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Aim: Elagolix, a gonadotropin-releasing hormone receptor antagonist, was recently

approved for heavy menstrual bleeding associated with uterine fibroids (UF, Oriahnn)

at a dose of 300 mg twice daily (BID) in combination with add-back therapy (oestra-

diol 1 mg/norethindrone acetate 0.5 mg [E2/NETA] once daily) for 24 months use.

The limited duration of treatment is related to elagolix dose- and duration-dependent

decrease in oestrogen that is mechanistically linked to changes in bone mineral

density (BMD). The work herein supported the extended treatment duration of

24 months.

Methods: An integrated exposure-response and epidemiological modelling framework

of elagolix effects on femoral neck BMD (FN-BMD), informed by real-world data and

phase 3 clinical trials data, was developed to predict the time course and magnitude of

changes in BMD and its relation to risk of bone fracture in women with UF.

Results: Model results indicated that women treated with elagolix 300 mg BID + E2/

NETA in the long term (ie, >24 months) may experience less than 1% loss in

FN-BMD per year, relative to placebo. The exposure-response model simulations and

clinical risk factors were used to estimate 10-year risk of fractures using the clinically

validated Fracture Risk Assessment Tool (FRAX). The impact of elagolix 300 mg

BID + E2/NETA treatment on the 10-year risk of hip or major osteoporotic fractures

estimated from the FRAX model was minimal compared to that of placebo.

Conclusion: The elagolix integrated exposure-BMD analysis and translation to frac-

ture risk provided an interdisciplinary model-informed drug development framework

for clinical benefit-risk evaluation and enabled approval of longer treatment duration

to benefit the patient.
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1 | INTRODUCTION

Women with symptomatic uterine fibroids (UF), benign hormone-

responsive tumours in uterine muscle tissue, can experience heavy

periods, lower back pain and additional symptoms that lead to a

decrease in their quality of life.1–4 Treatment options that do not

involve invasive surgery, preserve the uterus and preserve fertility are

highly desired.1 Medical therapies have been developed to treat UF

symptoms, including gonadotropin-releasing hormone receptor (GnRH)

agonists, hormonal birth control methods, progestin-releasing intrauter-

ine devices and some nonhormonal drugs.4 It has been well established

that suppression of oestrogen and progesterone results in fibroid atro-

phy and decreased morbidity,4–7 but low oestrogen levels (<10 pg/mL)

are associated with bone loss8,9 and balancing homeostatic hormone

regulation in women with oestrogen-dependent diseases has been

challenging until the development of GnRH antagonists.10,11

Elagolix, an oral, nonpeptide, short-acting GnRH receptor antagonist

approved for the management of endometriosis-associated pain and

heavy menstrual bleeding (HMB) associated with UF enables dose-

dependent suppression of ovarian sex hormones and gonadotropins.12,13

Like many GnRH therapies, elagolix treatment is associated with hypoes-

trogenic adverse effects such as hot flushes, headache, nausea, increased

serum lipid levels and loss of bone mineral density (BMD). At low doses

of elagolix (150 mg once daily [QD]) or at high doses (200 or 300 mg

twice daily [BID]) with hormonal add-back therapy (oestradiol 1 mg/nor-

ethindrone acetate 0.5 mg QD [E2/NETA]), oestradiol levels can be main-

tained within the oestradiol therapeutic window of 30-45 pg/mL

proposed by Barbieri8 for preventing bone loss associated with

oestrogen-suppressing therapies, while maintaining therapeutic benefits.

Decreased BMD is an important consideration when treating

women with hormone modulators that decrease estradiol levels. Low

BMD has been linked to higher risk of fractures, especially in elderly

women,14,15 but there are limited reports that describe the longitudi-

nal changes in BMD in adult premenopausal women and the relation-

ship to incident of fractures at postmenopausal age, where the

prevalence is high, to BMD loss in this young population of women.16

Recent studies show that BMD loss can be prevented or restored

through hormonal add-back regimens including norethindrone acetate

or conjugated equine oestrogens in combination with GnRH

therapy,17–20 while maintaining the efficacy and safety of these com-

bination treatments for various indications and populations.21

Among the different anatomical BMD regions, the lumbar spine

(LS) is most sensitive to oestrogen suppression-induced bone loss and

hence was one of the regions evaluated in support of United States

Food and Drug Administration (FDA) approval of elagolix for endome-

triosis-associated pain and HMB associated with UF.22,23 The assess-

ment of fracture risk, however, only utilizes BMD changes associated

with the femoral neck (FN), the World Health Organization reference

standard for the description of osteoporosis,24 and is therefore the

focus of this manuscript. To better understand the relationship

between longitudinal changes in BMD in adult premenopausal women

and the risk of hip fracture and major osteoporotic fracture (MOF)

after menopause, we previously developed a FN-BMD model utilizing

real-world data (RWD) and clinical trial data to simulate FN-BMD

changes as a function of age.25 The natural changes in FN-BMD were

best described by a bi-exponential model with first-order BMD forma-

tion (k1) and resorption (k2) rate constants.25 The output of the FN-

BMD model was then translated into the long-term postmenopausal

fracture risk of premenopausal women with an epidemiological model,

the FRAX tool (https://www.sheffield.ac.uk/FRAX/tool.aspx).15,26–28

Here, we extend the FN-BMD model in an untreated population to an

exposure-response analysis by addition of the response to elagolix

treatment via an indirect response model. With this model, the impact

of elagolix on FN-BMD changes beyond the observed treatment dura-

tions (>12 months) and future bone fracture risk can be assessed for

women seeking GnRH medical therapy.

2 | METHODS

2.1 | Data sources and participants

The relationship between elagolix exposure and FN-BMD changes

was evaluated using data from the Elaris UF phase 3 studies (UF-1,

UF-2 and UF-Extend)29,30 and the Elaris Endometriosis phase 3 studies

(EM-1, EM-2, EM-1-Extend and EM-2-Extend).5,31 Details of these

studies have been reported previously.5,29–31 Briefly, in the UF studies

premenopausal women ages 25 to 53 years with HMB associated

with UF were randomized 1:1:2 into treatment groups consisting of

placebo, elagolix 300 mg BID and elagolix 300 mg BID + E2/NETA. In

the endometriosis studies, premenopausal women aged 18-49 years

What is already known about this subject

• Suppression of oestrogen due to gonadotropin-releasing

hormone receptor modulators results in treatment and

duration-dependent increase in bone loss, leading to

restricted duration of therapy of useful medical

treatments.

• Risk-benefit assessments of bone mineral density

changes due to elagolix therapy and the impact on 10-

year fracture risk enabled extending treatment duration.

What this study adds

• Women treated with elagolix 300 mg BID + E2/NETA for

>24 months may experience <1% loss in femoral neck

bone mineral density per year, relative to placebo.

• The impact of elagolix with add-back therapy treatment

on the 10-year risk of hip or major osteoporotic fractures

was minimal compared to placebo.
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with endometriosis-associated pain were randomized into dosing

groups consisting of placebo and elagolix 150 mg QD and 200 mg

BID. UF-1, UF-2, EM-1 and EM-2 were conducted for 6 months with

optional extension studies, UF-Extend, EM-1-Extend and EM-

2-Extend, for an additional 6 months of treatment consisting of active

treatment arms only. For all studies, the FN-BMD was measured with

dual energy X-ray (DXA) absorptiometry using Hologic or Lunar

machine types and was included in the analysis. Measurements were

obtained during the screening period, month 6, month 12 (for those

enrolled in the extension study) or premature discontinuation visits

during the treatment period, and month 6 and month 12 visits during

the post-treatment follow-up (PTFU) period. Data from both endome-

triosis and UF studies were used to have a broader elagolix exposure

range for model development and evaluation, but only the UF results

are reported here. All results relating to the endometriosis studies are

provided in Supporting Information.

Study protocols were approved by the institutional review boards

of the study sites,29,31 and all the participants gave written informed

consent before participation. The studies were conducted according

to International Conference on Harmonisation Guidelines for Good

Clinical Practice and the ethical principles that have their origin in the

Declaration of Helsinki.

2.2 | Modelling of exposure-femoral neck BMD
relationship

Exposure-response modelling for changes in FN-BMD in premeno-

pausal women was built using nonlinear mixed-effects modelling

in NONMEM 7.4.2 compiled with the GNU Fortran compiler (version

4.8.3). The BMD model parameters were estimated using the first-

order conditional (FOCE) estimation method with η-ε INTERACTION.

Exposure-response modelling for FN-BMD was developed in a

stepwise manner. First, a bi-exponential model for characterizing the

placebo response was developed to describe the natural course of

BMD in premenopausal women and this has been published

previously (steps 1 and 2 in Figure 1).25 The placebo model was built

utilizing placebo cohort data from the Elaris phase 3 clinical studies

(EM-1, EM-2, UF-1 and UF-2).29,31 A summary of demographics and

participants' baseline characteristics is provided in Table 1. In addition

to the 6-month placebo BMD data over an age range of 18-53 years

from elagolix studies, publicly available RWD from the National Health

and Nutrition Examination Survey (NHANES)32 were used to describe

the dynamics of FN-BMD changes over age (a surrogate for time).

Once the model that best described observed FN-BMD changes

in the placebo arm was selected,25 the FN-BMD response to elagolix

treatment was added via an indirect response model (step 3 in

Figure 1). Priors for model development were generated by re-

estimating a previously published exposure-LS-BMD model23 with

FN-BMD data from the Elaris UF studies (UF-1, UF-2 and UF-

Extend).29,30 The population parameter estimates and the variance-

covariance matrix of the fixed effects and estimates for the random

effects (interindividual variability, IIV) were used as priors. This was

achieved by applying the $PRIOR NWPRI option in NONMEM. To

have a broader exposure range to more reliably estimate the

drug-related parameters, active treatment FN data from the three UF

studies consisting of treatment groups of 300 mg BID and 300 mg

BID + E2/NETA (N = 700) and four endometriosis studies5,31

consisting of elagolix treatment groups of 150 mg QD and 200 mg

BID (N = 1325) were used to re-estimate all model parameters.

The final exposure-response model conceptualized as an indirect

response model described the change from placebo response (PLAC)

and assumed a baseline steady state between bone formation and

resorption described by the following equations:

dR tð Þ
dt

¼ kin�kout �R tð Þ ð1Þ

BMD tð Þ¼PLAC tð Þ �R tð Þ ð2Þ

and at baseline:

R 0ð Þ¼1and kout ¼ kin=1 ð3Þ

where dR(t)/dt is the change in BMD over time, kin is a zero-order rate

constant reflecting bone formation, kout is a first-order rate constant

reflecting bone resorption, BMD(t) is the BMD at time t and R(t) is the

change in BMD from placebo response (PLAC) at time t. The bi-

exponential model for characterizing the placebo response has been

published previously25 and was parameterized in terms of maximum

FN-BMD (PLACmax) and parameters describing the formation and

resorption rate constants in FN-BMD over age (k1 and k2), respec-

tively, as follows:

PLAC tð Þ¼PLACmax� k1
k1�k2

� e�k2� AGEþ t
365ð Þ �e�k1� AGEþ t

365ð Þ� �
�

1þ facLunarð Þ
ð4Þ

where PLAC(t) is the FN-BMD at time after baseline t in days, t/365

is the time since baseline observation time in years and facLunar is

F IGURE 1 Modelling and simulation main
concept for femoral neck bone mineral density.
BMD, bone mineral density; ENDO,
endometriosis; FN, femoral neck; N, number of
subjects; NHANES, National Health and Nutrition
Examination Survey; UF, uterine fibroids
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the factor to account for differences in BMD measured with the

Hologic and Lunar machine types.

The effects of elagolix on BMD were modelled using

a stimulatory Emax function on the bone resorption (kout), as

follows:

dR tð Þ
dt

¼ kin�kout � 1þ Emax �Cavg
HILL

EC50
HILLþCavg

HILL

 !
�R tð Þ ð5Þ

where Emax is the elagolix maximum stimulatory effect on kout, EC50

is the elagolix average concentration at which half of the

TABLE 1 Summary of participant demographic and baseline characteristics

Patients included in population analysis

Characteristics Endometriosisa (N = 1683) Uterine fibroidsa (N = 790) Totala (N = 2473)

Age (years) Mean (SD) 32.3 (6.52) 42.4 (5.36) 35.5 (7.76)

Median 32 43 35

Min, max 18, 49 25, 53 18, 53

Alcohol use Never or former 516 (31%) 259 (33%) 775 (32%)

Current 1162 (69%) 528 (67%) 1690 (68%)

Missing 5 (0%) 3 (0%) 8 (0%)

Body mass Mean (SD) 27.6 (6.46) 33.6 (7.25) 29.5 (7.28)

Index (kg/m2) Median 26.4 33.0 28.4

Min, max 16.2, 55.6 18.8, 61.5 16.2, 61.5

Calcium use No 322 (19%) 762 (96%) 1084 (44%)

Yes 1361 (81%) 28 (4%) 1389 (56%)

E2 at baseline (pg/mL) Mean (SD) 79.5 (73.1) 92.8 (81.5) 83.7 (76.1)

Median 54.2 66.6 57.6

Min, max 3.24, 624 1.51, 729 1.51, 729

Femoral neck Mean (SD) 0.302 (0.964) 0.586 (0.885) 0.393 (0.949)

Z-score at Median 0.210 0.517 0.300

Baseline Min, max �1.62, 4.73 �1.43, 4.15 �1.62, 4.73

Machine type Lunar 950 (56%) 405 (51%) 1355 (55%)

Hologic 733 (44%) 385 (49%) 1118 (45%)

Race White 1485 (88%) 232 (29%) 1717 (69%)

Black 146 (9%) 533 (67%) 679 (27%)

Asian 16 (1%) 9 (1%) 25 (1%)

Other 36 (2%) 3 (0%) 39 (2%)

Missing 0 (0%) 13 (2%) 13 (1%)

Treatment Placebob 733 (43.55%) 196 (24.81%) 929 (37.57%)

In pivotal 150 mg QD 474 (28.16%) - 474 (19.17%)

Studies 200 mg BID 476 (28.28%) 476 (19.25%)

300 mg BID 199 (25.19%) 199 (8.05%)

300 mg BID + E2/NETA 395 (50.00%) 395 (15.97%)

Tobacco use Never or former 1290 (77%) 685 (87%) 1975 (80%)

Current 393 (23%) 104 (13%) 497 (20%)

Missing 0 (0%) 1 (0%) 1 (0%)

Vitamin D use No 360 (21%) 718 (91%) 1078 (44%)

Yes 1323 (79%) 72 (9%) 1395 (56%)

Abbreviations: BID, twice daily; E2, oestradiol; E2/NETA, oestradiol 1.0 mg/norethindrone acetate 0.5 mg once daily; Min, minimum; Max, maximum; QD,

once daily; SD, standard deviation.
aData from N = 1325 premenopausal women with endometriosis from the active treatment arms of studies EM-1, EM-2, EM-1-Extend and EM-2-Extend

and N = 700 premenopausal women with UF from the active treatment arms of studies UF-1, UF-2 and UF-Extend were included in the exposure-femoral

neck BMD analysis.
bPatients randomized to placebo treatment arm in pivotal studies EM-1, EM-2, UF-1 and UF-2 were re-randomized to active treatment when entering the

optional extension studies UF-Extend, EM-1-Extend and EM-2-Extend.
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maximal effect is achieved and HILL is the stimulatory Emax curve

shape factor. Due to the strong influence of coadministration with

E2/NETA on the change in BMD, different population estimates for

Emax were incorporated into the model. The effect of body mass index

(BMI) on bone formation rate (kin) was already included in the base

model.23

Individual monthly elagolix plasma concentrations (Cavg) derived

from the final population pharmacokinetic analysis33 were used in

the UF exposure-BMD model. Preliminary exposure-BMD regression

analyses demonstrated that elagolix Cavg is a better predictor of BMD

changes compared to peak or trough concentrations (data not

shown).

IIV in BMD parameters and residual variability was modelled

using a log-normal random effects model and the proportional error

models (see Supporting Information). The BMD model parameters

(Equation 5) were estimated using the first-order conditional estima-

tion (FOCE) method with η-ε INTERACTION. Details on the covariate

modelling are described in the Supporting Information.

Model evaluations determined the predictive performance of the

developed models and examined the usefulness of the models for

describing observations. Methods used in model evaluation included

goodness-of-fit and visual predictive checks (VPC). For the VPCs,

final model parameters were used to simulate 500 replicates of the

original data set. Model evaluation was performed by comparing the

observed percentages of the predicted median and 95% confidence

interval (CI) around the median of percentage change from baseline

in FN-BMD at months 6 and 12 in women with UF who received ela-

golix 300 mg BID + E2/NETA and 300 mg BID. The same analysis

was performed for the endometriosis studies (see Supporting

Information).

2.3 | FN-BMD simulations beyond the limited
duration of clinical trials

Parameter distributions for demographics and baseline characteristics

from UF patients (Table 1) were included in the final exposure-FN-

BMD model together with the final population pharmacokinetic model

for the Elaris UF clinical studies assuming 87.9% dosing compliance as

observed in the phase 3 studies33 to conduct simulations to predict

changes in FN-BMD beyond clinical study data (>12 months, step 4 in

Figure 1). In addition to the simulations in untreated patients,25 simu-

lations were generated for continuous treatment with elagolix 300 mg

BID + E2/NETA. Each subject with UF was simulated for 8 years, a

period that resembles reaching menopausal age (ie, 51 years) depend-

ing on the baseline age of the UF population. The final dataset

included 1000 virtual UF patients for each scenario and 100 replicates

were simulated (total N = 100 000 for each scenario). The median

percentage change in BMD was then calculated for each replicate,

and the median and 95% CI as well as 95% prediction intervals (PIs)

were calculated across the 100 replicates. In addition, the placebo-

corrected median and 95% CI for elagolix 300 mg BID + E2/NETA

were calculated.

2.4 | Translation of BMD changes to long-term
fracture risk in UF patients

The FRAX epidemiologic prediction models have been developed

from studying patient-level data from population-based cohorts from

Europe, North America, Asia and Australia.1 The FRAX tool uses

country-specific fracture and mortality rates to predict an individual's

10-year probability of MOF (clinical spine, forearm, shoulder or hip)

and hip fracture alone based on femoral neck BMD measurement

and clinical risk. The FRAX tool provides predictions consistent with

observed fracture rates in women and men across multiple coun-

tries.2,3 The 10-year risks of hip fracture and MOF were estimated

based on a trajectory of simulated individual FN-BMD values over

time beyond the clinical trial period and patient-level fracture risk fac-

tors via the FRAX tool for placebo25 and continuous treatment with

elagolix 300 mg BID + E2/NETA for 24 months (step 5 in Figure 1).

Longitudinal FN-BMD values for each UF patient were simulated for

up to postmenopausal age of 79 years. As the final exposure-BMD

model predicts full recovery after end of treatment, a worst-case sce-

nario with no recovery was added. The final dataset included 1000

virtual UF patients for each scenario and 100 replicates were simu-

lated (total N = 100 000 for each scenario), resulting in a BMD value

per subject at multiple timepoints (ie, various ages). Risk factors

required by the FRAX tool were assumed to be the same across

groups. Risk factors such as race, BMI and current smoking status in

the UF population were extracted from the simulated virtual popula-

tion and entered in the FRAX tool. Other fracture risk factors (ie, his-

tory of previous fractures, parental history of hip fractures,

glucocorticoid use, rheumatoid arthritis and secondary osteoporosis)

were not available from the elagolix clinical trials and therefore were

considered not present in the FRAX model. Furthermore, although

information to define heavy alcohol use (>3 drinks/day) was cap-

tured, the majority of the current alcohol users (�98%) reported hav-

ing <2 drinks/day, and hence were not considered in the FRAX

predictions.

The 10-year risk of hip fracture and MOF were estimated for

each scenario based on the simulated BMD for Hologic or Lunar

machine types at multiple timepoints (ie, various ages) and patient

characteristics via the FRAX tool. Based on the simulated patient-level

longitudinal data, the age when a particular patient reached the risk-

based threshold for anti-osteoporosis treatment was defined as the

earliest age when the patient reached a 10-year risk of hip fractures

≥3% or a 10-year risk of MOF ≥20%.25,34 The median difference in

FN-BMD, 10-year risk of hip fractures and MOF, and the proportion

of patients reaching the risk-based threshold for anti-osteoporosis

treatment between the elagolix-treated populations (with and without

recovery) and the untreated population was calculated for each repli-

cate, and the median, 95% CI and 95% PI were calculated across the

100 replicates.

For each comparison, the number needed to “harm” (NNH,

where harm = initiation of anti-osteoporosis treatment) was esti-

mated by dividing 1 by the difference in the proportion between

treated and untreated population. This NNH can be interpreted as

BECK ET AL. 5261



the number of patients needed to be treated with elagolix in combi-

nation with add-back therapy to result in one additional patient to

reach the risk-based threshold for anti-osteoporosis treatment.

Figure 1 visualizes the main concept for modelling the exposure-

BMD relationship and conducting simulations to predict changes in

BMD beyond the observed phase 3 data and up to menopausal age

and to evaluate the fracture risk in postmenopausal women via the

FRAX tool.

3 | RESULTS

3.1 | Modelling of elagolix impact on FN-BMD

Data from 1325 premenopausal women with endometriosis and

700 premenopausal women with UF from the active treatment arms

of elagolix phase 3 clinical trials were included in the exposure-FN-

BMD analysis. UF patients were relatively older by a decade, pre-

dominately African American and closer to menopause compared to

endometriosis patients (Table 1). The final exposure-FN-BMD model

was an indirect response model through stimulation of the bone

resorption process (kout) with different Emax population estimates for

coadministration with E2/NETA, a proportional residual error model

and IIV on EC50. Patient-specific covariates that were significantly

associated with FN-BMD changes due to elagolix treatment

included age, BMI, baseline Z-score and baseline alcohol use. The

parameter estimates for the final model are listed in Table 2. The

model-estimated EC50 was 92.1 ng/mL and Emax for elagolix dosing

with and without add-back therapy were 0.0894 and 0.0291,

respectively. The exposure-BMD indirect response model ade-

quately described the central tendency, as well as the variability in

the observed FN-BMD data for patients with UF and patients with

endometriosis (Supporting Information Figure S3). The model-

predicted median percentage change in FN-BMD at 6 and

12 months in women with HMB associated with UF is in the range

of the observed bone loss (Figure 2). For the elagolix-treated groups

with and without E2/NETA, observed median percentage change in

FN-BMD was �0.6% and �2.2% at month 6 and �0.8% and

�2.9% at month 12, respectively. Model-predicted median percent-

age change in FN-BMD was within the 95% CI of the observed

values for all treatment groups and timepoints. Results on the

effects of significant covariates in the final exposure-BMD model

(Supporting Information Figure S4) are described in the Supporting

Information.

TABLE 2 Parameter estimates for
the final exposure-femoral neck bone
mineral density modelParameter

Population value (θ)

Estimate (SEE) %RSEa 95% CI

kin (1/day) 0.00179 (6.54 � 10�05) 3.65 0.00166, 0.00192

BMI on kin
c �0.236 (0.117) 49.6 �0.465, �0.00668

Emax for elagolix alone 0.0894 (0.00673) 7.53 0.0762, 0.103

Emax for elagolix + E2/NETA 0.0291 (0.00458) 15.7 0.0201, 0.0381

Baseline Z-score on Emax
e 0.178 (0.0470) 26.4 0.0859, 0.270

EC50 (ng/mL) 92.1 (9.20) 9.99 74.1, 110

Alcohol use on EC50
d 1.04 (0.319) 30.7 0.415, 1.67

BMI on EC50
c 1.18 (0.271) 23.0 0.649, 1.71

Age on EC50
c 1.22 (0.356) 29.2 0.522, 1.92

Hill 3.00 (fix) … …

Interindividual variability (ω2)

IIV on EC50 (%CVb) 1.20 (152) 14.0 0.871, 1.53

Residual variability (σ2)

Proportional error 0.000598 (1.29 � 10�05) 2.16 0.000573, 0.000623

Abbreviations: BMI, body mass index; CI, confidence interval; E2/NETA, oestradiol 1.0 mg/norethindrone

acetate 0.5 mg once daily; EC50, average concentration at which half of the maximal effect is achieved;

Emax, maximal effect; IIV, interindividual variability; kin, zero-order rate constant reflecting bone

formation; RSE, relative standard error; SEE, standard error of the estimate.
a%RSE estimated as the standard error of the estimate divided by the population estimate multiplied by

100.
b%CV¼100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eω2 �1

p� �
.

cContinuous covariates, except the baseline Z-score, were normalized to a reference value (median value

of the population) and included in the model with a power function: covi,p=refp
� �θk,p .

dDichotomous categorical covariates were tested multiplicatively to obtain the fractional difference of

the parameters between the tested categorical groups: 1þθk,q� covi,q
� �

.
eThe baseline Z-score was tested linearly since negative values can be observed:

1þθk,BLZSCO� BLZSCOi� refBLZSCOð Þð .
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3.2 | Model simulations of elagolix impact on
longitudinal FN-BMD

The final exposure-BMD model and population pharmacokinetic

model,33 together with the characteristics of the patient populations

in elagolix phase 3 clinical trials, were used to conduct simulations to

predict a trajectory of individual changes in FN-BMD for placebo and

continuous elagolix treatment (300 mg BID + E2/NETA) groups

beyond the clinical trial period (6-12 months). Simulations of elagolix

300 mg BID + E2/NETA continuous dosing over 8 years, a period

that resembles reaching menopausal age relative to the median age of

this patient population, suggest that the predicted median percentage

change from baseline BMD at 24 months is �2.2% (lower bound of

95% CI of �2.5%) (Figure 3), compared to �1.0% (lower bound of

95% CI of �1.2%) in the placebo group.

3.3 | Prediction of elagolix impact on long-term
postmenopausal fracture risk in women with uterine
fibroids

The FRAX tool was employed to extend the BMD model projections

to clinically relevant predictions of future fracture risk. When

accounting for the recovery in FN-BMD post elagolix 300 mg

BID + E2/NETA, the difference in 10-year risk of hip and major

osteoporosis fractures between the elagolix-treated and untreated

(ie, placebo) populations was less than 0.01% (Figure 4B). The

median age of UF patients receiving 24-month elagolix BID + E2/

NETA treatment reaching the risk-based threshold for anti-

osteoporosis treatment was the same as for untreated patients (age

72 years; Figure 4B). The difference in the proportion of patients

reaching the risk-based threshold for anti-osteoporosis treatment

F IGURE 2 Observed and model-
predicted bone mineral density loss in
phase 3 uterine fibroid clinical trials.
Observed and model-predicted
percentage change from baseline in
femoral neck bone mineral density (BMD)
for continuous treatment of elagolix
300 mg twice daily (BID) dosing with and
without add-back therapy (oestradiol

1 mg/norethindrone acetate 0.5 mg once
daily [QD] (E2/NETA]) are shown for
months 6 and 12. Median (bar plots),
2.5th and 97.5th percentiles around the
median (error bars) of the predicted
percentage change from baseline are
compared with the observed data

F IGURE 3 Simulated percentage change from baseline in femoral neck bone mineral density over time up to menopausal age for uterine
fibroid patients. Simulated percentage change from baseline in femoral neck bone mineral density (BMD) from median age of 43 up to
menopausal age of 51 for uterine fibroid patients. Simulations assume continuous treatment of placebo or elagolix 300 mg twice daily (BID) with
oestradiol 1 mg/norethindrone acetate (E2/NETA) 0.5 mg once daily (QD) dosing. Lines and shaded regions represent the median and 95%
confidence interval of the median. Dashed lines represent the 95% prediction interval
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between the untreated and treated groups was extremely small (less

than 0.01%; Figure 4B).

Without considering recovery in FN-BMD post-elagolix 300 mg

BID + E2/NETA, such risk differences increased as age increased,

although the differences were still small. For example, at age 72, pre-

menopausal women who received elagolix 300 mg BID + E2/NETA

for 24 months had an increase of 0.08% in 10-year risk of hip frac-

tures compared to placebo (Figure 5B). These women also had an

F IGURE 4 Predicted 10-year risk of hip and major osteoporotic fractures and proportion of uterine fibroids patients in need of osteoporosis
treatment up to postmenopausal age assuming full recovery. Simulated outcomes of difference to placebo in bone mineral density (BMD),
predicted 10-year risk of hip and major osteoporotic fractures (MOF) and calculated proportion of patients in need of osteoporosis treatment up
to postmenopausal age following 24-month elagolix treatment (300 mg twice daily [BID] with oestradiol 1 mg/norethindrone acetate 0.5 mg
once daily [QD]) in uterine fibroid patients. Simulations were performed assuming full recovery in BMD loss following elagolix treatment. Lines
and shaded regions represent predicted median and 95% prediction interval of the median for femoral neck BMD (A), 10-year risk of hip
fractures, MOF and proportion of patients in need of osteoporosis treatment (B). The dashed vertical lines represent the median age when a
typical UF patient may reach menopause (ie, 51 years) and the estimated median age when UF patients were recommended to initiate
osteoporosis treatment (ie, 72 years)

F IGURE 5 Predicted 10-year risk of hip and major osteoporotic fractures and proportion of uterine fibroids patients in need of osteoporosis
treatment up to postmenopausal age assuming no recovery. Simulated outcomes of difference to placebo in bone mineral density (BMD),
predicted 10-year risk of hip and major osteoporotic fractures (MOF), and calculated proportion of patients in need of osteoporosis treatment up
to postmenopausal age following 24-month elagolix treatment (300 mg twice daily [BID] with oestradiol 1 mg/norethindrone acetate 0.5 mg
once daily [QD]) in uterine fibroid patients. Simulations were performed assuming no recovery in BMD loss following elagolix treatment. Lines
and shaded regions represent predicted median and 95% prediction interval of the median for femoral neck BMD (A), 10-year risk of hip
fractures, MOF and proportion of patients in need of osteoporosis treatment (B). The dashed vertical lines represent the median age when a
typical UF patient may reach menopause (ie, 51 years) and the estimated median age when UF patients were recommended to initiate
osteoporosis treatment (ie, 72 years)
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increase of 0.2% in 10-year risk of MOF compared to the placebo

group (Figure 5B). The differences in the proportion of patients reach-

ing the risk-based threshold for anti-osteoporosis treatment between

the treated group without recovery and the placebo group also

increased as age increased, although the differences were small

(Figure 5B). An additional 0.8% of patients who received premenopau-

sal elagolix 300 mg BID + E2/NETA treatment for 24 months reached

the risk-based threshold for anti-osteoporosis treatment at age

72, compared to placebo. Therefore, without considering the post-

treatment recovery in FN-BMD, 125 patients (ie, NNH) needed to be

treated with elagolix 300 mg BID + E2/NETA for 24 months to cause

one additional patient to reach the risk-based threshold for initiating

anti-osteoporosis treatment at age 72. Supporting Information

Table S1 summarizes the impact of elagolix 300 mg BID + E2/NETA

1/0.5 mg QD treatment on the initiation of anti-osteoporosis treat-

ment at ages 45, 55, 65 and 75 years.

4 | DISCUSSION

Real-world data provide valuable information to describe the natural

history of physiological and pathophysiological events. In the case of

BMD changes, it offers an opportunity to contextualize the long-term

safety profile in a patient population when BMD loss is induced by

medical therapies such as chronic corticosteroids, chronic proton

pump inhibitors, GnRH agonists and antagonists, and injectable

progestin-only contraceptives. To inform regulatory decision making

with evidence beyond the observed clinical trial data, conducting a

quantitative evaluation becomes an essential part of the benefit-risk

evaluation for such therapies.

To understand the natural history of BMD in premenopausal

women and mitigate the need for long observational studies, publicly

available RWD from NHANES database and clinical trial data from

placebo cohorts consisting of women with endometriosis or uterine

fibroids were combined and analysed. Both data sources were utilized

in previous work to describe the dynamics of FN-BMD natural

changes due to aging to enable simulations of longitudinal BMD

changes over durations beyond the length of phase 3 clinical trials.25

For clinical relevance and to contextualize the BMD simulation results,

an epidemiological model was employed to translate the simulated

BMD changes into a long-term postmenopausal fracture risk. This

prior work provided the framework for extending this model to under-

stand BMD loss induced by medical therapies such as elagolix.

Previous assessments of BMD loss due to oestrogen-suppressing

medical therapies have been reported,29,35,36 but the natural BMD

changes could not be differentiated from medically induced changes

in BMD. The culmination of this work with the preceding foundational

work25 would have required decades of observations and clinical mea-

surements to generate an accurate benefit-risk assessment for

patients. To our knowledge, this is the first report that quantifies lon-

gitudinal adverse changes in FN-BMD in premenopausal women

caused by medical treatments using integrated modelling, RWD and

clinical trials data, with further translation to clinically relevant

predictions of fracture risk. Conceptually, a similar framework linking

the disciplines of pharmacology and disease epidemiology into a quan-

titative framework was previously implemented for the neuraminidase

inhibitor oseltamivir for the treatment of influenza by Kamal et al.37

The Bateman function was the basis for the development of the

exposure-response model for FN-BMD changes associated with ela-

golix treatment reported here. Exposure-BMD modelling using data

from three UF and four endometriosis phase 3 studies revealed an

exposure-response relationship between elagolix average plasma con-

centrations and changes in FN-BMD. This relationship was conceptu-

alized as an indirect response model with zero-order bone formation

and first-order bone resorption rates.

The estimated EC50 of 92.1 ng/mL is slightly lower than the pre-

dicted exposure with 300 mg BID dosing (median Cavg concentration

of 189 ng/mL with 5th and 95th percentiles of 97.2 and 391 ng/

mL).33 The model-predicted median percentage change in FN-BMD

for placebo (at month 6) and elagolix 300 mg BID + E2/NETA

(at months 6 and 12) is consistent with the observed bone loss. The

Emax for elagolix 300 mg BID monotherapy is estimated to be 3.1-fold

higher relative to coadministration with E2/NETA. Such a difference

is reflected in the small BMD change with 300 mg BID + E2/NETA

regimen (��1% BMD change from baseline after 12 months). Simula-

tions of elagolix 300 mg BID + E2/NETA suggest that the predicted

median percentage change from baseline FN-BMD at 24 months is

�2.2% (lower bound of 95% CI of �2.5%). These results suggest that

clinically relevant FN-BMD changes may not be expected in most

women with the approved dosage of elagolix 300 mg BID + E2/NETA

1/0.5 mg QD for 24 months (<1% placebo-corrected loss in FN-BMD

per year would be expected).

The impact of premenopausal elagolix 300 mg BID + E2/NETA

treatment on postmenopausal, long-term bone health and outcomes,

utilizing simulated UF patient populations and the FRAX tool, demon-

strated that the 10-year risk of fractures was minimal for elagolix with

hormonal add-back treatment, especially if considering the natural

recovery in FN-BMD post-elagolix treatment.30 Exposing women to

elagolix during premenopausal age also did not result in an earlier

initiation of anti-osteoporosis treatment when comparing predictions

based on clinical trial data in untreated and treated UF populations.

Based on the NNH analysis, an extremely large number (100 000

or more) of patients needed to be treated with elagolix 300 mg

BID + E2/NETA to cause one additional patient to reach the

risk-based threshold for anti-osteoporosis treatment when the

natural recovery in FN-BMD was taken into consideration. In the

worst-case scenario, assuming no recovery in FN-BMD, the NNH was

125 at the age of 72 years. For comparison, the NNH for renal

insufficiency in patients undergoing intensive blood pressure control

is 50.38 With respect to statin use over 5 years, the NNH for

diabetes is estimated between 125 and 250.39 Although this

worst-case scenario was evaluated, the UF phase 3 clinical trials

demonstrated post-treatment recovery in FN-BMD in both the

elagolix monotherapy and in combination with E2/NETA.30

These simulation results provide clinicians and other stakeholders

with additional quantitative evidence about the benefit-risk profile of

BECK ET AL. 5265



elagolix in UF patients, which can help guide clinical and economic

decision making regarding elagolix 300 mg BID + E2/NETA 1/0.5 mg

QD treatment for women with UF. One of the limitations in this

approach is related to an assumption that the clinical risk factors in

the UF patient population (ie, race, BMI and current smoking status)

from elagolix phase 3 trials used for the FRAX calculation of 10-year

risk of fractures is reflective of the entire patient population. This

assumption is reasonable given that the phase 3 trial populations were

UF patients that are expected to reflect the targeted patient popula-

tion in the real world.

Another limitation is related to the effect of different reference

ranges in BMD on the diagnosis of osteoporosis. Calculation of T-

scores should ideally be based on peak BMD levels and standard devi-

ations using ethnicity-specific reference ranges. The FRAX calculation

for 10-year risk of major osteoporotic fracture for black women is less

than half that for white women with identical risk factors,40 which

could potentially delay intervention with osteoporosis therapy.

Despite the limitations, the FRAX tool provides a quantitative estima-

tion of fracture risk, especially considering that the difference in

10-year risk between untreated (ie, placebo) and treated populations

was used herein to extend the BMD model projections to clinically

relevant predictions of future fracture risk.

In conclusion, results from these analyses highlighted key elagolix

exposure-safety relationships and supported the approval of elagolix

300 mg BID + E2/NETA 1/0.5 mg QD for a treatment duration of

24 months for the management of HMB associated with UF. The

combined utility of RWD and exposure-response modelling to quanti-

tatively describe the BMD trajectory in premenopausal women

beyond the limited clinical trials data, and to assess long-term post-

menopausal fracture risk, highlights the importance of collaboration

among various quantitative disciplines within drug development in

assessing the benefit-risk of new medical treatments. In the case of

elagolix with low-dose hormonal add-back therapy, this work enabled

approval of longer treatment duration to benefit the patient.

ACKNOWLEDGMENTS

The authors thank AbbVie employees Stormy Koeniger, PhD for medi-

cal writing support, Esteban Hernandez Maldonado for programming

support and Ryan Kilpatrick for contributing to the idea of translating

the BMD trajectory into long-term fracture risk. This study was

funded by AbbVie. AbbVie contributed to the study design, research

and interpretation of the data and the writing, review and approval of

the manuscript.

COMPETING INTERESTS

D.B., I.W., N.M.M., S.E.C. and M.S. are employees of AbbVie and may

hold AbbVie stock or stock options. C.O. is a former AbbVie employee

and may hold stock or stock options. W.G. is an employee of Analysis

Group, Inc., which has received consulting fees from AbbVie.

CONTRIBUTIORS

D.B., I.W. and M.S. wrote the manuscript. D.B., I.W., N.M.M, S.E.C,

C.O. and M.S. designed the research. D.B., I.W. and M.S. performed

the research. D.B. and W.G. analysed the data. All authors participated

in the revising of the manuscript.

CONSENT TO PARTICIPATE

All participants provided written consent prior to participation or

study-related procedures.

CONSENT FOR PUBLICATION

All individual participants signed informed consent regarding publish-

ing their data.

TRIAL REGISTRATION

ClinicalTrials.gov identifiers: NCT01620528 (EM-1), NCT01760954

(EM-1-Extend), NCT01931670 (EM-2), NCT02143713 (EM-

2-Extend), NCT02654054 (UF-1), NCT02691494 (UF-2),

NCT0295494 (UF-Extend).

DATA AVAILABILITY STATEMENT

AbbVie is committed to responsible data sharing regarding the clinical

trials we sponsor. This includes access to anonymized, individual and

trial-level data (analysis data sets), as well as other information (eg,

protocols and Clinical Study Reports), as long as the trials are not part

of an ongoing or planned regulatory submission. This includes

requests for clinical trial data for unlicensed products and indications.

This clinical trial data can be requested by any qualified researchers

who engage in rigorous, independent scientific research, and will be

provided following review and approval of a research proposal and

Statistical Analysis Plan (SAP) and execution of a Data Sharing Agree-

ment (DSA). Data requests can be submitted at any time and the data

will be accessible for 12 months, with possible extensions considered.

For more information on the process, or to submit a request, visit the

following link: https://www.abbvie.com/our-science/clinical-trials/

clinical-trials-data-and-information-sharing/data-and-information-

sharing-with-qualified-researchers.html

ORCID

Insa Winzenborg https://orcid.org/0000-0003-4015-7451

Mohamad Shebley https://orcid.org/0000-0002-0147-8933

REFERENCES

1. Borah BJ, Nicholson WK, Bradley L, Stewart EA. The impact of

uterine leiomyomas: a national survey of affected women.

Am J Obstet Gynecol. 2013;209(4):319 e1-319 e20. doi:10.1016/j.

ajog.2013.07.017

2. Ghant MS, Sengoba KS, Recht H, Cameron KA, Lawson AK,

Marsh EE. Beyond the physical: a qualitative assessment of the

burden of symptomatic uterine fibroids on women's emotional and

psychosocial health. J Psychosom Res. 2015;78(5):499-503. doi:10.

1016/j.jpsychores.2014.12.016

3. Pokrzywinski RM, Soliman AM, Chen J, et al. Achieving clinically

meaningful response in endometriosis pain symptoms is associated

with improvements in health-related quality of life and work produc-

tivity: Analysis of 2 phase III clinical trials. Am J Obstet Gynecol. 2019;

222(6):592.e1-592.e10. doi:10.1016/j.ajog.2019.11.1255

4. Stewart EA. Uterine fibroids. The Lancet. 2001;357(9252):293-298.

doi:10.1016/S0140-6736(00)03622-9

5266 BECK ET AL.

http://ClinicalTrials.gov
https://www.abbvie.com/our-science/clinical-trials/clinical-trials-data-and-information-sharing/data-and-information-sharing-with-qualified-researchers.html
https://www.abbvie.com/our-science/clinical-trials/clinical-trials-data-and-information-sharing/data-and-information-sharing-with-qualified-researchers.html
https://www.abbvie.com/our-science/clinical-trials/clinical-trials-data-and-information-sharing/data-and-information-sharing-with-qualified-researchers.html
https://www.abbvie.com/our-science/clinical-trials/clinical-trials-data-and-information-sharing/data-and-information-sharing-with-qualified-researchers.html
https://orcid.org/0000-0003-4015-7451
https://orcid.org/0000-0003-4015-7451
https://orcid.org/0000-0002-0147-8933
https://orcid.org/0000-0002-0147-8933
info:doi/10.1016/j.ajog.2013.07.017
info:doi/10.1016/j.ajog.2013.07.017
info:doi/10.1016/j.jpsychores.2014.12.016
info:doi/10.1016/j.jpsychores.2014.12.016
info:doi/10.1016/j.ajog.2019.11.1255
info:doi/10.1016/S0140-6736(00)03622-9


5. Surrey E, Taylor HS, Giudice L, et al. Long-term outcomes of

elagolix in women with endometriosis: results from two extension

studies. Obstet Gynecol. 2018;132(1):147-160. doi:10.1097/AOG.

0000000000002675

6. Rein MS, Barbieri RL, Friedman AJ. Progesterone: a critical role in the

pathogenesis of uterine myomas. Am J Obstet Gynecol. 1995;172(1 Pt

1):14-18. doi:10.1016/0002-9378(95)90077-2

7. Andersen J. Growth factors and cytokines in uterine leiomyomas.

Semin Reprod Endocrinol. 1996;14(3):269-282. doi:10.1055/s-2007-

1016336

8. Barbieri RL. Hormone treatment of endometriosis: the estrogen

threshold hypothesis. Am J Obstet Gynecol. 1992;166(2):740-745. doi:

10.1016/0002-9378(92)91706-g

9. Vaananen HK, Harkonen PL. Estrogen and bone metabolism. Maturi-

tas. 1996;23(Suppl):S65-S69. doi:10.1016/0378-5122(96)01015-8

10. Barra F, Grandi G, Tantari M, Scala C, Facchinetti F, Ferrero S. A com-

prehensive review of hormonal and biological therapies for endome-

triosis: latest developments. Expert Opin Biol Ther. 2019;19(4):343-

360. doi:10.1080/14712598.2019.1581761

11. Huirne JAF, Lambalk CB. Gonadotropin-releasing-hormone-receptor

antagonists. The Lancet. 2001;358(9295):1793-1803. doi:10.1016/

S0140-6736(01)06797-6

12. Ng J, Chwalisz K, Carter DC, Klein CE. Dose-dependent suppression

of gonadotropins and ovarian hormones by elagolix in healthy preme-

nopausal women. J Clin Endocrinol Metab. 2017;102(5):1683-1691.

doi:10.1210/jc.2016-3845

13. Shebley M, Polepally AR, Nader A, et al. Clinical pharmacology of ela-

golix: An oral gonadotropin-releasing hormone receptor antagonist

for endometriosis. Clin Pharmacokinet. 2020;59(3):297-309. doi:10.

1007/s40262-019-00840-7

14. Siris E, Brenneman S, Barrett-Connor E, et al. The effect of age and

bone mineral density on the absolute, excess, and relative risk of frac-

ture in postmenopausal women aged 50-99: results from the National

Osteoporosis Risk Assessment (NORA). Osteoporos Int. 2006;17(4):

565-574. doi:10.1007/s00198-005-0027-4

15. Dagan N, Cohen-Stavi C, Leventer-Roberts M, Balicer RD. External

validation and comparison of three prediction tools for risk of osteo-

porotic fractures using data from population based electronic health

records: retrospective cohort study. BMJ. 2017;356:i6755. doi:10.

1136/bmj.i6755

16. Lewiecki EM, Gordon CM, Baim S, et al. International Society for Clin-

ical Densitometry 2007 Adult and Pediatric Official Positions. Bone.

2008;43(6):1115-1121. doi:10.1016/j.bone.2008.08.106

17. DiVasta AD, Feldman HA, Sadler Gallagher J, et al. hormonal

add-back therapy for females treated with gonadotropin-releasing

hormone agonist for endometriosis: A randomized controlled

trial. Obstet Gynecol. 2015;126(3):617-627. doi:10.1097/AOG.

0000000000000964

18. Mitwally MF, Gotlieb L, Casper RF. Prevention of bone loss and

hypoestrogenic symptoms by estrogen and interrupted progestogen

add-back in long-term GnRH-agonist down-regulated patients with

endometriosis and premenstrual syndrome. Menopause (New York,

NY). 2002;9(4):236-241. doi:10.1097/00042192-200207000-00004

19. Surrey ES. Add-back therapy and gonadotropin-releasing hormone

agonists in the treatment of patients with endometriosis: can a con-

sensus be reached? Add-Back Consensus Working Group. Fertil Steril.

1999;71(3):420-424. doi:10.1016/s0015-0282(98)00500-7

20. Carr BR, Stewart EA, Archer DF, et al. Elagolix alone or with add-back

therapy in women with heavy menstrual bleeding and uterine leio-

myomas: A randomized controlled trial. Obstet Gynecol. 2018;132(5):

1252-1264. doi:10.1097/AOG.0000000000002933

21. Wu D, Hu M, Hong L, et al. Clinical efficacy of add-back therapy in

treatment of endometriosis: a meta-analysis. Arch Gynecol Obstet.

2014;290(3):513-523. doi:10.1007/s00404-014-3230-8

22. Orilissa™ (elagolix) [United States package insert]. North Chicago, IL:

AbbVie Inc.; 2018.

23. Abbas Suleiman A, Nader A, Winzenborg I, et al. Exposure-safety ana-

lyses identify predictors of change in bone mineral density and sup-

port elagolix labeling for endometriosis-associated pain. CPT

Pharmacometrics Syst Pharmacol. 2020;9(11):639-648. doi:10.1002/

psp4.12560

24. Kanis JA, McCloskey EV, Johansson H, Oden A, Melton LJ,

Khaltaev N. A reference standard for the description of osteoporosis.

Bone. 2008;42(3):467-475. doi:10.1016/j.bone.2007.11.001

25. Beck D, Winzenborg I, Gao W, et al. Integrating real-world data and

modeling to project changes in femoral neck bone mineral density

and fracture risk in premenopausal women. Clin Transl Sci. 2021;

14(4):1452-1463. doi:10.1111/cts.13006

26. Kanis JA, Johnell O, Oden A, Johansson H, McCloskey E. FRAX™ and

the assessment of fracture probability in men and women from the

UK. Osteoporos Int. 2008;19(4):385-397. doi:10.1007/s00198-007-

0543-5

27. Kanis JA, Oden A, Johnell O, et al. The use of clinical risk factors

enhances the performance of BMD in the prediction of hip and oste-

oporotic fractures in men and women. Osteoporos Int. 2007;18(8):

1033-1046. doi:10.1007/s00198-007-0343-y

28. Kanis JA, Johnell O, De Laet C, Jonsson B, Oden A, Ogelsby AK. Inter-

national variations in hip fracture probabilities: implications for risk

assessment. J Bone Miner Res. 2002;17(7):1237-1244. doi:10.1359/

jbmr.2002.17.7.1237

29. Schlaff WD, Ackerman RT, Al-Hendy A, et al. Elagolix for heavy men-

strual bleeding in women with uterine fibroids. N Engl J Med. 2020;

382(4):328-340. doi:10.1056/NEJMoa1904351

30. Simon JA, Al-Hendy A, Archer DF, et al. Elagolix treatment for up to

12 months in women with heavy menstrual bleeding and uterine leio-

myomas. Obstet Gynecol. 2020;135(6):1313-1326. doi:10.1097/AOG.

0000000000003869

31. Taylor HS, Giudice LC, Lessey BA, et al. Treatment of endometriosis-

associated pain with elagolix, an oral GnRH antagonist. N Engl J Med.

2017;377(1):28-40. doi:10.1056/NEJMoa1700089

32. Centers for Disease Control and Prevention (CDC). National Center

for Health Statistics (NCHS). National Health and Nutrition Examina-

tion Survey. Accessed March 06, 2019. https://www.cdc.gov/nchs/

nhanes/. updated 2019 January 07.

33. Beck D, Winzenborg I, Liu M, et al. Population pharmacokinetics of

elagolix in combination with low-dose estradiol/norethindrone ace-

tate in women with uterine fibroids. Clin Pharmacokinet. 2021;61(4):

577-587. doi:10.1007/s40262-021-01096-w

34. Cosman F, de Beur SJ, LeBoff MS, et al. Clinician's Guide to Preven-

tion and Treatment of Osteoporosis. Osteoporos Int. 2014;25(10):

2359-2381. doi:10.1007/s00198-014-2794-2

35. Al-Hendy A, Lukes AS, Poindexter AN 3rd, et al. Treatment of uterine

fibroid symptoms with relugolix combination therapy. N Engl J Med.

2021;384(7):630-642. doi:10.1056/NEJMoa2008283

36. Binkley N, Besuyen R, Fuerst T, Skillern L, Hans D. Is drug-induced

bone loss acceptable in premenopausal women? A practical fracture

risk modeling exercise. Osteoporos Int. 2017;28(12):3501-3513. doi:

10.1007/s00198-017-4258-y

37. Kamal MA, Smith PF, Chaiyakunapruk N, et al. Interdisciplinary phar-

macometrics linking oseltamivir pharmacology, influenza epidemiol-

ogy and health economics to inform antiviral use in pandemics. Br J

Clin Pharmacol. 2017;83(7):1580-1594. doi:10.1111/bcp.13229

38. Tsivgoulis G, Safouris A, Kim DE, Alexandrov AV. Recent advances in

primary and secondary prevention of atherosclerotic stroke. J Stroke.

2018;20(2):145-166. doi:10.5853/jos.2018.00773.e1

39. Beckett RD, Schepers SM, Gordon SK. Risk of new-onset

diabetes associated with statin use. SAGE Open Med. 2015;3:

2050312115605518. doi:10.1177/2050312115605518

BECK ET AL. 5267

info:doi/10.1097/AOG.0000000000002675
info:doi/10.1097/AOG.0000000000002675
info:doi/10.1016/0002-9378(95)90077-2
info:doi/10.1055/s-2007-1016336
info:doi/10.1055/s-2007-1016336
info:doi/10.1016/0002-9378(92)91706-g
info:doi/10.1016/0378-5122(96)01015-8
info:doi/10.1080/14712598.2019.1581761
info:doi/10.1016/S0140-6736(01)06797-6
info:doi/10.1016/S0140-6736(01)06797-6
info:doi/10.1210/jc.2016-3845
info:doi/10.1007/s40262-019-00840-7
info:doi/10.1007/s40262-019-00840-7
info:doi/10.1007/s00198-005-0027-4
info:doi/10.1136/bmj.i6755
info:doi/10.1136/bmj.i6755
info:doi/10.1016/j.bone.2008.08.106
info:doi/10.1097/AOG.0000000000000964
info:doi/10.1097/AOG.0000000000000964
info:doi/10.1097/00042192-200207000-00004
info:doi/10.1016/s0015-0282(98)00500-7
info:doi/10.1097/AOG.0000000000002933
info:doi/10.1007/s00404-014-3230-8
info:doi/10.1002/psp4.12560
info:doi/10.1002/psp4.12560
info:doi/10.1016/j.bone.2007.11.001
info:doi/10.1111/cts.13006
info:doi/10.1007/s00198-007-0543-5
info:doi/10.1007/s00198-007-0543-5
info:doi/10.1007/s00198-007-0343-y
info:doi/10.1359/jbmr.2002.17.7.1237
info:doi/10.1359/jbmr.2002.17.7.1237
info:doi/10.1056/NEJMoa1904351
info:doi/10.1097/AOG.0000000000003869
info:doi/10.1097/AOG.0000000000003869
info:doi/10.1056/NEJMoa1700089
https://www.cdc.gov/nchs/nhanes/
https://www.cdc.gov/nchs/nhanes/
info:doi/10.1007/s40262-021-01096-w
info:doi/10.1007/s00198-014-2794-2
info:doi/10.1056/NEJMoa2008283
info:doi/10.1007/s00198-017-4258-y
info:doi/10.1111/bcp.13229
info:doi/10.5853/jos.2018.00773.e1
info:doi/10.1177/2050312115605518


40. Kanis JA, Cooper C, Dawson-Hughes B, et al. FRAX and ethnicity.

Osteoporos Int. 2020;31(11):2063-2067. doi:10.1007/s00198-020-

05631-6

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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