed under the requirement that associ-
ated longitudinal changes in estrogen and bone markers during 
the transition through menopause and/or during postmeno-
pausal ERT were reported. Graphical data were digitized using 
Plot Digitizer 2.4.1 (http://plotdigitizer.sourceforge.net/).

An additional literature-based database was constructed 
previously (publication years 1988–2012) to include data 
pertaining to clinical endometriosis study results. Database 
studies were included in the current analysis if they reported 
serum estradiol (E2), lumbar spine BMD results, and included 
≥6 months GnRH agonist or antagonist treatment.

ESSS. Individual, patient-level ESSS, and E2 measurements 
were used from the nafarelin on-treatment regimens of three 
studies.30,34,35 Each study investigated nafarelin (200 mcg b.i.d.) 
administered for 3 or 6 months to patients with endometriosis.

Model development
Multiscale systems pharmacology model for bone  markers 
and BMD. The underlying multiscale model included 29 ODEs 
describing the kinetic interrelations and functions of calcium 
and phosphate (oral absorption, vasculature, bone, and 
renal excretion), calcitriol, parathyroid gland, parathyroid hor-
mone, 1-α-hydroxylase, ROB, osteoblasts, osteoclast, latent 
and active TGF-β, RANK, RANKL, OPG, and intracellular 
signaling factors (runt-related transcription factor 2, cAMP 
response element binding, B-cell chronic lymphocytic leuke-
mia/lymphoma 2).9

Direct effects of estrogen were considered on production 
rates of latent and active TGF-β, as well as effects on osteoblast 
differentiation from progenitor cells and osteoblast survival. 
Estrogen was modeled to affect the urine calcium reabsorption 
tubular maximum linearly. The slope relating this change with 
the relative fraction of estrogen was parameterized to provide 
the expected fractional decrease in the reabsorption tubular 
maximum that corresponded to a 90% decline in estrogen.

Parameters relating the magnitude and time course of estro-
gen loss relative to the number of years around the final men-
strual period were estimated from clinical data.22 Using this 
natural loss function, parameters relating estrogen effects on 
calcium balance and bone remodeling were estimated using 
additional clinical (bone marker) data.23,24 The relative E2 sup-
pression fraction was then introduced into this extended mul-
tiscale model to estimate bone marker changes and BMD. An 
ODE was included to describe lumbar spine BMD change over 
time as a function of bone marker changes, as used earlier,37 
and parameters were fit to the endometriosis estimation data 

set. BMD predictions from this model fit were then compared 
with the external evaluation data set.

Model fitting and simulation was performed using Berke-
ley Madonna 8.0 (http://berkeleymadonna.com). ODEs were 
solved using the available fixed step size integration algo-
rithm (Fourth-order Runge–Kutta algorithm).

Logistic regression model for ESSS. ESSS was viewed as a 
probabilistic, ordered categorical outcome and analyzed using 
a logistic regression model46 implemented in WinBUGS 1.4.47

The open source software package R version 2.12.2 
(R Foundation for Statistical Computing, Vienna, Austria)48 was 
used for the graphics generation and data management.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON  
THE TOPIC?
Model-based drug development adds quantitative under-
standings to the many complicating factors in development 
decisions.17–20 Standard pharmacometric approaches to 
model-based drug development include representative 
pharmacokinetic–pharmacodynamic models to describe 
drug actions. An integration of systems biology and phar-
macometrics termed systems pharmacology promises to 
further our abilities to understand, quantify, and target 
therapeutics.8,21

WHAT QUESTION DID THIS STUDY ADDRESS?
Which biomarkers (estrogen, bone markers, etc.), if any, 
might provide reliable predictions of long-term BMD? 
What are the expected biomarker time courses? Can a 
biomarker target range be identified?

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
This study provides model-based guidance for GnRH-
modulating clinical programs intended for endometriosis 
management. This guidance was based on the traditional 
pharmacometrics (logistic regression of efficacy data) 
and systems pharmacology modeling (multiscale repre-
sentation of BMD safety data).

HOW THIS MIGHT CHANGE CLINICAL 
PHARMACOLOGY AND THERAPEUTICS
This study is one of the first examples of an integration of 
a pharmacometrics and systems pharmacology model-
ing in a clinical pharmacology context and as such may 
serve as a blueprint for further development in this area.
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