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Abstract

Background: Advancements in therapies for patients with cystic fibrosis (CF) have decreased mortality, leading to
increased prevalence of chronic complications including bone disease. CF-related bone disease (CFBD) is
characterized by low bone mineral density (BMD) and fragility fractures. Estrogen deficiency increases bone
resorption, resulting in decreased BMD that can be restored with estrogen replacement. Current CF guidelines
recommend treating female hypogonadal patients with CFBD with estrogen replacement, but no prospective study
has investigated the effects of estrogen supplementation on CFBD. Estrogen is known to modulate inflammatory
markers and autoimmune diseases.
We proposed to test the hypothesis that estrogen status plays a critical role in optimizing bone health, modulating
inflammation, preserving lung function, and maximizing quality of life in premenopausal women with CF.

Methods: We planned a randomized, placebo-controlled, investigator- and patient-blinded, pilot trial with two
parallel arms. Eligible subjects were women with CF 18–50 years old with hypogonadism and low BMD who were
not taking systemic glucocorticoids, had not had a prior transplant, and did not have contraindications to oral
estradiol. Subjects would be block randomized to receive oral estradiol or placebo for 6 months. The primary
outcome was feasibility metrics. Secondary outcomes included relative changes in estradiol, bone turnover markers,
lung function, inflammatory markers, and quality of life metrics. The study was funded through departmental funds.

Results: Of 233 subjects screened, 86 subjects were women with CF 18–50 years old and none were eligible for
participation. Most subjects were excluded due to absent DXA report (24%), normal BMD (22%), or use of systemic
estrogen (16%). Due to difficulty recruiting the planned 52 subjects, the trial was closed for recruitment and no
subjects were randomized.

Conclusion: This study was designed to investigate the feasibility of a safety and efficacy trial of estrogen therapy
for women with CF. Unfortunately, due to eligibility criteria, the study was unable to recruit subjects. This feasibility
study highlights the need for improved BMD screening in young women with CF. Future study designs may
require the incorporation of a screening DXA as part of subject recruitment.

Trial registration: The study was registered on ClinicalTrials.gov (NCT03724955).
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Key messages regarding feasibility

1) What uncertainties existed regarding the feasibility?

A study to recruit and identify hypogonadal women
with cystic fibrosis (CF) with low bone mineral density
(BMD) had not been performed before, so it was un-
known if sufficient numbers of subjects could be identi-
fied or if oral estradiol would be tolerated.

2) What are the key feasibility findings?

A low rate of dual x-ray absorptiometry (DXA) screening
at our local center and comorbid conditions potentially in-
creasing the risk for subjects for an adverse event in the
intervention group of estradiol precluded investigators from
achieving target recruitment numbers. Our center’s adher-
ence to national guidelines for screening for CF-related bone
disease with DXA was on par with national averages, but
was still low highlighting the need for increased attention to
this important extra-pulmonary manifestation of CF.
Unfortunately, 21% of patients screened had not had any
DXA performed for routine screening in adults with CF. Per
national guidelines, patients with low BMD (T or Z score
< − 1) are recommended to have an evaluation for hypo-
gonadism, but none of the patients with low bone mineral
density had laboratory evaluation for hypogonadism. The
use of systemic estrogen (mostly ethinyl estradiol in contra-
ceptive products) at our center was 16% which was consist-
ent with previously reported rates of 17–30%; however, this
was higher than anticipated by physicians in the CF center.

3) What are the implications of the feasibility findings
for the design of the main study?

Refinements in future study design may include a wash-
out period for women already on estrogen and conducting
a DXA test at the time of enrollment. Systematic quality
improvement initiatives may also be needed at centers to
improve adherence to screening for CF-related bone dis-
ease to identify local barriers to having the DXA per-
formed at the recommended intervals. Involvement of an
endocrinologist or other expert in metabolic bone disease
for interpretation and management of bone disease may
also improve screening for CF-related bone disease.

Introduction
CF is a life-shortening genetic condition affecting ap-
proximately 30,000 people in the USA [1]. Previously

considered a pediatric disease, recent advancements in
therapies for CF have increased the median age of
survival above 40 years [1]. This longevity results in an
increased prevalence of complications including CF-
related bone disease (CFBD), which affects over 26% of
adults with CF [1]. CFBD increases the risk for low-
impact [2] and vertebral fractures [3]. Thoracic fractures
limit patients’ ability to perform daily therapies necessary
to maintain optimal lung health [3]. CFBD is a multi-
factorial disease stemming from nutritional deficiencies
including vitamin D deficiency due to exocrine pancreas
insufficiency, chronic inflammation, glucocorticoid ther-
apy, hypogonadism, physical inactivity [3, 4], and the
presence of the disease-causing cystic fibrosis transmem-
brane conductance regulator (CFTR) mutation expressed
on osteoblasts and osteoclasts [5].
Although the CF Foundation recommends treatment

of hypogonadism in patients with CF and low BMD [3,
6], no clinical trial has evaluated if the bone health of
hypogonadal women with CF can be improved by estra-
diol replacement. Estrogen deficiency increases bone
resorption resulting in decreased BMD and increased
fracture risk which can be restored with estrogen re-
placement [7]. The International Osteoporosis Founda-
tion and the International Federation of Clinical
Chemistry and Laboratory Medicine recommend moni-
toring C-terminal telopeptide of collagen I (CTX-1,
reflecting bone resorption) and procollagen type I N-
terminal propeptide (P1NP, reflecting bone formation)
as markers of bone turnover [8, 9]. Markers of bone re-
sorption have been previously described as dispropor-
tionately elevated compared to markers of bone
formation in patients with CF consistent with inadequate
accrual and net loss of bone [10].
Women with CF have pubertal delay, irregular menses, fer-

tility problems, and decreased quality of life [11], which can all
be related to untreated hypogonadism. Oral contraceptives
and condoms are the most common forms of contraception
used by patients with CF [12]. Retrospective and prospective
studies of estrogen supplementation in women with CF have
not demonstrated increased morbidity [13–15].
The overall objective of this pilot study was to investi-

gate the feasibility of conducting a future study of the
effect of estrogen supplementation on clinical outcomes,
bone health, sexual health, reproductive health, lung
health, and inflammation in women with CF using a
single center, randomized, placebo-controlled, double-
blinded trial in women with CF who have low estrogen
levels and low BMD.
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Materials and methods
Overview of study design
The overview of the study design is shown in Fig. 1.

Hypothesis and aims
We hypothesized that estrogen supplementation given
to hypogonadal women with CF and low BMD would
improve their bone health. As a feasibility study, the pri-
mary aim was to test feasibility metrics of recruitment,
retention, adherence, and completion of participants.
The secondary aim was to test whether 2 mg of oral es-
tradiol taken daily for 6 months would raise a subjects’
serum estradiol concentration compared to placebo.
Additional exploratory aims were to test whether estra-
diol supplementation improves bone health as measured
by relative changes in C-terminal telopeptide of collagen
I (CTX-1) and procollagen type I N-terminal propeptide
(P1NP), improves lung function as measured by forced
expiratory volume in 1 second (FEV1), reduces inflam-
mation as measured by number and phenotype of poly-
morphonuclear neutrophils (PMNs) in blood and airway
fluid, levels of IL8 and CRP in blood and level of IL8,
IL1beta, and neutrophil elastase in airway fluid, and
improved quality of life as measured by responses to a
disease-specific quality of life survey.

Sponsors
This was an investigator-initiated study supported by de-
partmental funds from the Emory University School of
Medicine Department of Medicine.

Subjects
Study investigators identified potential subjects for the
study by reviewing medical charts of patients scheduled
for routine clinical care at the outpatient CF center up
to one week in advance of the scheduled clinic visit. Pa-
tients were assessed for eligibility based on the inclusion
and exclusion criteria by examining the electronic med-
ical record and interviewing the subject during their
clinic visit. Potential study participants were approached
for informed consent. Patients whose responses sug-
gested that they were likely hypogonadal would be con-
sidered to meet the inclusion criteria of
hypoestrogenism, and they would be offered the oppor-
tunity to participate in the study so that subjects would
not have to return for a baseline study visit to collect
baseline data. Subjects’ baseline estradiol levels would be
confirmed to be less than 91.8 pmol/L before the subject
would be randomized.
The following criteria were used to determine eligibil-

ity for participation:

Inclusion criteria (1) Adult and adolescent female CF
patients (age between 18 and 50 years), (2) presenting to
the CF clinic for routine follow up of CF, (3) hypo-
gonadal women defined as estradiol level < 91.8 pmol/L,
(4) DXA within 2 years of enrollment with T or Z score
< − 1, and (5) able to tolerate oral medications.

Exclusion criteria (1) Inability to obtain or declined in-
formed consent from the subject and/or legally autho-
rized representative, (2) pregnancy, (3) too ill to
participate in study based on investigator’s or study

Fig. 1 Overview of study design
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team’s opinion, (4) current use of systemic estrogen, (5)
history of thromboembolic event within the previous 2
years, (6) history of migraines with aura, (7) hypercoagu-
lability including previous diagnosis of Factor V Leiden
or Protein C or S deficiency, (8) current smoker, (9) his-
tory of diagnosis with breast or uterine cancer, (10)
current significant liver disease with cholelithiasis or cir-
rhosis, (11) status post lung or liver transplantation, and
(12) current use of systemic steroids.

Intervention: oral estradiol
Subjects would be block randomized in blocks of 4 with
a 1:1 allocation ratio to parallel groups of intervention
and placebo. The randomization code was performed by
a biostatistician not involved in the recruitment of sub-
jects. The study drug would be dispensed by the IDS to
the investigators with new labels to keep the study medi-
cation blinded to all study investigators, study staff, sub-
jects, care providers, and pharmacists. The intervention
group was to receive 2 mg estradiol oral daily for 6
months. The placebo group was to receive lactose. The
estradiol and placebo were crushed and placed into cap-
sules that were identical in color, shape and size. The in-
vestigational drug service (IDS) would dispense the
study drug in two 3-month aliquots. Subject adherence
was planned to be assessed by counting the number of
pills remaining in the bottle in which the study drug was
dispensed.

Feasibility metrics
The primary aim of this study was feasibility metrics. Re-
cruitment metrics to be monitored included a number
of clinic visits screened per month of recruitment, num-
ber of subjects enrolled per month, ratio of enrolled and
screen fails. Retention metrics included the number of
participants who dropped out and reason for drop out.
Adherence metrics included the number of participants
who adhered to the assignment and duration of adher-
ence to assigned treatment by participant. Completion
metrics included the number of participants who com-
pleted all procedures and duration from initiation of re-
cruitment to completion of last study procedure by last
participant.

Procedures
Approximately 16 mL of blood would be collected from
subjects’ peripheral vein into Benton-Dickinson vacutai-
ner tubes (Franklin Lakes, NJ): one 4 mL serum separ-
ator tube (SST) and two 6mL K2EDTA tubes. The
EDTA tubes were to be prepared as previously described
[16] by sequential centrifugation at 400G to generate a
cell pellet, and then the platelet-rich supernatant was to
be centrifuged at 3000G to isolate platelet-free plasma
for analysis. The cell pellet was to be resuspended with

sterile PBS and analyzed by flow cytometry. The
platelet-free plasma and serum would be stored at −
80 °C until batch analysis of biomarkers of inflammation
and bone turnover could be performed.
Estradiol and bone turnover markers were to be mea-

sured from stored serum. Estradiol concentration was to
be determined at baseline, 3-month and 6-month study
visits by competitive enzyme immunoassay (Parametric
Estradiol Kit, Catalog number KGE014, R&D Systems,
Minneapolis, MN). CTX-1, reflecting bone resorption,
and P1NP, reflecting bone formation, were to be mea-
sured at all study visits by automated chemiluminescent
assay (Catalog numbers: IS-3000 and IS-4000, Immuno-
diagnostic Systems, Gaithersburg, MD). As changes in
bone mineral density were not anticipated after only six
months of intervention, DXA was not planned to be a
measured outcome in this feasibility study.
Markers of inflammation: IL8 (Quantikine ELISA

Human IL8/CXCL8 Immunoassay, Catalog number
D8000C, R&D Systems, Minneapolis, MN) and C-
reactive protein (Quantikine ELISA Human CRP
Immunoassay, Catalog number DCRP00, R&D Systems,
Minneapolis, MN) were to be measured at all study visits
from plasma.
Sputum was to be collected from the study subjects.

Sputum specimens were to be prepared as previously de-
scribed [16]. Expectorated sputum was to be mixed with
ice-cold PBS, then mechanically dissociated via slow pas-
sage through a needle and then centrifuged at 400G to
isolate cell pellet, and then the supernatant was to be
centrifuged at 3000G to isolate airway fluid for analysis.
The sputum cell pellet was to be resuspended in PBS
and analyzed by flow cytometry. The airway fluid would
be stored at − 80 °C until batch analysis of biomarkers of
inflammation could be performed.
Markers of inflammation: IL8, IL1beta (Quantikine

ELISA Human IL-1β/IL-1F2 Immunoassay, Catalog
number DLB50, R&D Systems, Minneapolis, MN), and
neutrophil elastase (Human Neutrophil Elastase, Catalog
number DY9167-05, R&D Systems, Minneapolis, MN)
were planned to be measured at all study visits from
airway supernatant.
After processing, the cell pellets from expectorated

sputum and plasma specimens were to be assessed im-
mediately for PMN count and phenotype by flow cytom-
etry. Surface antibody markers of PMNs (CD45, CD63,
CD66b, human neutrophil elastase (hNE), and arginase 1
(ARG1)) were to be used to identify PMNs to be enu-
merated and characterize their phenotype. CD45 is a
marker of leukocytes; granulocytes including neutrophils
can be differentiated from other leukocytes by their scat-
ter and other antibody markers including CD115 which
would identify monocytes and macrophages to be ex-
cluded from PMN counts. A live/dead stain would be
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used to exclude dead PMNs from the PMN counts. Raw
flow cytometry data would be analyzed using FloJo soft-
ware and compared using non-parametric statistics
available in JMP Pro 13.0.
Subjects were scheduled to provide voided urine

specimen for assessment of pregnancy status prior to
enrollment by chromatographic immunoassay in indi-
vidualized urine cassettes (AimStep pregnancy test urine
cassette tests, Germaine Laboratories, San Antonio, Texas).
Three questionnaires were planned at each study visit.

(1) Cystic Fibrosis-Questionnaire-Revised (CFQ-R): a
disease-specific quality of life questionnaire and patient-
reported outcome. (2) The Life Space Assessment: a pa-
tient mobility questionnaire validated for CF; it has been
shown to correlate with physical activity in adults with
stable CF [17] and pulmonary function [18]. (3) Female
sexual function index-6: a brief tool to evaluate female
sexual dysfunction. At baseline, a food frequency ques-
tionnaire would also be administered to estimate cal-
cium and vitamin D intake.

Statistical analysis plan
Although this was a pilot study, we still performed a
sample size calculation based on the efficacy of the pro-
posed intervention. We calculated a sample size of 21
participants in each arm to be sufficient to detect a 2-
fold increase in estradiol concentration comparing treat-
ment and placebo groups based on a previous study in
post-pubertal young adult women with CF [19]. We an-
ticipated a 20% loss to follow-up and therefore proposed
to recruit 26 subjects per arm.
Clinical and demographic factors, treatment details,

and study outcomes would be described using standard
statistical methods. Changes in study outcomes between
groups were to be compared using the Student’s t test
and using two-way repeated measures ANOVA assessing
for differences by time, by group (estradiol vs placebo),
and the group-by-time interaction.

Ethics and data safety
This study was approved by the Emory University Insti-
tutional Review Board (IRB) (IRB00107135). It was regis-
tered at clinicaltrials.gov (NCT03724955). During study
visits, PI and co-investigators would monitor for adverse
events including nausea, abdominal cramping, bloating,
breast tenderness, thrombotic event, gallstones requiring
surgery, and acute pulmonary exacerbations of CF.

Confidentiality
All paper records and case report forms were planned to
be kept in locked file cabinets prior to data entry into
the electronic database. Each subject was to be labeled
with a unique study identifier which would be used to
link identifiable health information to their de-identified

information. Electronic files containing restricted or
confidential information were protected by password
and encryption.

Feasibility and preliminary results
The study was initiated on January 24, 2019. Subjects
were screened for enrollment in the study as described
in the sections above. After 12 weeks, we had screened
351 clinic visits and found only 1 subject who was eli-
gible based on the study protocol design (Table 1). A re-
view of all CF center clinic visits was conducted to
ensure that no possibly eligible subjects had been missed
during the screening period. The reasons for subjects’
ineligibility for the trial are presented in Tables 2 and 3.
If a patient had already been screened but was scheduled
for another CF center visit during the screening period,
the patient was screened again. A total of 86 unique
women with CF between the ages of 18 and 50 years
were screened for eligibility (Fig. 2). Their baseline char-
acteristics are presented in (Table 4). The most common
reason for a screen fail was not having had a DXA per-
formed (24%). Given the high rate of ineligibility for the
trial, the study was terminated on May 3, 2019.

Conclusions
Estrogen therapy for women is a widely available, rela-
tively well-tolerated, and relatively inexpensive therapy
compared to anabolic and anti-resorptive agents to pro-
mote bone health. Our feasibility study was designed to
provide preliminary evidence for a trial that would gen-
erate data to support or refute the current international
recommendations that hypogonadal women with a low
BMD (T or Z score < − 1) receive estrogen therapy for
the treatment of their CFBD [2, 3].

Table 2 Summary of findings of screening clinic visits

Total clinic visits screened 351

Exclusion: Male sex 154

Exclusion: Female patient 18–50 years screened but did
not come to appointment

23

Exclusion: Female sex, > 50 years 11

Exclusion: Female sex, < 18 years 1

Exclusion: Female sex, does not have CF 34

Clinic visits reviewed of women with CF 18–50 years 128

Table 1 Feasibility metrics averaged per month of recruitment

Number of subjects screened for eligibility per month 117

Number of female subjects with CF aged 18–50 years
screened for eligibility per month

41.3

Number of eligible screens 1

Number enrolled per month 0
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Our study’s inclusion criteria were designed to identify
these women for whom estrogen would be recom-
mended according to the current guidelines. The exclu-
sion criteria were selected to exclude women who would
be at higher risk for complications of estrogen therapy
such as thromboembolic event and exclude women with

confounders affecting bone health (use of systemic ste-
roids or having had a transplant). The strict inclusion
and exclusion criteria resulted in the exclusion of nearly
all potential subjects who were screened.
If we were to re-attempt to test the hypothesis that es-

trogen supplementation for hypogonadal women with
CF improves BMD as measured by DXA, then we would
not include a requirement that patients have a low BMD

Fig. 2 Consort flow diagram

Table 3 Reasons screened patients were ineligible

Women with CF between 18 and 50 years seen in CF clinic 86

Exclusion: pregnancy 3

Exclusion: current use of systemic estrogen 14

Exclusion: thromboembolic event in the previous 2 years 2

Exclusion: significant liver disease with cholelithiasis or cirrhosis 1

Exclusion: current smoker 2

Exclusion: current use of systemic steroids 2

Exclusion: status post lung transplant 2

Exclusion: DXA T or Z score > -1 19

Exclusion: no DXA result documented 21

Exclusion: no DXA performed in the last 2–5 years 3

Exclusion: no DXA performed in the last 2 years 3

Exclusion: too ill to participate 13

Exclusion: declined informed consent 1

Table 4 Baseline characteristics of screened subjects

Characteristic Mean (SD) or %

Mean age (years) 29.47 (7.63)

Female 100%

Caucasian 83.7%

F508del homozygous 47.7%

At least one copy of F508del CFTR mutation 83.7%

Use of CFTR modulator 44.2%

Average BMI (kg/m2) 22.6 (5.0)

FEV1 (% predicted) 66.0 (26.1)

CF-related diabetes 31.4%

Exocrine pancreatic insufficiency 89.5%

Should have been screened for hypogonadism
due to having low BMD

23.2%
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to be eligible because hypogonadal women are expected
to have bone loss regardless of their initial starting
BMD. Another strategy would be to incorporate a DXA
measurement as part of the study design. Similarly, in
redesigning the study, we would include women older
than 50 years of age. These older women were excluded
as presumptively postmenopausal which is a hypo-
gonadal state. A brief, 6-month, delay in the standard of
care of estrogen therapy is brief in the context of 10
years of recommended estrogen replacement after
menopause onset. Few women screened were over 50
years of age, likely reflecting that although the median
age of survival is now over 40 years, fewer patients with
CF are over 50 years old among the population followed
at a CF center. Including women over 50 years may not
have significantly increased the pool of potentially eli-
gible subjects. While the overall rate of osteoporosis
screening with DXA was below the national recommen-
dations, the rate of screening at our CF center for CFBD
with a DXA was on par with national averages [1].
The prevalence of estrogen use in the population was

informally estimated by physicians in the CF center to
be around 10%. During the screening process, the use of
estrogen was found to be 16% which is similar to previ-
ously reported rates of 17–30% contraceptive use by
women with CF at two adult CF centers and Poland
[20–22]. None of the women screened that were taking
estrogen were prescribed estrogen by providers affiliated
with the CF center, and so women who may have been
interested in taking estrogen for whatever reason such as
regulation of menses or contraception could already
have sought estrogen prescription from other healthcare
providers outside the CF center such as primary care
physicians or gynecologists and the remaining patients
not taking estrogen might not be interested in partici-
pating in a study where the intervention was estrogen.
The average dose of estrogen in oral contraceptives may
not be sufficient for restoration of bone density.
In summary, our double-blind, placebo-controlled, ran-

domized feasibility trial in women with cystic fibrosis and
estrogen deficiency to test the hypothesis that estrogen
improves bone health compared to placebo failed to reach
its enrollment targets. The failure to recruit for this study
was primarily due to study protocol exclusions including
women with ages out of range of the designed protocol,
current use of estrogen therapy, bone density results out
of range or not available, or too ill to participate. A
randomized prospective study is still needed to provide
evidence to support the current international recommen-
dations to treat women with cystic fibrosis with low bone
mineral density and hypogonadism with sex steroid
replacement. Refinements in future study design may
include a wash-out period for women already on estrogen,
conducting a DXA test at the time of enrollment, and/or

extending the inclusion/exclusion criteria to women of a
wider range of ages and estrogen status.

Lessons Learned about Recruitment:
Low rates of routine clinical screening for CF-related bone disease by
DXA limited the number of patients who could be evaluated for poten-
tial participation in this feasibility study. Design of future trial should
include a baseline DXA to avoid relying on data collected for routine
clinical care. More attention is needed on CF-related bone disease as na-
tional screening rates for CF-related bone disease are low, with a me-
dian of 54.2% of individuals with CF followed at a CF center who have
had a DXA in the last 5 years. Current national recommendations are
that all adults with CF have a DXA at least every 5 years, and more often
if the DXA T or Z score is <-1. The intervention in this feasibility study,
oral estradiol, should not be used in conjunction with ethinyl estradiol
which is commonly used in contraceptive products. The potential study
population should be assessed for baseline use of non-estradiol estro-
gen products and their potential interest in stopping non-estradiol
estrogen products in order to use estradiol. Patients with rare disease,
such as cystic fibrosis, may have multiple opportunities to participate
in research studies which may prevent their participation in another
research study. Coordination of “competing” trials requires oversight and
collaboration by investigators and could potentially be overseen by the
research arm of the local CF center.
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