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ABSTRACT
Fibrodysplasia ossificans progressiva (FOP) is an ultra-rare genetic disorder characterized by progressive heterotopic ossification
(HO), often heralded by flare-ups, leading to reduced movement and life expectancy. This placebo-controlled, double-blind trial
(NCT02190747) evaluated palovarotene, an orally bioavailable selective retinoic acid receptor gamma agonist, for prevention of
HO in patients with FOP. Patients experiencing a flare-up were enrolled in two cohorts: (1) patients ≥15 years were randomized
3:1 to palovarotene 10/5 mg (weeks 1–2/3–6) or placebo; (2) patients ≥6 years were randomized 3:3:2 to palovarotene 10/5 mg, palo-
varotene 5/2.5 mg (weeks 1–2/3–6), or placebo. Cohort data were pooled. The primary endpoint was the proportion of responders
(no/minimal new HO at flare-up body region by plain radiograph) at week 6. Change from baseline in HO volume and new HO inci-
dence were assessed by computed tomography (CT) at week 12. Tissue edemawas assessed bymagnetic resonance imaging (MRI) or
ultrasound. Forty patients (aged 7–53 years) were enrolled (placebo: n = 10; palovarotene 5/2.5 mg: n = 9; palovarotene 10/5 mg:
n= 21). Disease history was similar between groups. In the per-protocol population, the proportion of responders at week 6 by plain
radiograph was 100% with palovarotene 10/5 mg; 88.9% with palovarotene 5/2.5 mg; 88.9% with placebo (Cochran-Armitage trend
test: p = 0.17). At week 12, the proportions were 95.0% with palovarotene 10/5 mg; 88.9% with palovarotene 5/2.5 mg; 77.8% with
placebo (Cochran-Armitage trend test: p = 0.15). Week 12 least-squares mean (LSmean) new HO volume, assessed by CT, was
3.8 � 103mm3with palovarotene 10/5 mg; 1.3 � 103mm3with palovarotene 5/2.5 mg; 18.0 � 103mm3with placebo (pairwise tests
versus placebo: p ≤ 0.12). Palovarotene was well-tolerated. No patients discontinued treatment or required dose reduction; one
patient had dose interruption due to elevated lipase. Although these findings were not statistically significant, they support further
evaluation of palovarotene for prevention of HO in FOP in larger studies. © 2022 The Authors. Journal of Bone and Mineral Research
published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Fibrodysplasia ossificans progressiva (FOP; OMIM #135100) is
an ultra-rare genetic disorder with an estimated prevalence

of up to 1.4 per million individuals.(1) Beginning in childhood,
the disease is characterized by painful, recurrent, episodic extra-
skeletal bone formation, known as heterotopic ossification (HO),
often preceded by inflammatory soft tissue swelling, referred to
as flare-ups. Over time, HO results in progressive ankylosis of
major joints with resultant loss of movement; many individuals
with FOP are confined to a wheelchair by their 20s, requiring life-
long caregiver assistance to perform activities of daily living.(2-4)

The estimated median lifespan of individuals with FOP is
56 years;(5) death is often due to cardiorespiratory failure (as a
result of thoracic insufficiency syndromewhich is usually acceler-
ated by progressive restrictive chest wall disease).(2,5)

FOP is caused by activating missense mutations in the activin
A receptor type I gene (ACVR1; also known as activin-like kinase
2 [ALK2]), which encodes a bone morphogenetic protein (BMP)
type I receptor.(6) Approximately 97% of patients with FOP have
the same ACVR1R206H point mutation;(7) the mechanism of dis-
ease is therefore specific and provides a target for drug
development.(8) However, there are currently no effective treat-
ment options to prevent or block HO in FOP; current guidelines
recommend the use of corticosteroids and nonsteroidal anti-
inflammatory drugs for palliative management.(9)

HO in FOP occurs through an endochondral pathway.(10)

Retinoid signaling is a strong inhibitor of chondrogenesis, a
requisite step in endochondral ossification.(11) The retinoid
nuclear signaling pathway and nuclear retinoic acid receptors
(RARs) play essential roles in regulating chondrogenic differenti-
ation.(12,13) RARγ agonists potently impede heterotopic endo-
chondral ossification by downregulation of BMP signaling
in prechondrogenic cells by promoting the degradation of
BMP-pathway specific Smad 1/5/8 of the mutated ALK2/ACVR1
gene, and by redirecting prechondrogenic mesenchymal stem
cells from an osteoblast fate to a non-osseous soft tissue fate.(12)

Palovarotene is an orally bioavailable, selective RARγ agonist
originally developed for the treatment of chronic obstructive
pulmonary disease (COPD),(14) and is believed to act via this
pathway to prevent HO in animal models of FOP.(12,15,16) Across
indications in the palovarotene clinical programme, over 1200
individuals have received at least one dose of palovarotene,
including 309 healthy volunteers, 611 patients with COPD,
164 patients with FOP, and 129 patients with multiple
osteochondromas.

Here, we present the results from a randomized, double-blind,
placebo-controlled, phase 2, interventional, dose-finding trial to
evaluate the ability of different doses of palovarotene to prevent
HO following flare-ups in patients with FOP. The effect of palo-
varotene on flare-up symptoms and patient-reported outcomes
(PROs) was also investigated.

Patients and Methods

Patients

Patients included were ≥6 years of age, clinically diagnosed with
classic FOP, had flare-up onset in an appendicular area, abdo-
men, or chest within 7 days prior to randomization, and were
receiving current standard of care.(9) Flare-ups were defined by
the presence of two or more patient-reported symptoms of pain,
soft tissue swelling, decreased range of motion, stiffness,

redness, or warmth,(17) and were required to be confirmed by
the investigator and have a patient-reported onset date. Sexually
active patients were required to agree to remain abstinent or use
two highly effective forms of birth control. Pregnancy testing
was performed before and during treatment in females of
child-bearing potential. All patients gave signed and dated
informed patient/parent consent or age-appropriate assent
(as per local regulations).

Trial design

Patients were enrolled in this phase 2, multicenter, randomized,
double-blind, sponsor-unblinded, placebo-controlled, dose-ranging
trial (Clinical Trials: https://clinicaltrials.gov/ct2/show/NCT02190747)
within 7 days of flare-up onset (day of first dose of study treat-
ment was considered baseline). Enrollment was followed by a
6-week treatment period, then a 6-week follow-up period (Fig.
S1). Patients were randomized within two cohorts, each of
which continued for the duration of the study (Fig. 1).
For each cohort, a list of patient numbers and randomized
treatment allocations was prepared and allocated via an inter-
active web response system; treatment allocations remained
blinded. Cohort 1 was specified to include patients aged
≥15 years randomized 3:1 to oral palovarotene 10 mg daily
for 2 weeks followed by 5 mg for 4 weeks (palovarotene
10/5 mg; weeks 1–2/3–6) or placebo for 6 weeks (weeks 1–6).
A Data Monitoring Committee (DMC) review of unblinded
safety and efficacy data from Cohort 1 recommended that the
trial proceed as planned and determined appropriate dosing
regimens for Cohort 2. In Cohort 2, patients aged ≥6 years were
randomized 3:3:2 to palovarotene 10/5 mg, palovarotene 5 mg
daily for 2 weeks followed by 2.5 mg for 4 weeks (palovarotene
5/2.5 mg; weeks 1–2/3–6), or placebo for 6 weeks; doses in
Cohort 2 were weight-adjusted as in Table S1.

The first patient was enrolled in July 2014 and the last patient
completed the trial in May 2016. All study sites (United States:
n = 2; France: n = 1; United Kingdom: n = 1) obtained approval
from their local institutional review boards and complied with all
applicable national, local, ethical, and regulatory guidelines.

Imaging endpoints

The schedule of assessments is shown in Table S2. The primary
efficacy endpoint was the proportion of responders in the ante-
rior and lateral projections of the flare-up body region assessed
by plain radiograph at week 6. Responders were defined as those
with no or minimal new HO at the flare-up body region, as indi-
cated by a HO score ≤3 on a scale from 0 to 6 (lower score indi-
cates less HO; Table S3).(18) Secondary endpoints included the
same assessment at week 12, the volume of new HO at the
flare-up body region (assessed by low-dose computed tomogra-
phy [CT] scan) at weeks 6 and 12, and presence of soft tissue
swelling/edema at the flare-up body region (assessed by mag-
netic resonance imaging [MRI] or ultrasound in patients unable
to undergo MRI).

Plain radiographs were initially chosen as an imaging modal-
ity due to ease of performance and limited radiation exposure,
being the standard imaging procedure used in the clinical care
of patients with FOP at the time of the study design and allowing
scoring of HO as in Table S3. However, examination of both plain
radiographs and CT scans demonstrated that CT scans were
more sensitive in the quantification of the amount of new HO
than plain radiographs. Thus, additional non-prespecified
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analyses included the proportion of patients with any new HO at
the flare-up body region at weeks 6 and 12 as assessed by CT
scans (or plain radiograph if CT scans were not available). First,
qualitative assessment of scans was performed by readers to
determine whether or not any newHOwas present; no threshold
values for voxel or pixel intensity were used. If new HO was
deemed to be present at the flare-up body region, volume of
new HO was assessed by CT scan and area of new HO by plain
radiograph.

Interpretations of radiographic, CT, MRI, and ultrasound
images were performed at a central imaging laboratory using
two prespecified procedures. In the primary read (performed
by two independent treatment-blinded musculoskeletal radiolo-
gists with consensus adjudication to agree on each final read
result), the presence/absence, volume, and area of baseline HO
and postbaseline new HO, and soft tissue edema were recorded
on each relevant imaging modality at the flare-up body region.
Readers independently compared baseline and postbaseline
images within a modality. Each imaging modality was assessed
independently for HO and/or soft tissue edema; comparisons
could not be made between modalities.

A global read was subsequently performed to determine the
presence/absence and severity of edema and new HO at the
flare-up body region through full evaluation of all images across
all modalities and time points in conjunction. Volume and area of
new postbaseline HO were not recalculated in the global read. In
the global read process, one of the central imaging laboratory
musculoskeletal radiologists, an independent musculoskeletal
consultant radiologist, an independent consultant ultrasound
radiologist, and the investigators (all of whom were treatment-
blinded) met to read all scans across all modalities and time
points, with consensus adjudication to agree on each final read
result. This global read process was added to reduce potential

variability created by the original, prospective primary read
process.

For outcomes for which both a primary read and a global read
were performed (presence/absence and severity of new HO and
edema), global read values were prioritized for reporting as this
more comprehensive process is believed to assess flare-up out-
comes more accurately. For other imaging outcomes (volume
and area of new HO) where no global read was performed,
primary read values are reported.

Flare-up symptoms and duration

Flare-up duration was determined using a daily diary in which
patients indicated “yes” or “no” in response to the question
“Is your flare-up still ongoing?”. Flare-up resolution was defined
as the day after the last “yes” response was recorded. Changes
from baseline in patient-reported pain and swelling at the
flare-up body region were assessed using numeric rating scales
(NRS) at weeks 2, 4, 6, 9, and 12. Scores ranged from 0 (no pain
or swelling) to 10 (worst pain or swelling ever experienced).
For children <8 years of age, pain was assessed using the
Faces Pain Scale-Revised (FPS-R), for which scores ranged from
0 (no pain) to 10 (very much pain).(19)

Patient-reported outcome measures

Changes from baseline in physical function and ability to per-
form activities of daily living were assessed using age-
appropriate FOP-Physical Function Questionnaire (FOP-PFQ)
forms administered at weeks 2, 4, 6, 9, and 12.(20-22) Scores were
expressed as a percentage of the worst possible score; lower
percentages indicated better functioning.

Changes from baseline in physical and mental health were
assessed at weeks 2, 4, 6, 9, and 12 using the Patient-Reported

Fig. 1. Schematic showing the randomization of patients in Cohorts 1 and 2. aIncludes eight patients with eligible flare-ups randomized in a 3:1 ratio to
either PVO 10/5 mg or placebo. bTreatment and dosing regimens for Cohort 2 were based on the data available for Cohort 1. During the Data Monitoring
Committee review, enrollment continued during the interim between randomization of the last patient in Cohort 1 and the start of Cohort 2 to allow eli-
gible patients to participate; an additional eight patients with eligible flare-ups were randomized in a 3:1 ratio to either PVO 10/5 mg or placebo.
PVO = palovarotene.

Journal of Bone and Mineral Research PVO-1A-201 EFFICACY AND SAFETY 1893 n



Outcome Measure Information System (PROMIS) Global Physical
and Global Mental Health Scales for adults and the PROMIS Pedi-
atric Global Health Scale (proxy- and/or self-completed forms) for
children.(22-24) Scores were converted to T-scores such that a
value of 50 (standard deviation: 10) represented the average
for the general population in the United States. Higher T-scores
indicated better physical/mental health.

Safety endpoints

Safety was monitored from the time informed consent was
signed through to week 12. Any adverse event (AE) reported
after the first dose of study treatment, up to and including the
week 12 visit, was considered treatment-emergent. Serious AEs
were defined as life-threatening or leading to death, hospitaliza-
tion or prolongation of hospitalization, persistent or significant
disability/incapacity, congenital anomaly, or any other medically
important event. AEs were coded using the Medical Dictionary
for Regulatory Activities (MedDRA; version 17.0); the relatedness
of the AE to study treatment was determined by the investiga-
tors. Other safety evaluations included the assessment of suicide
ideation/behavior using the Columbia-Suicide Severity Rating
Scale (C-SSRS),(25) clinical safety laboratory findings, electrocar-
diograms (ECGs), and vital signs. Evaluation of patients <18 years
of age enrolled with open growth plates included knee
and hand/wrist radiographs, and linear growth assessed by
stadiometer and knee height.

Biomarkers

Blood and urine samples for cartilage, bone, angiogenesis, and
inflammation biomarkers were obtained at baseline and weeks
2, 4, 6, and 12 (Table S4). Upper and lower limit of normal (ULN
and LLN) values were defined according to central laboratory
normal values.

Sample size

The proportion of patients with no or minimal HO (primary end-
point) was hypothesized to be 20% with placebo and 80% with
successful palovarotene treatment, based on patient survey data

and nonclinical data, respectively.(18) Assuming that a higher
dose results in increased efficacy, the power to detect a signifi-
cant trend over the dose range (Cochran-Armitage test of trend;
α= 0.05) was tested in six scenarios, based on hypothesized effi-
cacy, with chosen sample sizes pooled across Cohort 1 and
Cohort 2: placebo: n= 10; palovarotene 5/2.5 mg: n= 9; palovar-
otene 10/5 mg: n = 21 (Table S5).

Statistical analysis

The safety population included all patients who received at least
one dose of study treatment, the full analysis set included all
patients who had at least one evaluable postbaseline plain radio-
graph or CT scan, and the per protocol population included all
patients with ≥80% compliance with treatment. All efficacy
results are reported for the per protocol population, except
FOP-PFQ and PROMIS scores, which are reported for the full anal-
ysis set. The primary endpoint and analyses of proportions of
patients with new HO were assessed using the Cochran-
Armitage test of trend (one-sided). Pairwise comparisons of vol-
ume of new HO were performed using a repeated measures
mixed model. Changes from baseline in the mean volume of
HO, NRS scores for pain and swelling, and FOP-PFQ and PROMIS
scores were analyzed with a repeated measures mixed model
with treatment, visit, and interaction for treatment and visit as
fixed effects, and baseline value as a covariate. Results were sum-
marized using least-squares mean (LSmean) estimates and stan-
dard errors (SEs) from the model. Raw means are presented for
comparison in Table S7.

Results

Patient disposition

Eight patients were enrolled in Cohort 1 and 24 patients were
enrolled in Cohort 2. Between randomization of the last patient
in Cohort 1 and the start of Cohort 2, eight additional patients
were randomized 3:1 to palovarotene 10/5 mg or placebo
(Fig. 1). In total, 40 patients were enrolled (placebo: n= 10; palo-
varotene 5/2.5 mg: n = 9; palovarotene 10/5 mg: n = 21); all
completed the trial and were enrolled in the open-label

Fig. 2. Patient disposition. aMinimum required compliance with treatment: ≥80%; excluded patient compliance: 60%. PVO = palovarotene.
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extension (https://clinicaltrials.gov/ct2/show/NCT02279095;
Fig. 2). One patient in the palovarotene 10/5 mg group was
excluded from the per protocol analysis, for which efficacy out-
comes are reported here, due to having only 60% treatment
compliance; all other patients were included (overall treatment
compliance: 98%).

Baseline demographics and disease characteristics

Patient demographics and FOP disease history are summarized
in Tables 1 and 2. Demographics were similar across all groups,
with the exception of a smaller proportion of males in the pla-
cebo and palovarotene 5/2.5 mg groups compared with the
palovarotene 10/5 mg group. Patients in all treatment groups
had substantial HO at baseline (Table 2).

Overall, patients began treatment (placebo or palovarotene)
an average of 6 days (range: 3–8 days) after the start of their cur-
rent flare-up. The distribution of flare-up sites at trial entry was
similar between patients in the placebo and palovarotene
10/5 mg groups, both of which had more hip flare-ups than
the palovarotene 5/2.5 mg group (Table 2). On average, patients
reported between four and five flare-up symptoms; the most
common were pain, stiffness, and swelling. Baseline HO and soft
tissue edema (both assessed by imaging) were present at the
flare-up body region in most patients (HO: 50.0%–84.2%; edema:
64.3%–85.7%); nearly all patients received glucocorticoids to
manage flare-up symptoms (77.8%–95.2%).

Imaging endpoints—new heterotopic ossification

Primary endpoint

In the primary read, the proportion of responders at week
6 was 88.9% with placebo (n = 8/9; n = 1 not evaluable),

88.9% with palovarotene 5/2.5 mg (n = 8/9), and 100%
with palovarotene 10/5 mg (n = 20/20) as determined by
plain radiograph, with no significant dose trend (one-sided
Cochran-Armitage test of trend: p = 0.17).

Secondary analyses

In the primary read, at week 12 the proportion of responders was
77.8% with placebo (n = 7/9; n = 1 not evaluable), 88.9% with
palovarotene 5/2.5 mg (n = 8/9), and 95.0% with palovarotene
10/5 mg (n = 19/20) as determined by plain radiograph; there
was no significant dose trend (one-sided Cochran-Armitage test
of trend: p = 0.15).

In the global read, the proportion of flare-ups with new
HO at the flare-up body region at week 12 (as assessed by
CT scan and/or plain radiographs) was numerically lower
in the palovarotene 10/5 mg group (n = 3/20; 15.0%) than
in the placebo group (n = 4/10; 40.0%). The incidence of
new HO at the flare-up body region in the palovarotene
5/2.5 mg group (n = 4/9; 44.4%) was similar to placebo;
there was no significant dose trend (Cochran-Armitage test
of trend: p = 0.08; Fig. 3A). Results were similar in the pri-
mary read (Fig. S2).

In the global read, baseline edema as assessed by MRI or ultra-
sound was present at the flare-up body region in n = 6/8 in the
placebo group (75.0%; n = 2 not evaluable), n = 6/7 in the palo-
varotene 5/2.5 mg group (85.7%; n = 2 not evaluable), and
n = 8/13 in the palovarotene 10/5 mg group (61.5%; n = 7 not
evaluable). Overall, the proportion of patients with new HO at
the flare-up body region at week 12 was numerically higher in
those with flare-ups with baseline edema versus those with no
edema, and the proportion of patients with new HO at week
12 was lowest in the palovarotene 10/5 mg group (not tested
for significance; Fig. 3B).

Volume and area of new HO at the flare-up body region were
assessed only in the primary read. Using low-dose CT scans,
LSmean volume of new HO among all patients at week 12 was
92.7% lower with palovarotene 5/2.5 mg versus placebo and
79.0% lower with palovarotene 10/5 mg versus placebo; how-
ever, these differences were not significant (pairwise tests from
a repeated measures mixed model: p = 0.12 and p = 0.11,
respectively; Fig. 4A). Individual observations are shown in
Fig. 4B. Similar differences were seen in the LSmean area of
new HO at week 12 in both palovarotene groups versus placebo
(Fig. S3). Among only those patients with new HO, the LSmean
volume of new HO at week 12 was 82.5% lower in both palovar-
otene groups versus placebo; these differences were not signifi-
cant (Fig. 4C).

Flare-up symptoms and duration

Patients receiving palovarotene 10/5 mg or palovarotene
5/2.5 mg reported shorter median (range) flare-up duration ver-
sus placebo (22.0 [0–84] days or 28.0 [5–84] days versus 78.5 [14–
84] days). Incidence of flare-up resolution at week 12 was 82.4%
(14/17 flare-ups resolved; n= 3 not evaluable) with palovarotene
10/5 mg, 55.6% (5/9) with palovarotene 5/2.5 mg, and 62.5%
(5/8; n= 2 not evaluable) with placebo. Median (range) duration
of patient-reported active symptoms was 13.0 (0–66) days with
palovarotene 10/5 mg, 25.0 (5–84) days with palovarotene
5/2.5 mg, and 21.5 (2–84) days with placebo (not tested for sta-
tistical significance).

Table 1. Baseline Demographics by Treatment Group: Full Anal-
ysis Set

Parameter Placebo (n = 10)

PVO
5/2.5 mg
(n = 9)

PVO
10/5 mg
(n = 21)

Age (years)
Mean � SD 21.2 � 13.7 17.9 � 8.6 22.8 � 10.3
Median (range) 15.5 (9–53) 21.0 (7–29) 21.0 (9–44)
Patients
6–<15 years,
n (%)

5 (50.0) 4 (44.4) 4 (19.0)

Sex, n (%)
Male 3 (30.0) 3 (33.3) 12 (57.1)

Race, n (%)
White 6 (85.7) 7 (77.8) 12 (80.0)
Black/African
American

0 1 (11.1) 1 (6.7)

Asian 1 (14.3) 0 0
Multiple 0 1 (11.1) 2 (13.3)
Not available 3 0 6

Height (cm)
n 8 9 19
Mean � SD 153.4 � 19.7 144.4 � 19.2 160.9 � 18.4
Median (range) 161.0 (127–175) 144.8 (121–166) 160.6 (130–191)

Weight (kg)
n 9 9 21
Mean � SD 48.2 � 18.7 42.8 � 16.1 58.1 � 20.1
Median (range) 50.8 (22–73) 47.6 (20–64) 54.4 (28–108)

PVO = palovarotene; SD = standard deviation.
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Table 2. Flare-Up History and Attributes by Treatment Group: Full Analysis Set

Parameter Placebo (n = 10) PVO 5/2.5 mg (n = 9) PVO 10/5 mg (n = 21)

Flare-Up History
Age at first confirmation of HO (years)
Mean � SD 4.1 � 5.0 3.7 � 3.6 6.2 � 4.7
Median (range) 2.5 (0.3–17) 3.0 (0.3–12) 5.0 (1–17)

Months since last flare-up prior to trial enrollment
Mean � SD 5.5 � 4.5 18.7 � 37.0 14.1 � 25.7
Median (range) 4.3 (0.4–13) 2.5 (0.7–115) 4.8 (0.2–110)

Estimated flare-ups per year
n 10 9 20
Mean � SD 2.3 � 1.3 2.0 � 1.9 4.6 � 7.3
Median (range) 2.0 (1–5) 1.0 (0–6) 2.0 (1–30)

Number of anatomical sites with HO by physical examination
Mean � SD 12.3 � 2.9 10.8 � 4.4 11.4 � 4.5
Median (range) 12.0 (8–19) 12.0 (1–16) 11.0 (3–19)

Flare-Up Characteristics at Trial Entry
Primary flare-up location, n (%)
Hip 5 (50.0) 2 (22.2) 9 (42.9)
Knee 2 (20.0) 3(33.3) 4 (19.0)
Abdomen 1 (10.0) 0 1 (4.8)
Distal upper extremities 1 (10.0) 0 1 (4.8)
Elbow 1 (10.0) 0 3 (14.3)
Chest 0 1 (11.1) 0
Shoulder 0 3 (33.3) 1 (4.8)
Distal lower extremities 0 0 2 (9.5)

Number of patient-reported flare-up symptoms
Mean � SD 4.1 � 1.5 5.1 � 2.0 4.5 � 1.7
Median (range) 4.0 (2–7) 5.0 (2–8) 4.0 (2–8)

Most common patient-reported symptoms, n (%)
Pain 8 (80.0) 9 (100.0) 21 (100.0)
Swelling 8 (80.0) 6 (66.7) 14 (66.7)
Stiffness 6 (60.0) 6 (66.7) 18 (85.7)
Decreased ROM 6 (60.0) 6 (66.7) 13 (61.9)

Baseline flare-up pain (measured by NRS)a,b

Mean � SD 4.6 � 3.2 3.1 � 2.9 4.8 � 2.3
Median (range) 4.5 (0–10) 3.0 (0–9) 5.0 (1–10)

Baseline flare-up swelling (measured by NRS)a

Mean � SD 3.7 � 3.4 3.6 � 2.6 3.0 � 3.2
Median (range) 2.5 (0–10) 3.5 (0–7) 2.0 (0–10)

Baseline HO by CT scan at the flare-up body region,c n (%)
Present 5 (50.0) 6 (66.7) 16 (84.2)
Not present 5 (50.0) 3 (33.3) 3 (15.8)
Not evaluable/not doned 0 0 2

Using glucocorticoids for flare-up,e n (%) 9 (90.0) 7 (77.8) 20 (95.2)
Baseline edema by MRI/ultrasound at flare-up body region,c n (%)
Present 6 (75.0) 6 (85.7) 9 (64.3)
Not present 2 (25.0) 1 (14.3) 5 (35.7)
Not evaluable/not doned 2 2 7

Plain radiograph availability at baseline, n (%)
Yes 10 (100.0) 8 (88.9) 21 (100.0)
Yes but not evaluable 0 1 (11.1) 0
No 0 0 0

CT scan availability at baseline, n (%)
Yes 9 (90.0) 9 (100.0) 20 (95.2)
Yes but not evaluable 1 (10.0) 0 0
No 0 0 1 (4.8)

CT = computed tomography; HO = heterotopic ossification; MRI = magnetic resonance imaging; NRS = numeric rating scale; PVO = palovarotene;
ROM = range of motion; SD = standard deviation.

aPain and swelling were based on NRS scores ranging from 0 to 10, where 0 = no pain/swelling and 10 = worst pain/swelling ever experienced.
bPain was rated using the Faces Pain Scale-Revised based on a scale of 0 to 10, where 0 = no pain and 10 = very much pain for children under 8 years

of age.
cBased on global read assessment of evaluable images.
d“Not evaluable” indicates that imaging was performed but determination of outcome was not possible; “not done” indicates that imaging was not

performed.
eStart date within 9 days after the flare-up start date.
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All groups, including placebo, had similar statistically signifi-
cant decreases from baseline in flare-up pain and swelling at
week 12 (all p values ≤0.0016 from a repeated measures mixed

model). The LSmean (SE) change from baseline in flare-up pain
at week 12 was�2.1 (0.7) with placebo,�2.6 (0.7) with palovar-
otene 5/2.5 mg, and �3.3 (0.5) with palovarotene 10/5 mg; the

Fig. 3. Incidence of new HO at the flare-up body region at week 6 and week 12 as assessed by CT scan and/or plain radiograph (global read). (A) All evalu-
able flare-ups. (B) Flare-ups with baseline edema.

Per protocol analysis set. In the global read, the presence/absence of new HO was determined after full evaluation of all images across all modalities
and time points. (A) Primary analysis: one-sided Cochran-Armitage test of trend for all evaluable flare-ups at week 6 and 12. CT= computed tomography;
HO = heterotopic ossification; PVO = palovarotene.

Fig. 4. Volume of new HO at the flare-up body region as measured by CT scan (primary read). (A) All flare-ups (LSmean). (B) All flare-ups (individual obser-
vations). (C) Patients with flare-ups and new HO >0 mm3 (LSmean).

Per protocol analysis set. In the primary read, each imaging modality was assessed independently for HO. p values are from pairwise tests from a
repeated measures mixed model. (A) The volume of new HO was not evaluable in one patient at week 6 and three patients week 12, all in the PVO
10/5 mg group. (B) Squares represent individual observations. Whiskers extend to maximum and minimum values due to small interquartile ranges of
data. (C) Flare-up body regions: placebo: 2 hip, 1 knee; PVO 5/2.5 mg: 1 shoulder/elbow, 1 knee; PVO 10/5 mg: 3 hip, 1 knee. CT= computed tomography;
HO = heterotopic ossification; LSmean = least squares mean; PVO = palovarotene; SD = standard deviation; SE = standard error.
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LSmean change from baseline in flare-up swelling was �2.1
(0.7), �2.3 (0.7), and �2.2 (0.5), respectively; differences
between palovarotene and placebo were not statistically signif-
icant using a repeated measures mixed model, although
change from baseline in flare-up pain was numerically greater
with palovarotene 10/5 mg versus palovarotene 5/2.5 mg and
placebo (Fig. S4).

Patient-reported outcome measures

Baseline FOP-PFQ scores were similar across groups at baseline,
as were the LSmean (SE) changes from baseline at week 12 (pla-
cebo: 3.0 [2.4]; palovarotene 5/2.5 mg: 1.1 [2.6]; palovarotene
10/5 mg: 4.1 [1.7]). Differences between placebo and the palo-
varotene groups were not significant at any assessed time point.
Findings were similar in all groups for the PROMIS Global Health
Scales for adults and children (Table S6).

Biomarkers

Biomarker analysis found that, in general, most serum and urine
biomarkers were within normal ranges in all treatment groups at
baseline and all postbaseline time points (Table S4).

Safety endpoints

All patients received at least one dose of study treatment. Mean
exposure to palovarotene was 41.5 days (range: 38–42 days),

with a mean total dose of 210.9 mg (range: 84–280 mg); expo-
sure to placebo was similar (mean: 42.0 days; range: 40–44 days).
All patients reported at least one treatment-emergent AE; four
patients reported serious AEs, and no AE led to discontinuation
of the study treatment (Table 3). There were dose-related
increases in events typically associated with the use of retinoids,
including dry skin, dry lips, pruritus, erythema, dermatitis acnei-
form, and dry mouth.

The AE “condition aggravated” (preferred term for intercur-
rent FOP flare-ups) was reported more frequently by patients
in the palovarotene 10/5 mg group than in the other groups
(Table 3). Further examination did not reveal a consistent pat-
tern of onset relative to palovarotene dosing (ie, these did
not appear to be “rebound” flare-ups that could potentially
arise upon discontinuation of palovarotene treatment
but were evenly distributed between the treatment and
follow-up periods).

Four patients had serious AEs: asthmatic crisis (one patient
[placebo]; not related); hemorrhagic ovarian cyst (one patient
[palovarotene 5/2.5 mg]; not related); condition aggravated
(two patients [palovarotene 10/5 mg]; possibly related); four
instances of myoclonus (all in the same patient [palovarotene
10/5 mg]; one event possibly related, three not related). The
patient with multiple myoclonus events had a history of recur-
rent myoclonus episodes requiring hospitalization prior to
enrollment.(26) No patients required dose reductions. One
patient receiving palovarotene 10/5 mg interrupted treatment

Table 3. Summary of Adverse Events: Safety Population

Parameter Placebo (n = 10) PVO 5/2.5 mg (n = 9) PVO 10/5 mg (n = 21)

Overview of treatment-emergent AEs, n (%)
At least one AEa 10 (100.0) 9 (100.0) 21 (100.0)
Severe AEs 1 (10.0) 0 1 (4.8)
Serious AEs 1 (10.0) 1 (11.1) 2 (9.5)
AEs leading to discontinuation of study treatment 0 0 0

Most common AEs, b n (%)
Skin and subcutaneous tissue disorders 4 (40.0) 6 (66.7) 19 (90.5)

Dry skin 3 (30.0) 5 (55.6) 17 (81.0)
Erythema 0 2 (22.2) 3 (14.3)
Pruritus generalized 0 1 (11.1) 4 (19.0)
Dermatitis acneiform 0 0 4 (19.0)
Pruritus 0 0 4 (19.0)

Gastrointestinal disorders 6 (60.0) 6 (66.7) 16 (76.2)
Lip dry 1 (10.0) 5 (55.6) 7 (33.3)
Nausea 2 (20.0) 1 (11.1) 6 (28.6)
Chapped lips 2 (20.0) 0 5 (23.8)
Diarrhea 1 (10.0) 0 4 (19.0)
Dry mouth 0 1 (11.1) 3 (14.3)

Musculoskeletal and connective tissue disorders 7 (70.0) 5 (55.6) 14 (66.7)
Arthralgia 6 (60.0) 1 (11.1) 10 (47.6)
Pain in extremity 2 (20.0) 3 (33.3) 2 (9.5)

General disorders and administration site conditions 3 (30.0) 4 (44.4) 14 (66.7)
Condition aggravatedc 3 (30.0) 2 (22.2) 13 (61.9)
Pyrexia 1 (10.0) 3 (33.3) 1 (4.8)

Nervous system disorders 5 (50.0) 4 (44.4) 10 (47.6)
Headache 3 (30.0) 1 (11.1) 8 (38.1)

AE = adverse event; MedDRA = Medical Dictionary for Regulatory Activities; PVO = palovarotene.
aEvents that started after the first dose of study drug up to and including the last day of the study.
bAEs that occurred in ≥3 patients in any group.
cIntercurrent flare-ups that occurred during the trial period, other than those that qualified the patient for enrollment, were recorded as AEs and coded

to the preferred term “condition aggravated” using MedDRA version 17.0.
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due to transient, asymptomatic mild increased lipase (probably
related). One patient receiving placebo interrupted treatment
due to chest pain, pyrexia, and myalgias.

No patients reported Type 4 (active suicidal ideation
with some intent to act, without specific plan) or Type
5 (active suicidal ideation with specific plan and intent)
suicidal ideation using the C-SSRS. There were few clinically
relevant laboratory abnormalities. Elevations in lipase
were intermittently observed in all groups, but most were
also observed at screening (prior to study treatment adminis-
tration) and at the end of the 6-week follow-up period at
week 12 (off-treatment). The elevations were often coinci-
dent with the use of high-dose prednisone, were asymptom-
atic, and occurred intermittently throughout the 6-week
treatment period with the highest elevation observed in a
patient receiving placebo.

There were no clinically relevant changes in ECG parameters
or vital signs in any group. Of note, high percentages of patients
in all treatment groups had conduction (n = 14/40; 35.0%)
and/or rhythm abnormalities (n = 5/40; 12.5%) at baseline.
Nonetheless, few patients had potentially clinically significant
new-onset abnormalities at the end of treatment at week 6:
two palovarotene-treated patients in the 10/5 mg-treated group
had high PR interval (>200 ms and/or increase ≥20 ms), and one
patient from each treatment group had high QRS interval
(>100 ms and/or increase ≥10 ms) on their ECGs.

Hand/wrist and knee radiographs were obtained in patients
aged <18 years, with follow-up performed in those who were
<90% skeletally mature (defined as a bone age of 12 years for
girls and 14 years for boys). At baseline, n = 9/18 (50%) evalu-
ated had at least one epiphyseal bone abnormality; the most
common was the presence of dense metaphyseal lines (39%).
Additional baseline bone abnormalities observed in individual
patients included sclerosis, undermineralization or osteopenia,
and dysplasia. There were two postbaseline bone abnormalities
observed during the 12-week trial period, both in the palovaro-
tene 5/2.5 mg group: one patient had dense metaphyseal lines
in the knee that worsened from baseline, and one patient had
sclerosis in the wrist that was not present at baseline. Overall,
during this trial there were no apparent treatment-related effects
on growth plates, or linear or knee height (though highly
variable in all groups).

Discussion

There are no approved treatments for the prevention of HO in
patients with FOP. This was the first phase 2 placebo-controlled
trial in FOP to investigate an episodic treatment to potentially
prevent HO after a confirmed flare-up. Although inconclusive,
the data presented here suggest that high-dose RARγ agonist
treatment during a flare-up may be beneficial in patients with
FOP. Based on these data, palovarotene was advanced in the
FOP clinical program.

Although there was no significant trend associated with palo-
varotene dose and the proportion of responders (HO score ≤3 on
a scale from 0 to 6, where a lower score indicates less HO; ie,
patients achieving no/minimal new HO at the flare-up body
region) as assessed by plain radiograph at week 6, the high pro-
portion of responders within the placebo group suggests this
imaging modality was not sufficiently sensitive to measure the
presence or amount of new HO at the flare-up body region.
Indeed, CT scans were found to be more sensitive. In addition,

the global read review process demonstrated the importance
of reviewing across all available imagingmodalities to determine
the presence and extent of HO. Global read assessments of CT
images and/or plain radiographs determined that the incidence
of flare-ups with new HO at the flare-up body region at week
12 was numerically 63% lower with palovarotene 10/5 mg than
with placebo, with no difference reported between palovarotene
5/2.5 mg and placebo. Results were similar with the primary read
process.

The higher-than-expected proportion of responders in the
placebo groupmay indicate that 6 weeks was not a long enough
period to measure response. More than 50% of all patient-
reported flare-ups in the trial did not result in new HO at the
flare-up body region, indicating either the presence of abortive
flare-ups, or that the use of patient survey data, in which patients
self-assessed loss of movement, led to an overestimate of the
proportion of untreated flare-ups that had new HO among those
that caused loss of function or movement.(17) The loss of move-
ment reported in the survey may have instead been due to other
factors unrelated to HO, such as severe developmental arthropa-
thy.(27) Use of prospective, objective data collection instead of
survey data may improve estimates.

Categorical analysis of new HO is a stringent method for the
assessment of potential treatment efficacy. In nonclinical phar-
macology studies utilizing a continuous analysis, palovarotene
dose-related decreases in HO volume were observed.(12) In the
trial reported here, lower (although not statistically different) vol-
umes of new HO at week 6 and week 12 were observed at the
flare-up body region with both palovarotene doses versus pla-
cebo. However, the mean volume of new HO increased at the
flare-up body region in both palovarotene groups in the 6 weeks
following treatment cessation. This observation indicated that
palovarotene could interfere with the process of new hetero-
topic bone formation, as seen in preclinical mouse studies,(15)

and that treatment would be required for as long as the HO pro-
cess continued, suggesting outcomes may be optimized by
increasing dose and treatment duration. These results informed
decisions for palovarotene dosing during the open-label exten-
sion of this placebo-controlled trial (NCT02279095).(28)

Although the volume of new HO at weeks 6 and 12 was similar
in the palovarotene 5/2.5 mg and palovarotene 10/5 mg groups,
these results were likely influenced by flare-up location. For
example, hip flare-ups are considered to be among the most
long-lasting and functionally disabling flare-ups experienced by
patients with FOP,(18) and may be accompanied by large
amounts of HO; three of the four flare-ups that were associated
with new HO in the palovarotene 10/5 mg group were located
at the hip, compared with none in the palovarotene 5/2.5 mg
group and two of three in the placebo group.

There were no significant differences in patient-reported out-
comes between the placebo and palovarotene treatment groups
at any time point. However, this trial showed that significant pro-
gression of disease is difficult to detect over the relatively brief
12-week time period considered here, consistent with data from
an FOP Natural History Study (NHS).(22) Rather, demonstrable
progression in functional impairment due to HO accumulation
would be expected over years;(22) cumulative analogue joint
involvement scale (CAJIS) scores, for example, are estimated to
increase by only 0.5 points per year (as measured on a 0–30
scale).(29)

In this trial, the safety profile of palovarotene was similar to
other retinoids.(30-32) There were no deaths and no clinically rel-
evant treatment-related effects observed using clinical safety
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laboratory findings, vital signs, ECGs (for which findings were
consistent with those from the FOP NHS(33)), growth plates, or
linear height. The duration of this study was likely too short to
fully assess growth plate changes; however, growth plate safety
events have been closely monitored in subsequent studies that
utilized higher doses of palovarotene for a longer period of time
and premature growth plate closure and epiphyseal disorder
events have been reported in the phase 3 MOVE trial (https://
clinicaltrials.gov/ct2/show/NCT03312634).(34) One non–retinoid-
associated finding was the higher incidence of intercurrent
FOP flare-ups (AE preferred term: condition aggravated) in the
palovarotene 10/5 mg group relative to placebo. Review of these
events did not reveal a consistent pattern of onset relative to
palovarotene dosing, suggesting that these were not rebound
flare-ups following palovarotene discontinuation. In addition,
all of these events were mild or moderate, and approximately
one-half were either related to trauma, observed at the same
location as the qualifying flare-up, or occurred during the
follow-up period only. Intercurrent flare-ups are being carefully
monitored in ongoing palovarotene clinical studies.

There are at least five possible reasons why this trial did not
reach clinical significance. The lack of knowledge surrounding
the natural history of flare-up outcomes at the time this trial
was designed led to it being underpowered. Findings from an
FOP NHS were therefore utilized in the design of the phase
3 MOVE trial of palovarotene in FOP.(22) Additionally, the origi-
nally planned detection methods were not sensitive enough.
The calculation of the sample size required to detect a significant
trend in the primary endpoint was based on the assumption that
20% of untreated flare-ups would result in a HO score ≤3 on a
scale from 0 to 6 (indicating no or minimal new HO) as assessed
by plain radiographs, based on a survey of FOP patients with
regard to flare-ups,(17) rather than the 90% reported in the pla-
cebo group here. This insensitive modality reduced the power
of the trial and likely hampered the detection of a significant
dose trend for the reduction of incidence and/or volume of
new HO at flare-up body regions; results were closer to those
expected when the more sensitive CT imaging modality was
used. These findings are important for the design of future trials
in FOP, and have been taken into account in expert advice
describing special considerations for clinical trials in patients
with this disease.(35) Another possible reason why this trial did
not reach clinical significance was the 12-week period over
which it was conducted; this may have been too brief for new
HO to be observed. Additionally, starting palovarotene an aver-
age of 6 days after flare-up onset in this trial may have limited
the potential for early efficacy of treatment. The final possible
reason why this trial may not have reached clinical significance
could be that palovarotene is ineffective at preventing new HO
at the site of a flare-up. However, this does not appear to be
the case; although statistical significance was not reached as a
result of the factors mentioned, the data clearly suggest a non-
statistically significant trend showing that treatment with palo-
varotene 10/5 mg resulted in lower new HO at the flare-up
body region compared with placebo (Figs. 3 and 4).

As with many clinical trials in ultra-rare diseases, other limita-
tions include the low number of patients enrolled. Baseline char-
acteristics across the three groups were generally similar,
however, the palovarotene 10/5 mg and placebo groups had
higher mean age than the palovarotene 5/2.5 mg group; this
was to be expected given that the inclusion criteria were differ-
ent for Cohorts 1 and 2, and the palovarotene 5/2.5 mg dose
arm was only included in Cohort 2, which had a lower age cutoff.

Additionally, the proportion of patients with flare-up edema at
baseline was greater in the palovarotene 5/2.5 mg and placebo
groups, though MRI/ultrasound scans were unavailable in a
greater proportion of patients in the palovarotene 10/5 mg
group, and the proportion of patients with HO at the flare-up site
at baseline was highest in the palovarotene 10/5 mg group
(Table 2). Another potential limitation to be considered is that
the threshold for self-reporting of a flare-up was subtly influ-
enced by the design of this first-in-human interventional trial,
in which the self-reporting of a flare-up would trigger
treatment administration.

In conclusion, when administered for 6 weeks at the start of
a flare-up and compared with placebo, palovarotene dosed at
10/5 mg resulted in a lower proportion of patients with FOP
experiencing new HO, and a lower volume of new HO at
the flare-up body region. Although these findings did not
achieve statistical significance versus placebo, a combination
of chronic and flare-up palovarotene dosing regimens has
shown promising trends in the ongoing open-label extension
of this trial (NCT02279095) and the phase 3 MOVE trial
(NCT03312634).(34,36) Furthermore, palovarotene was well-
tolerated and primarily associated with the occurrence of
mucocutaneous AEs. These findings support further evalua-
tion of palovarotene as a potential treatment for preventing
HO in patients with FOP.
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