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“The more the marble wastes, the more the statue
grows,” wrote Michaelangelo, thus framing the
debate over “The Captives,” his unfinished marble
sculptures of human beings struggling to extricate
themselves from eternal captivity (1). Anyone familiar
with both the arresting images of “The Captives”
and the nightmarish reality of fibrodysplasia ossifi-
cans progressiva (FOP) will immediately see a
haunting similarity. However, FOP is neither art nor
imagery. Rather, it is a reality so stark, sobering, and
inescapable that it transcends the imagination. 

The childhood victims of this musculoskeletal 
sabotage seem ostensibly normal at birth except for
telltale malformations of the great toes. Soon, the chil-
dren succumb to progressive waves of ectopic osteo-
genesis that transform the body’s soft connective
tissues into an armament-like encasement of bone.
Ribbons, sheets, and plates of heterotopic bone seize
the body’s joints, and relegate its victims to a state of
permanent and lifelong immobility. Any attempt to
remove this heterotopic bone leads to episodes of
explosive new bone growth. At the present time, there
is no effective prevention or treatment.

FOP, known by many names throughout history,
was first placed on the medical agenda more than a
quarter of a millennium ago by a London physician
and ophthalmologist. In a letter to The Royal Society

of Medicine, dated April 14, 1736 (published in
1740), John Freke wrote the following: 

There came a boy of healthy look, and about 14
years of age, to ask of us at the hospital, what
should be done to cure him of many large
swellings on his back, which began about three
years since, and have continued to grow as large
on many parts as a penny loaf particularly on the
left side: They arise from all the vertebrae of the
neck and reach down to the os sacrum; they like-
wise arise from every rib of his body, and joining
together in all parts of his back, as the ramifica-
tions of coral do, they make, as it were, a fixed
bony pair of bodice. (2)

Nearly 200 yr later in 1918, Jules Rosenstirn
wrote: 

One does not wonder that a disease, so baffling in its
course from the causes to its ultimate state, should
invite the speculative as well as the patiently inves-
tigating observer to lift the obscuring veil and solve
this embarrassing puzzle. (3)

An embarrassing puzzle it is. To physicians and
scientists who study FOP, it is one of medicine’s
most elusive mysteries. To patients who suffer from
FOP, it is a painful metamorphosis into progressive
immobility and a lifelong obstacle to physical 
freedom.

Although definitive treatments and cures are not
yet available, the goals of FOP research are clear: to
establish the genetic and molecular cause of FOP,
and to use that knowledge to establish effective pre-
ventions, treatments, and a cure. 
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In the nearly 8 yr since the last published sympo-
sium on FOP (4), tremendous progress has been
made in understanding the pathophysiology of this
mysterious affliction; however, much work remains
to be done. Some day, a child with FOP will be born
and everything about this embarrassing puzzle of
FOP will be known—its genetic basis, its molecular
origin, the nature of its pathways, the identity of its
receptive cells and their downstream targets, the
drugs to prevent it, and therapies to cure it. That 
day is not yet at hand, but the journey and the 
climb toward that summit continues unimpeded and
uninterrupted.

Despite daunting obstacles, scientific and medical
progress is being made, and the current state-of-the-
art practices, however primitive, are documented
and summarized in this issue. The articles in this
issue subtend a wide range of scientific and medical
disciplines, including medical history, molecular
biology, developmental biology, cell biology, 
pathology and laboratory medicine, epidemiology,
hematology, immunology, genetics, oncology, pedi-
atrics, general medicine, cardiology, pulmonary
medicine, rheumatology, orthopedics, dental medi-
cine, anesthesiology, physical medicine and rehabil-
itation, endocrinology, statistics, and pharmacology.
Rarely does a musculoskeletal condition require or
attract such a diverse audience. 

The word orthopaedia, coined by Nicholas Andre
more than 300 yr ago as the title of his seminal book,
means “straight child.” This book, subtitled “The 
Art of Correcting and Preventing Deformities in
Children,” anticipated the future, but it did not specify
how the art would be applied (5). We are now firmly
involved in the era of molecular orthopedics (6–9).
The ultimate goal of FOP research is to understand
its precise molecular basis so that the crippling
deformities it leaves in its wake can be prevented. As
Michaelangelo said 500 yr ago, “I saw an angel in
the marble and carved until I set him free” (1).
Although surgical tools will not be the answer for
FOP, molecular medicine holds hope for the future.
The story of FOP has moved far beyond descriptive
accounts that stir anguish and fear into the laboratory
that provides hope. Eventually, the work must return
to the clinic with genuinely useful answers for the
children (9).

This work holds hope not only for those with
FOP, but also for those with more common disorders

of osteogenesis, such as osteoporosis and osteo-
arthritis. FOP is an uncommon condition of uncom-
mon brutality, but the challenge remains: to
understand the molecular dimensions of the night-
mare and to stop it. 

As Thomas Maeder said in an article in The
Atlantic Monthly:

FOP and its problems lie at the crossroads of several
seemingly unrelated disciplines. Answers to ques-
tions that FOP poses will also address grander
issues of how the body first creates its shape and
then knows where to stop, how to tissues decide to
become what they are, and why they don’t turn into
something else.(10)

The mission to discover the cause and to establish
a cure for FOP is not just a matter of scientific
inquiry. It is nothing less than a declaration of phys-
ical independence and personal freedom. 

The editors are honored to dedicate this issue on
FOP to our patients with FOP worldwide who dig-
nify the struggle for personal freedom. Our heartfelt
thanks go to the children, adults, and families who
live with FOP every moment of their lives. Their
equanimity and nobility provide the perpetual 
inspiration that dignifies this work and all who are
privileged to participate in it. As the author William
Faulkner stated in his Nobel Prize speech in
Stockholm on December 10, 1950: 

I believe that man will not merely endure; he will
prevail. He is immortal. Not because he alone
among creatures has an inexhaustible voice, but
because he has soul; a spirit, capable of compassion
and sacrifice and endurance.(11)

FOP research is a collaborative venture and we
are enormously grateful to our many fine collabora-
tors and generous contributors who support this vital
effort. 
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Introduction
The biblical account of Lot’s wife, the stark

images of Michaelangelo’s captives, and the haunt-
ing story of Kafka’s Metamorphosis subtend the
story of fibrodysplasia ossificans progressiva (FOP),
but the real origins of the condition in human history
are shrouded in mystery (1–3). 

The History of FOP
The first case of FOP may have been described by

Guy Patin in 1692, but the first clear description of
FOP was recorded in the philosophical transactions
of The Royal Society of London in 1740 by John
Freke, a London surgeon and friend of Henry
Fielding, who mentioned him in the novel Tom Jones
(4,5). Freke wrote: 

April 14, 1736. There came a boy of healthy look
and 14 years of age, to ask of us at The Hospital,
what should be done to cure him of many large
swellings on his back which began about three
years since, and have continued to grow as large on
many parts as a penny-loaf, particularly on the left
side. They arise from all the vertebre of the neck,
and reach down to the os sacrum. They likewise
arise from every rib of his body, and joining
together in all parts of his back, as the ramifications
of coral do, they make, as it were, a fixed bony pair
of bodice. (4)

During the past 250 yr, many physicians 
have contributed to the knowledge of FOP (5).
Monophalangism of the great toe was first described
as an isolated anomaly by Fränkel in 1871. The
important association of brachydactyly of the great
toe with FOP was first described by Helferich in
1879. The name myositis ossificans progressiva was
likely assigned to this condition by von Dusch in
1868. The term fibrositis was substituted for myositis
in the early 20th century to acknowledge the early
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inflammatory events that occur in the aponeuroses,
fasciae, and tendons in addition to the skeletal 
muscles. McKusick noted that the muscles were 
only secondarily affected, and adopted the term
fibrodysplasia in 1972, the term first suggested by
Bauer and Bode in 1940. Many notable pathologists
and physicians including Hutchinson, Volkmann,
Kronecker, Virchow, Opie, Rosenstirn, Smith,
McKusick, Connor, Evans, Rogers, Zasloff, and oth-
ers have contributed important cases and summaries
over the years (5,6). 

Who Was Harry Eastlack?
Perhaps the most famous of all patients with FOP

was Harry Raymond Eastlack, Jr., who was born in
November 1933, in Philadelphia, PA, and died there
of pneumonia in November 1973 just 6 d before his

40th birthday. The skeleton of Harry Eastlack, on
display at The Mutter Museum of The College of
Physicians in Philadelphia, is one of the few known
FOP skeletons that exists in the world, and has
become a valuable asset to physicians and scientists
studying the disease (Fig. 1). Late in his life, Eastlack
made the decision to bequeath his body to medicine
so that physicians and scientists in future generations
could study and learn about FOP. Eastlack’s skeleton
has become a window into the medical mysteries and
scientific challenges of FOP, and exemplifies the
harsh reality of FOP more than any chart, slide, or
clinical description could accomplish. 

Normal skeletons collapse into piles of loose
bones when the connective tissues that join bones
together in life are removed. To be displayed in
human form, skeletons have to be re-articulated or
pieced back together with fine wires and glue. As a

Fig. 1. Harry Eastlack and his skeleton. Harry Eastlack was 25 yr old when the photograph on the left was taken, 15 yr
before his death from pneumonia. His rigid posture is evident and secondary to the ankylosis of the neck, shoulders,
elbows, and spine. Harry’s skeleton, pictured on the right, was a bequest from Harry to the medical community, and resides
at The Mutter Museum of The College of Physicians of Philadelphia. Figure 1, courtesy of the Eastlack family, Gretchen
Worden (former curator of The Mutter Museum), and Frederick Kaplan, were published in ref. 7. 
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result of the bridges, plates, and ribbons of hetero-
topic bone that formed from FOP flare-ups,
Eastlack’s skeleton is almost completely fused into
one contiguous piece. In essence, Eastlack had two
skeletons: a normotopic skeleton formed during
embryogenesis, and a heterotopic skeleton formed as
a result of postnatal flare-ups of FOP. 

Sheets of bone cover Eastlack’s back. Ribbons,
sheets, and plates of bone lock his spine to his skull
and his skull to his jaw. Additional ribbons of bone
join the spine to the limbs and immobilize the shoul-
ders, elbows, hips, knees, and jaw. Thin stalagmites
of bone launch themselves from his pelvis and
thighs. His upper arms are welded to his breastbone
by slender white bridges of bone that cross his
immobilized rib cage. The extra layers of bone on
the outside of his skull are a permanent signature of
numerous FOP flare-ups at that site.

Eastlack’s skeleton was lent by The Mutter
Museum to The International FOP Association
(IFOPA) for scientific and medical meetings at 
the Second and Third International FOP Symposia 
in Philadelphia in 1995 and 2000, respectively
(www.ifopa.org). Physicians and scientists from
around the world traveled to Philadelphia to learn
about FOP and to view and study this now-famous
skeleton. 

The Mutter Museum houses a collection of
human specimens and models depicting many dis-
eases in various stages of development. This unique
museum is fitting for Eastlack’s legacy, as he grew
up in Philadelphia and lived there his entire life with
his mother, father, and sister. The proximity of
Eastlack’s skeleton to the FOP Center and Research
Laboratory in Philadelphia, and to its students, 
scientists, and visitors, has added enormously to its

value in educating physicians, scientists, and
patients across the generations.

Although no member of the FOP research team at
The University of Pennsylvania in Philadelphia 
ever knew Eastlack during his lifetime, they have
come to know him well posthumously through 
his remarkable bequest. Physicians, scientists, 
and students are frequent visitors to The Mutter
Museum where Eastlack’s skeleton resides. When
an important FOP discovery is made, physicians and
scientists return to visit Eastlack’s skeleton in order
to confirm the physical and anthropological reality
of the discovery. At other times, they may discover
a clue from his skeleton that sends them back to the
laboratory to test a new hypothesis about FOP. The
gift that Eastlack has given to the FOP community
is inestimable, and his bequest has given additional
meaning and depth to medical and scientific
research well beyond the confines of his mortal
existence.
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Epidemiology and Genetics of
Fibrodysplasia Ossificans Progressiva

Since 1990, our group has been involved in the
diagnosis, treatment, and care of more than 500
patients with fibrodysplasia ossificans progressiva
(FOP) worldwide. The point prevalence for this rare
condition is approx 1 in 1.6 million worldwide (1).

There are no differences in the distribution of FOP
according to gender, race, ethnic background, or
geographic location (2). Although most cases arise
by spontaneous mutation of an as-yet-unidentified
gene, the condition can be inherited in an autosomal-
dominant Mendelian manner (3). Reproductive fit-
ness is low, and only a few multigenerational
families with the condition are known to exist (2).

The Defining Phenotype of FOP
No special studies are needed to diagnose FOP

with nearly complete accuracy, although delays in
diagnosis and misdiagnosis are common (4). The
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Abstract

The phenotype of fibrodysplasia ossificans progressiva (FOP) includes two defining features: congenital
malformation of the great toes and progressive heterotopic ossification in characteristic anatomic patterns.
Additional common features include proximal medial tibial osteochondromas, orthotopic fusions of the pos-
terior elements of the cervical spine, broad short femoral necks, and conductive hearing loss. The FOP phe-
notype supports that the primary molecular pathology involves the bone morphogenetic protein
(BMP)-signaling pathway directly or a BMP-interacting pathway.
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phenotype of FOP is easy to define and to detect
clinically (Fig. 1). Children with FOP appear normal
at birth except for a tell-tale malformation of the
great toe, a finding present in nearly all affected indi-
viduals (1–3,5,6). Progressive heterotopic ossifica-
tion (HO) usually begins in the first decade of life,
although the time of onset is variable (1,6,7).
Impending HO is heralded by flare-ups characterized
by the rapid appearance of painful swellings of
highly vascular fibroproliferative tissue that involve
aponeuroses, fascia, tendons, ligaments, and skeletal
muscle (1–3,5,6). The disease typically spares the
tongue, diaphragm, and extraocular muscles (1,3).
The small muscles of the hand can become involved,
but are less likely to do so. Smooth muscles and car-
diac muscles are not involved (1,3). 

Anatomic Patterns of Disease
Progression

During early stages of lesion formation, fibropro-
liferation obstructs the subfascial and subaponeurotic
lymphatic spaces creating swelling in most cases
(1,3,6). Preosseous swellings progress along a path-
way of endochondral ossification to form mature
ossicles of heterotopic bone with marrow spaces (8).
The anatomic progression of HO in FOP occurs in
specific patterns over time. Involvement is typically
seen first in the dorsal, axial, cranial, and proximal
regions of the body, and later in the ventral, appen-

dicular, caudal, and distal regions (1,6,7) (Table 1).
These temporal patterns are similar to those seen
during embryonic skeletal development. 

Falls (9), soft tissue injury (1–3,6), surgical trauma
(2), mandibular blocks (10), intramuscular immuniza-
tions (11), and viral illnesses (12) often precipitate
new flare-ups. Such tissue traumas can induce HO at
sites outside of the common anatomic progression
patterns. 

Axial vs Appendicular Involvement
The clinical features of early lesional involvement

in the axial regions are different from those seen in
the appendicular regions (13). In the axial regions,
swelling is often mistaken for tumors because large
bulbous lesions may appear on the neck and back,
whereas in the limbs, the swelling is often diffuse and
may be mistaken for acute thrombophlebitis, a com-
plication that can rarely occur in patients with 
FOP because of the generalized immobility and asso-
ciated vascular stasis. The qualitative differences in

Table 1
The FOP Clinical Phenotype 

Clinical feature Prevalence

Congenital malformation of great toes �95%
Congenital malformation of thumbs 50%
Progressive heterotopic ossification 100%
Progression in characteristic anatomic 

patterns 100%
Exacerbation by trauma �95%
Orthotopic fusions of cervical spine �90%
Proximal medial tibial osteochondromas �90%
Clinical hearing impairment/conductive 

hearing loss ~50%
Waxing and waning of axial soft-tissue 

lesions �95%
Thoracic insufficiency syndrome �95%
Progressive immobility 100%

Fig. 1. (A) Photograph of the feet of a 3-yr-old girl with
fibrodysplasia ossificans progressiva (FOP) showing the
characteristic findings of short great toes and hallux val-
gus. (B) Photograph of the back of the same child with
tumor-like swellings that are early FOP flare-ups. (C)
Cartoon with differential diagnosis for malformations of
great toes and the tumor-like swellings, demonstrating
that when both are present, the diagnosis is FOP.
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swelling in the axial vs the appendicular regions in
patients with FOP may reflect regional differences in
the anatomy of the subfacial and subaponeurotic
spaces, as well as differences in the anatomy of the
fascial compartments (13). 

Progressive episodes of HO typically lead to
ankylosis of all major joints of the axial and appen-
dicular skeleton, rendering movement impossible.
Although the rate of disease progression is variable,
most patients need to use a wheelchair by their early
20s and require lifelong assistance in performing
activities of daily living (1,3,7). People with FOP
have markedly reduced reproductive fitness and usu-
ally succumb later in adulthood to cardiorespiratory
complications from severe restrictive disease of the
chest wall (thoracic insufficiency syndrome) (1–3,5).

Misdiagnosis of FOP
FOP is commonly misdiagnosed, as clinicians

often fail to associate the rapidly developing soft tis-
sue swellings that appear on the head, neck, and
upper back with the malformed great toes (4). The
correct diagnosis of FOP can be made even before
radiographic evidence of HO is seen if rapidly 
waxing and waning soft-tissue lesions are associated
with symmetrical malformations of the great toes 
(4) (Fig. 1). If such associations are not made, 
FOP is commonly misdiagnosed as aggressive 
juvenile fibromatosis (extra-abdominal desmoid
tumors), fibrosacroma, chondrosarcoma, osteosar-
coma, cephalohematoma, or lymphedema. Children
often undergo unnecessary and dangerous diagnostic
biopsies that exacerbate the progression of the 
condition. This can be particularly dangerous at any
anatomic site, but especially in the neck or back,
where asymmetric, HO can lead to rapidly progres-
sive spinal deformity and exacerbation of thoracic
insufficiency syndrome (14). 

Digital Malformations in FOP
FOP is not only a disorder of progressive HO, but

also a disorder of joint formation. More than 95% of
patients have malformed great toes with mal-
formations of the distal first metatarsals, and
malformations of the proximal phalanges of the
great toes, which are often deltoid in shape, giving
rise to a hallux valgus appearance (1–3,5). This is a

true congenital malformation, not simply a sec-
ondary deformity (15). A stringent diagnosis of FOP
requires the presence of great toe malformations,
although occasionally a patient is seen with the char-
acteristic progression of HO in the absence of any
malformations of the great toe (16,17). Whether
these patients represent a forme fruste of FOP, a type
of somatic mosaicism, or another FOP-like condi-
tion is presently unknown, but should be resolvable
once the gene or genes for FOP have been identified.
In some patients, the great toes are of normal length,
but become stiff and rigid in early childhood or 
adolescence owing to spontaneous fusion of 
the interphalangeal joint of the great toe (1,3). Many
patients with FOP have monophalangism of the
great toes. 

Short thumbs caused by short first metacarpals are
seen in about 50% of patients, and clinodactyly is
seen in a similar percentage of individuals. Most
patients with FOP have brachydactyly of the little
finger (3). 

Cervical Spine Anomalies in FOP
In addition to the malformations of great toes 

and thumbs, early developmental anomalies are
commonly seen in the cervical spine (1–3). Stiffness
of the neck is an early finding in most patients 
and can precede the appearance of HO at that 
site. Characteristic anomalies of the cervical spine
include large posterior elements, tall narrow verte-
bral bodies, and fusion of the facet joints between C2
and C7, findings that are strikingly similar to those
seen in mice with homozygous deletions of the gene
encoding Noggin, a secreted bone morphogenetic
protein antagonist (18). 

The Temporomandibular Joint 
in FOP

Patients with FOP may have early developmen-
tal anomalies of the temporomandibular joints
(TMJs), although a comprehensive study of the
anatomy of this joint has not yet been undertaken in
the worldwide FOP community (19). Spontaneous
or posttraumatic extra-articular ankylosis of the
TMJs is common and leads to severe disability 
with resultant difficulties in eating and poor oral
hygiene (20).



186 Kaplan et al.

Clinical Reviews in Bone and Mineral Metabolism Volume 3, 2005

Submandibular Swelling in FOP
Submandibular swelling can be a life-threatening

complication, especially when associated with mas-
sive anterior neck swelling and difficulty in swal-
lowing. Special measures to decrease swelling,
including a course of glucocorticoids, and respira-
tory support may be warranted (21).

Other Skeletal Anomalies in FOP
Other skeletal anomalies often associated with

FOP include short broad femoral necks and proximal
medial tibial osteochondromas (8,15,22,23) (Table 1).
Both of these findings are reminiscent of patients
who have multiple hereditary exostoses, although
the genes associated with multiple hereditary exos-
toses are not mutated in patients who have FOP.
Nevertheless, these shared clinical findings may illu-
minate common pathway anomalies. 

Hearing Impairment and FOP
Hearing impairment is a common feature of FOP

and occurs in approx 50% of patients (24). The onset
is usually in childhood or adolescence, develops
over a period of weeks or months, and is generally
non- or slowly progressive. Hearing loss is usually
conductive in nature and may be the result of middle-
ear ossification, but in some patients, the hearing
impairment is neurological in nature (24). 

Variable Features of FOP
Other more variable features of FOP include diffuse

scalp baldness, menstrual irregularities, and premature
menopause (1). FOP may be exacerbated during
growth spurts and puberty, but not all patients have
exacerbations of their disease during these times of
life (2). Longitudinal growth appears to be normal,
although severe scoliosis may develop, especially
when asymmetrical HO of the spine occurs early in life
(14). Sexual development is usually normal, although
lack of breast development in females has been noted.

Radiographic Features of FOP
Joint malformations and soft tissue ossification

are the characteristic radiographic features of FOP
(22,23). Malformation of the great toes, cervical

spine, and proximal femurs, along with the pre-
sence of proximal medial tibial osteochondromas,
can make the diagnosis more certain. 

Radiographic and bone-scan findings suggest 
normal modeling and remodeling of heterotopic bone
(22). The incidence of fractures is not increased in
patients with FOP, although fracture healing is charac-
teristically accelerated in heterotopic bone (25). Bone
scans are abnormal before HO can be detected by
conventional radiographs. Computerized tomography
and magnetic resonance imaging of early lesions have
been described but are superfluous. The definitive diag-
nosis of FOP can be made by simple clinical evaluation
and by association of progressively ossifying soft tissue
lesions with malformations of the great toes (4).

Immobilization of joints by heterotopic bone may
lead to disuse osteoporosis, most marked in the
region of ankylosed joints (22). Therapy may also
produce radiographic changes including osteoporo-
sis, especially in patients receiving corticosteroids for
the treatment of flare-ups. Widening of the growth
plates, disorganized metaphyseal bone growth, and
features of rickets and osteomalacia have been noted
in patients receiving long-term sodium etidronate, a
medication no longer commonly used in the treat-
ment of FOP (26,27).

Laboratory Findings in FOP
Routine biochemical evaluations of bone mineral

metabolism are usually normal, although bone remod-
eling rates and alkaline phosphatase activity in the
serum may be increased, especially during disease
flare-ups (28). Urinary basic fibroblast growth factor
levels may be elevated during disease flare-ups, and
coincide with the preosseous angiogenic phase of
fibroproliferative lesions (29). Nephrolithiasis is more
common in older patients with FOP and may be
caused by increased immobilization and dehydration
in the setting of generalized increased bone remodel-
ing and mineral turnover. 

Phenotype–Genotype?
The cardinal phenotypic features of FOP, which

include congenital joint malformations and progres-
sive HO (30), strongly implicate dysregulation of the
bone morphogenic protein-signaling pathway in the
pathogenesis of FOP (2,18,31–35).
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Treatment of FOP
The disorder’s rarity, variable severity, and fluctu-

ating clinical course pose substantial uncertainties
when evaluating experimental therapies (25,26).
Accordingly, medical intervention is currently sup-
portive. Surgical release of joint contractures is
unsuccessful and risks new, trauma-induced HO.
Osteotomy of heterotopic bone to mobilize joints is
uniformly counterproductive because additional HO
develops at the operative site (25,26). Rarely, a joint
may be repositioned surgically to improve the
patient’s overall functional status. Spinal bracing is
ineffective, and surgical intervention is associated
with numerous complications (14).

Prophylactic Issues in FOP
Dental therapy must involve assiduous attention

to prophylaxis of caries and must preclude intramus-
cular injection of local anesthetics, especially
mandibular blocks and the stretching of the jaw (20).
Guidelines for general anesthesia have been reported
(27). All intramuscular injections must be avoided
(11). Prevention of falls is crucial (9). Prophylaxis
against influenza and pneumonia, as well as mea-
sures to prevent respiratory infection and cardiopul-
monary complications of restrictive chest-wall
disease, are vitally important (12,36). 

Prognosis
The median life span is approx 45 yr, although

some patients survive into their 70s (2). Most
patients, however, succumb earlier from pulmonary
complications including pneumonia and right-sided
congestive heart failure secondary to thoracic insuf-
ficiency syndrome (1–3,5). Despite the widespread
HO and progressive disability, most patients lead
productive and fulfilling lives.
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Introduction
Fibrodysplasia ossificans progressiva (FOP) is a

rare autosomal-dominant genetic disorder in which
the body attacks and destroys its connective tissues
and skeletal muscles and replaces them with bone
(1,2). Although the causative mutation and disease
pathogenesis remain unknown, an overactive bone
morphogenic protein (BMP)4-signaling pathway has
been implicated in the pathophysiology of the
disease and provides a rational basis for understand-
ing both the postnatal heterotopic ossification and

the congenital skeletal malformations that are signa-
tures of the disease (3–9). Despite satisfactory
concordance of these developmental and postnatal
features of FOP with abnormalities in the BMP4-
signaling pathway, there are numerous clinical features
of the disease that strongly implicate participation of
the immune system, possibly involving an underly-
ing autoimmune component to the disorder (10–13).
These include the following:

• Episodic disease flare-ups triggered by tissue
trauma, viruses, and immunizations (1,14–17).

• Overwhelming local and systemic exacerbation of
flare-ups following antigenic rechallenge by intra-
muscular immunizations (15).

• Delayed soft tissue response of 5 d to 2 wk fol-
lowing soft-tissue injury (1,14).

• Influenza-like prodrome of flare-ups (1,14,17).
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• Massive soft-tissue swelling of early flare-ups
(1,14,18).

• Massive migratory edema of early flare-ups
(1,14,18).

• Perivascular B- and T-cell accumulation of lym-
phocytes and mast cells in affected skeletal mus-
cle during the earliest phase of disease flare-ups
(7,19,20).

• Infiltration of lymphocytes between the fascicles
of skeletal muscle during the early phases of dis-
ease flare-ups (7,19,20).

• Lymphocyte-associated destruction of skeletal
muscle during disease flare-ups (7,19,20).

• Dramatic clinical response to corticosteroids 
in the first 24 to 36 h following the onset of a
flare-up (1).

• Seasonal variation of disease progression (1,14).
• Long periods of disease quiescence between flare-

ups, reminiscent of the exacerbation– remission
cycles of patients who have multiple sclerosis
(1,14,21).

• Long periods of disease quiescence in the
presence of immunosuppressive agents com-
monly given after bone marrow transplantation
(unpublished data). 

These myriad clinical, pathological, and epidemi-
ological features of FOP suggest that the immune
system plays a prominent and provocative role in the
pathophysiology of the disease. One of the chal-
lenges in FOP research is to construct a parsimo-
nious theory that explains both the BMP-related
features and the immunological features of the con-
dition. Central to this theory is that the underlying
mutation responsible for the overactive BMP4-
signaling cascade affects both the skeletal system and
the immune system. In this article, we review in par-
ticular our knowledge of BMP4 function in the devel-
opment and regulation of the immune system (22).

Function of BMP4 in the Adaptive
Immune System

BMP4 plays a presumptive role in both B- and 
T-cell development. BMP4 is a key regulator 
for hematopoietic development, and thus, B-cell
development during embryogenesis (23,24). The
hematopoietic stem cell niche in the bone marrow

microenvironment is regulated by BMP receptor
type IA (BMPRIA) expression in marrow stromal
cells (25). BMP signals are also required for forma-
tion of the thymus (26,27). Specifically, BMP4
controls the thymic microenvironment, thereby
affecting lymphocyte maturation and thymopoiesis
(28). Studies on the thymus have provided a sce-
nario on how BMP4 regulates thymic homeostasis
and affects T-cell lineage differentiation (29–31).
Mammalian twisted gastrulation, a BMP4 agonist in
skeletogenesis and a BMP4 antagonist in T-cell
development, is produced by developing thymocytes
to allow their temporary withdrawal from inhibitory
BMP signals (31). Some mice deficient in twisted
gastrulation show not only severely altered lympho-
cyte subsets in the thymus, but also in the bone mar-
row and the spleen (ref. 31, Graf et al., unpublished).
Murine Schnurri-2, a BMP4 pathway gene, is
involved in thymic selection of T-cells and also reg-
ulates T-helper 2 differentiation in mature T-cells
(32,33). This, along with the finding that BMPs are
expressed in peripheral immune cells (ref. 34, Graf
et al., unpublished), indicates that BMPs function
beyond T-cell development, and suggests that they
are likely key regulators of the adaptive immune sys-
tem (26,28–32,35–37). As most mice deficient in
elements of the BMP-signaling pathway have severe
and complicated phenotypes leading to premature
death, functional data to support this notion are
largely missing and our understanding is therefore
very incomplete.

The underlying mutation in FOP could affect
immune cells in an autonomous or a paracrine man-
ner. If the former was true, we would need to
explain how dysregulation of the immune system
by itself leads to the clinical features observed. If
the latter were true, we would predict that the local
environment at flare-up sites is central to the
derailment of the immune response leading to the
observed phenotypic alterations. As evidence of
both scenarios can be found, it is likely to be a
combination of both. Epstein-Barr virus, a lym-
photropic virus, unmasks the dysregulation of the
BMP4-signaling pathway in FOP lymphoblastoid
cell lines, but not in control lymphoblastoid cell
lines, consistent with its effect of inducing a gain-
of-function BMP4 phenotype during flare-ups in
patients with FOP (but not in controls) (1,3,9).
Furthermore, BMP-signaling pathways regulate
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apoptotic cell death in both a cell-autonomous and
paracrine manner. Dysregulation of BMP-mediated
apoptotic signaling in either limb of the adaptive
immune system could plausibly lead to profound
abnormalities in lymphocyte selection, trafficking,
or survival.

Soon after the BMP genes were cloned,
Cunningham et al. showed that BMP4 was a potent
chemoattractant to monocytes in vitro (38). Glaser 
et al. and Kan et al. have shown that BMP4 causes
early lymphocyte infiltration in vivo similar to that
seen in FOP flare-ups, suggesting that overexpres-
sion of BMP4 or overactivity of the BMP4 signaling
pathway may be sufficient to cause lymphocyte infil-
tration in early FOP lesions (7,8). Interestingly,
recently discovered blood-derived adherent cells
(BdACs) are observed in abundance in the periph-
eral blood of patients with FOP during flare-ups.
BdACs mineralize in vitro and form heterotopic
bone when implanted in vivo (39). BdACs also func-
tion as dendritic-like antigen-presenting cells (40).
Thus, apart from considering the immune system in
isolation, we have to consider potential areas of
cross-talk between skeletal tissue and the immune
system. Such cross-talk in pathological conditions
would certainly not be unique for the BMP signaling
cascade because there is precedence for cross-talk in
other skeletal/immunological signaling pathways,
including the receptor activator of NF-�B/receptor
activator of NF-�B ligand (RANK/RANKL) and
transforming growth factor (TGF)-� signaling path-
ways (41). RANK signaling is critical for osteoclas-
togenesis and formation of peripheral lymphoid
issues because RANK knockout (–/–) mice exhibit
profound osteopetrosis and complete failure of
lymph node formation (42). Targeting this molecular
axis is a promising treatment for arthritic conditions.
Targeted disruption of the TGF-� gene and reduced
TGF-� expression lead to profound systemic
immunological disease (43–46) as TGF-� regulates
the development of regulatory T-cells. TGF-� also
plays a major role in tissue repair response, where it
contributes to tissue remodeling and fibrosis. Thus,
the balance and local restriction of TGF-� signals is
key for the progression of chronic inflammatory dis-
eases. BMPs belong to the TGF-� superfamily and
thus, might play similar roles to TGF-� in both the
regulation of the adaptive immune system and in
tissue repair.

Function of BMP4 in the Innate
Immune System

Recent findings suggest that the development 
of autoimmune diseases is determined at least in part
by the endogenous activation state of antigen-
presenting cells (47). Moreover, with the recent dis-
covery of the Toll-like receptors (TLRs), the role of
innate immune responses in the control of adaptive
immunity has become a new area of interest.
Emerging evidence suggests that some TLRs can 
be activated by endogenous ligands expressed by
mammalian cells (48,49). Injury-induced putative
endogenous ligands of TLRs of host origin, such as
heat shock proteins, interact with and activate TLR-
bearing dendritic cells that mature and induce the
adaptive immune response. It is possible that in FOP,
injury triggered by tissue trauma primes innate
immune cells for a progressive increase in TLR
agonist-induced proinflammatory cytokine produc-
tion, and that this inflammatory phenotype may 
be exaggerated in the adaptive immune system-
overactive BMP4-signaling pathway implicated in
FOP. Moreover, recent discoveries indicate that sig-
naling intermediates in the TLR pathway are also
required for BMP4-signaling and mesoderm forma-
tion during mouse embryogenesis (50,51). This dis-
covery of a TLR–BMP signaling network may have
unanticipated implications for understanding the
pathophysiology of FOP.

FOP and the Immunological
Hypothesis

In order to better account for myriad unexplained
clinical features of FOP, it is necessary to expand our
hypothesis on the pathophysiology of FOP to include
features consistent with the prominent immunological
phenotype of the condition. We hypothesize that the
immunological clinical features of FOP are the result
of a disturbance in the regulation of the immune sys-
tem in patients with FOP that involves the BMP4-
signaling pathway or interacting pathways.

The immunological hypothesis of FOP permits
the integration of myriad previously unaccounted for
clinical, pathological, and epidemiological features
of the disease with a robust body of data on the
dysregulation the BMP4 pathway in FOP that can
more fully explain the wide range of features that
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characterize the clinical phenotype of this enigmatic
disorder.

The previously unquestioned immunological fea-
tures of FOP must be integrated with emerging
knowledge of the dysregulated BMP4-signaling
pathway into a unified hypothesis that accounts for
all of the clinical features of FOP. The success of
work at this new frontier of FOP research is likely to
unveil unanticipated new treatment opportunities for
this catastrophic and disabling disorder.
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The Clinical Lesion
Progressive postnatal heterotopic ossification

(HO) in fibrodysplasia ossificans progressiva (FOP)
usually appears within the first decade of life fol-
lowing spontaneous or injury-induced exacerbations
and are characterized by painful swellings in soft
connective tissue, including tendons, ligaments, fas-
cia, and skeletal muscle (1). Occasional spontaneous
regression of preosseous swellings occur, especially
those involving the trunk; however, most often the
swellings progress to form mature heterotopic bone.
Surgical trauma, soft tissue injury, intramuscular
immunizations, dental procedures, or influenza-like

viral infections can induce new episodes of HO.
Flare-ups are sporadic and unpredictable, with great
variability in the rate of disease progression.
Seasonal variation in disease progression has also
been suggested.

Gross Anatomical Considerations
Although it is impossible to predict the occurrence

of lesions in FOP, HO progresses in characteristic
anatomic and temporal patterns. Dorsal, axial, cranial,
and proximal areas of the body tend to be involved
first, with ventral, appendicular, caudal, and distal
areas involved later (Fig. 1). The size of bony lesion
formation in FOP varies widely, but the location of
HO dictates the severity of functional consequences.
For example, HO eventually leads to ankylosis of all
major joints of the axial and appendicular skeleton,
inhibiting movement (2). Restrictive disease of the
chest wall is associated with an increased risk of
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cardiopulmonary problems, and is the usual cause of
mortality in patients with FOP (3).

Radiographic evidence supports the notion that
the heterotopic skeleton in FOP has macroscopic
features of modeling and remodeling similar to
those found in the normotopic skeleton (4). Normal
modeling features present in the FOP ectopic skele-
ton include development of bones with mature cor-
tical and trabecular organization, the presence of
well-defined corical–endosteal borders enclosing
medullary canals, and the presence of metaphyseal
funnelization in ossicles or at synostoses. Normal
remodeling features in the extraskeleton include
responses to weight-bearing stress with osteosclero-
sis of use and osteopenia of disuse, as well as the
resistance of heterotopic bone to fatigue failure.
Other common radiographic features of FOP bony
lesions are extensive synostoses between the cervi-
cal vertebrae and pseudoarticulations at sites where
movement already exists.

Histopathology and the Stages 
of Lesion Formation

The histological stages of lesion formation in
FOP have been well-described (5–10), and represen-

tative sections of each stage are shown in Fig. 2.
Early FOP lesions contain an intense perivascular 
B- and T-cell lymphocytic infiltrate that is typical of
stage 1A. Subsequent migration of lymphocytes into
affected muscle with myonecrosis is present in stage
1B lesions. The perivascular infiltrate surrounding
blood vessels (stage 1A) contains a higher propor-
tion of B-cells, whereas lymphocytes subsequently
migrating into the muscle tissue are predominantly
T-lymphocytes (stage 1B).

An intense fibroproliferative reaction followed
by neovascularity and angiogenesis is characteristi-
cally found in stage 1C and 2A lesions, respec-
tively. These early- to intermediate-stage lesions
are microscopically indistinguishable from aggres-
sive juvenile fibromatosis. Stage 2B lesions
encompass the transformation of fibroproliferative
tissue into cartilage, and stage 2C lesions demon-
strate endochrondral bone formation. This HO rep-
resents normal, histologically mature lamellar bone
and marrow elements that involve the muscle fasci-
cles it replaced, from origin to insertion.  Mast cells
have been identified at every histological stage, and
are found in much greater abundance compared
with normal skeletal muscle and nonlesional 
FOP muscle. In fact, during the fibroproliferative
response characteristic of stage 1C, mast cells are
found at a density much higher than in any other
inflammatory myopathy.

All stages of histological development are present
in the FOP lesion within days of its induction, indi-
cating that different regions mature at different rates.
Although heterotopic bone formation in FOP is sim-
ilar in some respects to bone formation in embryonic
skeletal development and postnatal fracture healing,
important differences are the lack of inflammation 
in embryonic skeletal induction and the relative
absence of lymphocytic inflammatory cells in early
fracture healing.

Possible Mechanisms for FOP Lesion
Formation

Primary genetic defect(s) in FOP are currently
unknown. Events which precipitate lesion formation
are clinically  well characterized, as are the target tis-
sues of such lesions. Knowledge of defects in the
regulation of skeletal morphogens, their receptors, as
well as their antagonists, has helped to implicate the

Fig. 1. Characteristic anatomic and temporal patterns of
lesion formation in fibrodysplasia ossificans progressiva.
Arrows indicate the temporal progression of lesions in the
designated anatomic locations.



bone morphogenic protein (BMP) 4-signaling path-
way (11). However, it is still unclear how clinical
events that initiate the process of lesion formation
ultimately lead to extraskeletal ossification.

An important issue with regard to lesion formation
is the origin of bone-forming cells, and, specifically,
whether resident (local) osteoblast-like precursors in

target tissues or blood-borne osteogenic precursors
that home to target tissue as the result of injury or
inflammation are ultimately responsible for ectopic
ossification. Immunohistochemical analysis of early
FOP lesions shows that lesional stromal cells stain
positively for BMP2 and BMP4, vimentin, desmin,
and alkaline phosphatase, suggesting that these 
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Fig. 2. Histological stages of lesion formation in fibrodysplasia ossificans progressiva. Stages are defined in order of pro-
gression as follows: 1A, perivascular lymphocytic infiltration; 1B, lymphocytic migration into muscle; 1C, fibroprolifer-
ative reaction, with invasion into and replacement of muscle tissue (arrows); 2A, fibroproliferation with intense
neovascularity; 2B, cartilage formation; 2C, endochondral bone formation (arrow). All sections stained with hematoxylin
and eosin. Original magnification ×200.
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preosseous lesions are already committed to an
osteogenic pathway to form heterotopic bone. Early
lesional cells also display smooth muscle cell-markers
consistent with them being mesenchymal in origin.
A subset of lesional stromal cells displaying smooth
muscle cell-markers also express the terminal
osteoblast markers osteocalcin and bone sialoprotein,
as well as the obligate osteogenic transcription factor
Runx2/Cbfa-1. It has been hypothesized that these
stromal cells may be locally recruited vascular cells
or cells of bone marrow origin that can differentiate
into bone-forming cells under specific environmental
stimuli (9).

Progenitor cells involved in a BMP2-inducible
model of ectopic bone formation have been identi-
fied using cell lineage tracing methods (12). This
model suggests that muscle satellite cells, but not
smooth muscle cells or pericytes, are involved in
HO. Endothelial cells, hematopoietic stem cells, side
population cells, and bone marrow stromal cells did
not contribute to bone formation in this model.
However, caveats include the possibility that locally
injected BMP likely does not mimic very early mo-
lecular events that precipitate lesions in FOP, and
that at very high concentrations BMPs can have
strong osteogenic effects in virtually any tissue.

In early experiments to address the origin of cells
responsible for heterotopic ossification, parabiosis
was used as a tool to distinguish between cells of
hematogenous and soft tissue origin (13). The find-
ing that osteoinducer cells were blood-borne mono-
cytoid cells suggests that circulating osteoprogenitor
cells may play a role in FOP lesion formation. Blood
mesenchymal precursor cells (14), circulating skele-
tal stem cells (15), monocyte-derived mesenchymal
progenitors (16), circulating osteoblast-lineage cells
(17), and blood-derived adherent cells or circulating
fibrocytes (18) are potential candidates. Elevated
levels of circulating fibrocytes have recently been
found in FOP patients with active flares (19).

FOP lesion formation is usually triggered by soft
tissue injury, predominantly in muscle, causing the
presumptive release of inflammatory cytokines and
migratory factors. Potential soluble mediators
include prostaglandins (PGs) (e.g., PGE2), stromal
cell-derived factor 1, and BMP4. PGE2 has an ana-
bolic effect on bone marrow stromal cells and
enhances osteoblast differentiation in vitro, presum-
ably through the recruitment of nonadherent mes-

enchymal progenitor cells to adherent osteoblast pre-
cursors (20). Elevated PG levels have been reported
in cultured cells from a patient with FOP (21).
Similarly, elevated levels of a low-molecular-weight
PG-like molecule have been detected in the plasma
of patients with FOP (22). BMP4 can induce ectopic
ossification in animal models (8,23), is known to be
dysregulated in FOP (11), and is also a chemoattractant

Fig. 3. A plausible mechanism for fibrodysplasia ossifi-
cans progressiva (FOP) lesion formation involving circu-
lating osteogenic precursors. Release of inflammatory
cytokines and migratory factors (step 3) presumptively
includes prostaglandin E2, bone morphogenetic protein 4,
and stromal cell-derived factor 1. Recruitment and migra-
tion of osteogenic precursors (steps 4 and 5) are as
described in the text. Double arrows indicated steps that
may be dysregulated in FOP.



for circulating mononuclear cells (24). Stromal cell-
derived factor 1 is a mediator of lesion formation in
a mouse model of pulmonary fibrosis and, secondary
to hypoxia-induced tissue injury, can signal circulat-
ing fibrocytes to home to regions that eventually
become fibrotic (25,26). Hetertotopic bone forma-
tion can occur in pulmonary fibrosis and, as men-
tioned above, circulating fibrocytes are abundant in
patients with FOP with active exacerbations. Taken
together, these observations suggest a plausible,
albeit general, mechanism for extraskeletal ossifica-
tion in FOP that invokes the recruitment of circulat-
ing osteogenic cells (Fig. 3).

Summary and Conclusions
Spontaneous or soft tissue injury-induced exacer-

bations progress to form heterotopic bone in charac-
teristic anatomic and temporal patterns in patients
with FOP. Bony lesions in FOP have macroscopic
features of modeling and remodeling similar to those
found in the normotopic skeleton. Histological evi-
dence suggests a defined sequence of lesion forma-
tion that proceeds through an initial perivascular
lymphocytic infiltration and migration into affected
muscle that is followed by an intense fibroprolifera-
tive reaction with subsequent neovascularity, carti-
lage formation and finally ectopic ossification.
Although the exact mechanism(s) by which FOP
lesion formation occurs is unknown, recent evidence
suggests that resident satellite cells may be involved.
The idea that circulating osteogenic precursor cells
may be induced to home to sites of injury and
inflammation where HO eventually develops is more
speculative.
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Occurrence of Fibrodysplasia
Ossificans Progressiva 

Fibrodysplasia ossificans progressiva (FOP) is a
very rare, heritable disorder of connective tissue
that is characterized by malformations of the great
toes and extensive heterotopic bone formation.
Based on population studies in the United Kingdom
(1) and in France (LeMerrer M, Hôpital Necker,
Paris; personal communication), the frequency of 
FOP is estimated to be about 1 patient per 1.6 million
individuals.

In most described cases, FOP occurs sporadically,
affecting a single individual in a family that has no
history of the condition in previous generations (2).

Males and females are equally affected, and FOP has
been reported in all racial and ethnic groups.

Genetic Transmission
The mutated gene in FOP has not yet been identi-

fied. The rarity of FOP suggests the likelihood that a
single mutated locus underlies the disorder in all or
most individuals. However, until causative gene
mutations are identified in patients with FOP, the
possibility that FOP can be caused by mutations in
more than one gene cannot be excluded.

Reproductive fitness is low; however, inheritance
of FOP has been reported (3–7). In each of these
small, multigenerational families, transmission of
FOP follows an autosomal-dominant pattern. 
To date, the authors and collaborators have iden-
tified and examined eight small families with inher-
itance of FOP. With one exception, the inheritance
of FOP is limited to two generations in these
families.
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In two additional families, FOP occurred in two
half-sisters with the same unaffected mother and dif-
ferent unaffected fathers (8), suggesting either gonadal
mosaicism, a proven cause of recurrence in siblings of
other autosomal-dominant disorders (9), or nonpene-
trance of the mutated gene in one of the parents. 

Although variable expressivity of the FOP phe-
notype has been clearly documented, there is little
evidence that the condition is nonpenetrant (1).
However, nonpenetrance is frequently associated
with autosomal-dominant conditions (10), and a
report of a family with affected cousins (11) sug-
gests that some individuals may be silent carriers of
the mutated gene that causes FOP.

FOP has been found in monozygotic twins whose
parents showed no clinical signs of the condition
(2,6). In a recent study of three pairs of monozygotic
twins (see the article by Hebela et al., in this issue),
the congenital toe malformations were identical for
each member of a twin pair; however, the progression
and severity of the disease varied greatly. This study
indicates that genetic determinants strongly influence
disease consequences during prenatal development,
and that environment influences postnatal progres-
sion of the disease. Environmental factors that cause
cellular and tissue trauma were found to have the
most significant effects on the temporal and spatial
occurrence of postnatal heterotopic ossification.

Risk of Inheritance
Like other conditions inherited in an autosomal-

dominant manner, any child of a person with FOP has
a 50% chance to inherit the condition. An associated
risk factor for occurrence of FOP may be increased
paternal age (1). Successful prenatal diagnosis of
FOP has not been documented; ultrasound theoreti-
cally might be able to identify skeletal changes, such
as malformed toes, but such indicators are often sub-
tle and the appropriate stage of pregnancy to identify
such features of FOP is undetermined (2).

Counseling a family with one child who has FOP
requires that both parents be examined thoroughly in
order to ascertain whether the child likely has a spo-
radic or inherited gene mutation. Examples of a par-
ent with mild features (such as short, laterally
deviated great toes) who has a child showing the
complete FOP phenotype have been observed (3,6).
Such cases suggest the likelihood that the parent car-

ries the genetic mutation for the disease. With the
possibility of gonadal mosaicism, parents who show
no clinical features of FOP cannot be absolutely
reassured of the absence of a parental germline
mutation but can be given a very low recurrence risk.

Genetic Linkage Analysis in FOP
Because of the typically debilitating nature of

FOP, few examples of inheritance from parent to
child are known. However, an initial genome-wide
linkage analysis used four small, multigeneration
families (5). This analysis linked the FOP phenotype
to markers in a 36-cM region of 4q27-31 (with a 
logarithm of the odds [lod] score of 3.10 at recombi-
nation fraction 0). Several candidate genes for FOP
were identified in the chromosome 4q27-31 linkage
interval. The coding regions of several of these can-
didate genes, including Smad1, were examined for
mutations in FOP patients; however, mutations that
correlate with the disorder were not identified.

A clear limitation of this linkage study is the small
number of informative meioses (few families and
small family size), which limits the opportunity to
observe crossover events that define a small linkage
region with statistical significance. The major limita-
tion, however, is the concern for accurate identifica-
tion of affected and unaffected family members. The
variable expression and age of onset of phenotypic
features, together with a wide range of severity, can
complicate an accurate diagnosis. Incorrect assign-
ment of affected or unaffected status would compro-
mise the integrity of the entire linkage analysis. Only
one of the four families used in the initial linkage
analysis showed “classic” features of FOP and little
variability in phenotype among affected individuals
(4). The other families showed a range of phenotypic
severities among family members resulting in some
diagnostic uncertainty (3,5).

The more recent identification of additional fami-
lies with inheritance of FOP and with classic features
of the condition has provided the opportunity to
increase the data that can be generated through
whole-genome linkage studies. Of the eight families
that are now identified with multigenerational inheri-
tance of FOP, unambiguous features of FOP occur in
all affected members of four families. Three of these
families were not included in our initial linkage
study. An expanded whole-genome linkage study
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using these four “core” families is currently in
progress. Our preliminary results (obtained in col-
laboration with J. Triffitt and M. Brown, Oxford
University) support that the chromosome 4 region is
a less strongly linked locus than was previously indi-
cated by our initial linkage analysis (5). A locus on
chromosome 2 appears to have consistent linkage of
FOP in all families now examined. This locus had
shown linkage in our initial genome-wide linkage
analysis but was not statistically significant with the
panel of markers used in that study. 

Identification of Candidate Genes
With few families available for linkage analysis

and positional cloning, a candidate gene approach
has also been used as a strategy to identify the
mutated gene and gain functional information of its
cellular effects. These candidate gene studies have
used both genetic (linkage) and molecular (gene
expression) approaches.

Because bone morphogenetic proteins (BMPs) can
induce formation of heterotopic bone (12,13), mem-
bers of the BMP gene family have long been consid-
ered plausible targets for mutations in FOP (14).
Overexpression of BMP4 in FOP cells (15) prompted
linkage studies using polymorphic microsatellite
markers near the BMP4 gene locus, but have
excluded linkage of the BMP4 locus in FOP (16).
Molecular studies support that the BMP-signaling
pathway is misregulated in FOP, and genes for 
components of this pathway remain highly plausible
candidate genes (7). 

BMP antagonists are also candidate genes for
FOP. The gene for the antagonist Noggin provoked
interest as a candidate gene following studies that
demonstrated its underexpression in FOP cells (17).
However, genetic linkage studies indicated the
absence of linkage of the noggin gene with FOP
(18). Mutations of noggin in patients who have FOP
have been reported (19,20); however, further exami-
nation through extensive DNA sequence analyses in
some of the identical patients, as well as in more
than 30 additional patients with FOP, did not detect
any mutations in the noggin gene (18,21).

At present, differential gene expression using
microarray approaches is being used to identify
additional candidate genes and cellular pathways
that are altered in FOP. Genetic mutations in FOP

could reside anywhere in the BMP-signaling path-
way or in other molecular pathways that affect the
expression or function of components of the BMP
signaling pathway. Additional information about the
cellular and molecular events that occur during the
progression of FOP lesion formation, as well as a
better understanding of the events that induce bone
formation during normal embryonic development
and fracture healing, will both expand the list of can-
didate genes and aid in identifying the genetic cause
of this disabling disorder.

Conclusion
The identification of additional families with

inheritance of FOP will contribute significantly to our
ability to use standard genetic linkage approaches to
identify gene mutations in patients who have FOP.
The potential success of these genetic approaches
will be increased by continuing improvements in
genetic technologies. Cross-platform approaches that
will combine information from genetic and gene
expression studies, for example, will further enhance
efforts to determine the cause of FOP and develop
strategies to treat this condition.
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Introduction
The human skeleton, formed during embryogene-

sis, is under exquisite genetic control. Following
embryogenesis, no additional skeletal elements nor-
mally form during the life of the individual, except
during skeletal regeneration following fractures.
Whereas local environmental signals play important
roles in postnatal bone formation at sites of skeletal
injury, the relationship between genetic and environ-
mental factors in the induction of postnatal hetero-
topic skeletal elements remains unexplored. 

Patients who have fibrodysplasia ossificans pro-
gressiva (FOP), a rare genetic disorder of hetero-
topic ossification (HO), form two skeletons—a
normotopic skeleton during embryogenesis and a
heterotopic skeleton postnatally (1–3). Although
the postnatal progression of FOP advances in well-
described anatomic and developmental patterns,
epidemiological studies suggest an important role
for environmental factors, such as trauma and viral
illnesses, in the induction of heterotopic bone in
patients with FOP (3). Thus, FOP might provide
a developmental window to study the relationship
between genetic and environmental factors in the
induction of heterotopic bone. 

Most cases of FOP arise spontaneously as a de
novo mutation of an as-yet-unidentified gene.
Reproductive fitness is low, and as a result, few
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multigenerational families with the condition exist
worldwide (4–7). Even within the few known multi-
generational FOP families, genetic background dif-
fers among affected individuals and would be
expected to contribute to phenotypic variability.
Control for genetic differences could be obtained
only among monozygotic (MZ) twins. 

In order to investigate the contribution of envi-
ronmental factors in the episodic induction of an
ectopic skeleton, we conducted a comprehensive,
historical, clinical, and radiographic survey of the
only three known pairs of living MZ twins in the
world affected with FOP. We compared the medical
history, physical examination, and radiographs of the
twins in each pair in order to assess similarities and
differences in the appearances and progression of
their FOP. 

Methods
Patient Recruitment

Three pairs of MZ twins with FOP from three dif-
ferent continents were identified; two pairs of twin
sisters and one pair of twin brothers. All three pairs
of MZ twins were seen and examined by one of the
authors (FSK). The three pairs of twins are desig-
nated as pair I (twins A and B), pair II (twins C and
D), and pair III (twins E and F). Each pair of twins
was evaluated and followed up over a 3-yr period,
and the status of disease involvement and cumulative
disability was noted at the time of the last follow-up. 

Diagnosis of FOP
Three major clinical criteria have been estab-

lished for the diagnosis of FOP: congenital malfor-
mations of the great toes, recurrent episodes of soft
tissue-swelling that leads to progressive HO, and
progression of HO in characteristic anatomic pat-
terns. A thorough history and physical examination
of each individual was completed. The diagnosis of
FOP was confirmed in each pair of MZ twins. 

Questionnaire
A routine FOP questionnaire was completed by

each patient and included details of diagnosis, his-
tory of injury, immunization, dental procedures, sur-
gical procedures, disease progression, and social
history. Current medications, a review of systems,
past medical history, and twin sibling comparisons

of joint-specific anatomic involvement were also
documented by detailed medical records in each
patient, and were confirmed by the senior author.

Radiographic Studies
All available radiographs including plain radio-

graphs, computed tomography scans, and magnetic
resonance imaging were reviewed and compared
between twins for features of joint malformations
and HO. 

Zygosity Studies
Zygosity was determined through previously docu-

mented medical histories for each pair of identical
twins, and confirmed by a single-nucleotide polymor-
phism analysis according to standard techniques from
genomic DNA obtained during routine venipuncture.
Studies were approved by the Investigational Review
Board of The University of Pennsylvania.

Results
Pair I

During the 3 yr of evaluation and follow-up, the
twin sisters (twins A and B) were 12 to 15 yr old. The
diagnosis of FOP and monozygosity of the twins was
confirmed. Radiographs of the great toes from early
childhood confirmed identical malformations in the
twins. In early childhood, both twins experienced
flare-ups of the neck and back at similar times and
with similar intensity. When twin B was 3 yr old she
experienced left hip stiffness in the absence of obvi-
ous injury, but play-related trauma could not be
excluded. The stiffness eventually resulted in a 60°
flexion contracture of the left hip. At 5 yr of age,
twin B jumped from a chair and fractured her right
elbow. The fracture was treated by closed reduction
and cast immobilization. Soon thereafter, her mother
states that, “bony bridges started to form across the
elbow joint.” One year after the injury, an operation
was performed to remove the heterotopic bone from
the elbow, but the ossification recurred within 6 wk.
One year later, another excision of the heterotopic
bone was attempted, but the ossification recurred
once again. Currently, the elbow is ankylosed at 90°.

Twin A experienced no major episodes of trauma
until she was 9 yr old, when she slipped and fell on
ice and was admitted to the hospital for observation.
As a result of the fall, she sustained multiple bruises
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from her neck to her waist. After discharge from the
hospital, her neck and shoulders became increas-
ingly immobile from heterotopic bone. Currently,
she has very limited range of motion of the neck and
shoulders. 

Pair II
During the 3 yr of evaluation and follow-up, the

twin sisters (twins C and D) were 14 to 17 yr old.
The diagnosis of FOP and monozygosity of the twins
was confirmed. The clinical and radiographic
appearance of the great toes was identical in early
childhood. Over the course of 17 yr, neither child
reported any significant history of dental or surgical
procedures. Neither twin has had a biopsy of an FOP
lesion or an immunization that resulted in HO.

During the period of evaluation, both twins could
walk without assistive devices. Each had taken pred-
nisone during FOP flare-ups according to the FOP
Treatment Guidelines (available at: www.ifopa.org),
and both felt that the prednisone had helped relieve
the swelling and pain of acute flare-ups, which had
occurred at similar times in similar patterns, espe-
cially in the neck and back. Both twins complained
of similar problems but had very different physical
findings. Twin D had more flare-ups than her sister,
and she seemed more sensitive to mild trauma, espe-
cially at the shoulders, back, and spine. Both twins
had scoliosis, although twin D was much more
severely affected secondary to falls and minor
trauma. Both twins had limited range of motion of
the neck and shoulders, suffered from thoracic insuf-
ficiency syndrome, and had similar abnormal pul-
monary function tests. Twin C had more severe
involvement of her jaw, hips, and knees, reflecting
life events including minor trauma, whereas twin
D had more severe involvement of her chest,
shoulders, elbows, and ankles.

Pair III
During the 3 yr of evaluation and follow-up, the

twin brothers (twins E and F) were 41 to 44 yr old.
The diagnosis of FOP and monozygosity of the twins
was confirmed. The great toe malformations were
clinically similar in early childhood. However, no
radiographs from early childhood were available for
evaluation. Twins E and F were diagnosed with FOP
in their late 20s, although symptoms in each clearly
dated back to early childhood. Twin E experienced

his first major FOP flare-up following a lesional
biopsy at age 7 yr. Twin F experienced his first major
FOP flare-up in his mid-back at the age of 21 yr fol-
lowing minor soft-tissue trauma, although he had
episodes of evanescent soft-tissue swelling without
clinically appreciable bone formation in early child-
hood. Twin F was seen by an oncologist at 21 yr of
age and was referred to a surgeon for a lesional
biopsy on the back to rule out sarcoma. Twin F
denied experiencing any problems at the sites of his
biopsies, although heterotopic bone was confirmed
on physical examination and plain radiographs.

At 26 yr of age, twin F had his wisdom teeth
extracted following a mandibular block, which re-
sulted in ankylosis of the temporomandibular joint and
permanent locking of the jaw. Subsequently, he under-
went the removal of six additional teeth to enable him
to eat. The following year, he injured his back in a fall,
an accident that led to ankylosis of his lower lumbar
spine and right hip. Two years later, his right foot was
caught under the wheels of an all-terrain vehicle but he
sustained no fractures. He denies heterotopic bone for-
mation or any limitation in movement as a result of
that accident. His right knee, however, is locked in 80º
of flexion as a result of trauma sustained at the time of
the accident, and he reported using a cane for limited
ambulation.

The history of accidental trauma in twin E was far
less than that of his brother. However, twin E had
multiple surgical biopsies of the neck, shoulder,
back, and leg, especially during the first decade of
life, as his FOP became worse and prompted diag-
nostic concerns before a definitive diagnosis of FOP
was made. Twin E first noticed the “lumps” on his
back when he was 7 yr old. He had not experienced
any other symptom suggestive of FOP until he was
34 yr old when he noticed progressive limited range
of motion of his neck. He walks daily without the
use of assistive devices. His most recent disabling
flare-up involved the muscles of the submandibular
region (without obvious trauma), which made it dif-
ficult to eat, chew, and swallow. The flare-up
resolved over 6 mo, but residual bone formed in the
submandibular region. Thus, although twin E had
more flare-ups and biopsies early in life, his FOP
became quiescent for many years and, as a result, he
has been more functional than his brother. In con-
trast, twin F had a relatively quiet childhood as far as
his FOP was concerned but had more trauma-related
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flare-ups and subsequent ossifications during his
adult years. The major differences in FOP disease
progression between twins E and F can be ascribed
to their differential history of overt surgical and acci-
dental trauma.

Discussion
This is the third report of MZ twins with FOP

(8,9). Unlike previous studies, which document the
clinical and radiographic history of identical twins,
our study concentrates on environmental effects in
determining the phenotypic differences between the
members of each pair of twins. Within each pair, the
toe malformations were similar or identical early in
life, but environmental factors influenced the post-
natal progression of the disease. 

Although each pair of twins shares an identical
genetic background, various environmental factors
have contributed to the phenotypic differences
within each pair, although we cannot entirely explain
all of the phenotypic differences that were seen. We
found that within each pair of twins, different envi-
ronmental influences were an important factor in the
variability of disease progression. Exposure to vari-
ous types of tissue trauma had a modulatory affect
on the progression of HO in each pair of twins, but
clearly all differences in disease activity between the
members of each pair of twins could not be
explained by a history of trauma alone. It is possible
that some precipitating events or environmental fac-
tors were very subtle and/or escaped recollection or
clinical attention. 

Although MZ twins are considered to have iden-
tical genomes, there is one organ system, the
immune system, where the genomes are invariably
different. This is especially true at loci that encode
the B-cell and T-cell receptors, as well as the
immunoglobulin loci where genetic rearrangements
are of paramount importance in establishing
immunological diversity (10). This feature of genetic
diversity, even among MZ twins, may have particu-
lar relevance for patients with FOP because
immunological factors are believed to play a role in
the progression of the disease. Among the twins we
studied, pair II, more than the other two sets of
twins, seemed to have a different susceptibility to the
same types of mild to moderate trauma, a factor that

might possibly be explained by immunological
diversity. Further studies will be necessary to prove
or disprove this hypothesis. 

Because differences in environment are responsi-
ble for at least some of the phenotypic differences in
MZ twins, it is reasonable to suggest that differences
in FOP severity in non-twins are also owing, in part,
to environmental exposures in addition to underlying
differences in genetic background (4–7).

We conclude that genetic determinants strongly
influence FOP disease phenotype during prenatal
development and that environmental factors influ-
ence postnatal progression of the disease. These
findings have important clinical implications for
understanding the variability of disease progression
among affected individuals and for counseling all
patients who have FOP. 
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The Facial Phenotype of Fibrodysplasia
Ossificans Progressiva 

Minor physical features of a genetic condition
can provide powerful and important clues to the
underlying pathways responsible for the condition.
Anyone who has ever attended a fibrodysplasia ossi-
ficans progressiva (FOP) event knows that there are
remarkable facial similarities between unrelated
individuals who have FOP. To date, there have been
no studies on the facial features or craniofacial phe-
notype of FOP. However, anecdotal observations
have been made by physicians and patients regard-
ing the similarities of facial features in adults with
FOP. The most prominent anecdotal facial feature

noted in many patients with FOP is mandibular
hypoplasia associated with a maxillary overbite,
which seems to be present by the second decade of
life regardless of whether or not there is ankylosis of
the temporomandibular joint (TMJ).

Congenital Malformations 
and Degenerative Changes 
in the Craniofacial Skeleton in FOP

Although much clinical attention in FOP centers
on malformations of the great toes and on progres-
sive heterotopic ossification of the trunk and limbs,
FOP also affects the postnatal development of the
craniofacial structures, resulting in morphological
changes in the head, neck, and face (1–3). In 1982,
Renton et al. described an unusual appearance of the
mandibular condyles in patients with FOP and noted
the presence of broad, flat, malformed mandibular
condyles in association with posterior osteophytes
(4). A case report by Chichareon et al. described an
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associated osteochondroma of the coronoid process
of the mandible in a patient who had FOP (5).
Interestingly, many patients with FOP have abnor-
malities in mastication even before the onset of het-
erotopic bone formation that affects the jaw (4). 

The Cranio-Cervical Skeleton in FOP
Abnormalities of the cervical spine, first

described by Connor and Smith in 1982 (6), are
well-noted in patients who have FOP. A more recent
and comprehensive survey on the cervical spine in
patients with FOP showed posterior fusion of the
cervical vertebrae between C2 and C7 in a pattern
that was remarkably similar to the cervical spine of
mice who had homozygous deletions of the gene
encoding Noggin, a secreted bone morphogenetic
protein (BMP) antagonist (7). 

One of the earliest and most overlooked clinical
manifestations of FOP is evanescent soft-tissue
swelling of the scalp, often mistaken for a cephalo-
hematoma and commonly present in the first month
of life. Where available for review, magnetic reso-
nance imaging studies clearly indicate that the
swelling is not a hematoma at all, but rather a large
soft-tissue lesion involving the galea aponeurotica.
The swelling appears suddenly, may wax and wane
rapidly, and often leaves behind sheets of new bone
in the area of the galea. This heterotopic bone may
fuse with bone of the underlying skull and may be
incorporated into the growth of the skull. There have
been no reported cases of galeal involvement leading
to craniosynostoses in patients who have FOP. 

Additional involvement of the aponeuroses, fas-
cia, and soft-tissue structures of the craniofacial
region include flare-ups of the nuchal ligament and
the cervical fascia. These soft tissues may ossify in
early childhood and may lead to severe limitation in
neck movement (1–3). In addition to malformations
of the TMJs and facet joints of the cervical spine,
malformations have also been noted in the ossicles
of the ear with secondary hearing abnormalities
noted in many FOP patients (8) (Table 1). 

FOP Flare-Ups Involving the Muscles
of the Craniofacial Region

FOP flare-ups commonly involve muscles of the
craniofacial region. FOP flare-ups of the sternoclei-

domastoid muscles can often be mistaken for mumps
or cervical adenopathy. The combination of congen-
ital malformations of the cervical vertebra along
with the FOP flare-ups involving the cervical fascia,
nuchal ligaments, and sternocleidomastoid muscles
frequently lead to permanent ankylosis the neck
(1–3) (see Table 1).

Among the most feared lesions in FOP are those
that involve the muscles of mastication. In a world-
wide survey of the FOP community, 24% of patients
had an immediate FOP flare-up with subsequent
ankylosis of the jaw following a mandibular block
for dental work. Such procedures involve the injec-
tion of a local anesthetic into the ptyrygoid muscle in
order to block the mandibular branch of the trigeminal
nerve (9). 

FOP flare-ups in the submandibular region are
also quite common and involve the myohyoid and
omohyoid muscles. Submandibular swelling in
patients with FOP can be a medical emergency and

Table 1 
Factors Contributing to Craniofacial Involvement in

Fibrodysplasia Ossifications Progressiva

Disease flare-ups  
Congenital and heterotopic 

Structures malformations ossification

Bones
Temporal +
Mandible +
Ossicles of ear +
Cervical vertebra +

Joints
Facet joints (C-spine) +
Temporomandibular +

Muscles
Temporalis +
Frontalis +
Masseter +
Buccinator +
Ptyrygoids +
Myohyoid +
Omohyoid +
Sternocleidomastoid +

Aponeuroses/Fascia/Ligaments
Galea aponeurotica +
Nuchal ligament +
Cervical fascia +
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requires intensive precautionary measures to avoid
catastrophic clinical deterioration. These measures
include avoidance of lesional manipulation, airway
monitoring, aspiration precautions, and glucocorti-
coid therapy. Submandibular swelling with subse-
quent heterotopic ossification is a recognized and
variable feature of FOP and can contribute to the
facial phenotype (10). 

Mandibular Development in FOP
In addition to congenital malformations, sec-

ondary degenerative changes, and disease-related
flare-ups of the craniofacial region, patients with
FOP have disturbances in the growth of the mandible
(4). Regardless of whether or not the TMJ has anky-
losed or whether there has been involvement of the
submandibular region, many patients with FOP
develop mandibular hypoplasia and a maxillary
overbite by the time of skeletal maturity. The profiles
of many young adults with FOP clearly demonstrate
the disproportionate growth between the maxilla and
the mandible. 

BMPs and Mandibular Development
Recent studies have shown that the BMP4 signal-

ing pathway, a dysregulated pathway in the cells of
patients with FOP, plays an essential role in the
growth of the mandible, skull, and in the formation
of the inner ear (11–15). In an animal model of
mandibular hypoplasia, elevated BMP4 activity
downregulated the expression of fibroblast growth
factor (FGF)-8, an important survival factor for cells
populating the mandibular bud leading to decreased
cell survival during mandibular outgrowth (15).
Likewise, embryos lacking BMP antagonists (and
thus having increased BMP4 activity) exhibited
strong reduction in FGF-8 expression in the pharyn-
geal ectoderm and increased cell death in the
mandibular bud. 

BMP4 also promotes chondrocyte proliferation
and hypertrophy in the endochondral cranial base
and BMP4 gene expression is an important factor at
the putative site of fusion in the midfacial region
(13). In addition, BMP4 antagonists disrupt the
development of the inner ear and may play a role in
the development of the ossicles of the ear (12). Thus,
in addition to its effects on mandibular growth and

development, the BMP4 signaling pathway may
have other wide-ranging effects on the prenatal and
postnatal development of the craniofacial skeleton.
Whether or not these morphological changes are rel-
evant to the mandibular abnormalities seen in
patients with FOP is unknown. However, the BMP4-
and FGF-8-signaling pathways and their role in
mandibular growth and development warrant further
attention in the context of FOP.

Discussion
Widespread anecdotal evidence within the FOP

community suggests the presence of a prominent
facial phenotype in many adults with FOP. This phe-
notype is characterized most notably by mandibular
hypoplasia and a maxillary overbite. Other subtle
facial features of FOP that are directly related 
to prenatal and postnatal involvement of the 
craniofacial skeleton and soft tissue structures may
also contribute to the phenotypic similarity in facial
morphology noted in patients with FOP (see Table 1).
However, knowledge can fundamentally bias what
one sees, and a rigorous anthropometric and 
photogrammetric approach to craniofacial features
of FOP would be extremely useful in further 
characterizing craniofacial phenotype of the condition.
Craniofacial anthropometry and three-dimensional
analysis of facial morphometry has proven useful 
in quantifying and analyzing craniofacial pheno-
types that exist in myriad craniofacial disorders
(16–18). Such an analysis is planned for future FOP
gatherings and symposia.

In summary, there is strong anecdotal evidence of
a facial phenotype of FOP characterized by
mandibular hypoplasia, and a maxillary overbite,
and possibly including other more subtle features
involving a wide range of aponeuroses, fasciae, 
muscles, bones, joints, and growth plates of the 
craniofacial region (see Table 1). Many of these
noted abnormalities are secondary to FOP flare-ups
involving the craniofacial structures and some may
result from growth disturbances involving the bones
of the head and face. Dysregulation of the BMP4-
signaling pathway occurs in cells from patients
with FOP, and the BMP4-signaling pathway and
developmental pathways interacting with the
BMP4-signaling pathway likely play important
roles in the emergent craniofacial phenotype of FOP.
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Thoracic Insufficiency Syndrome
Patients with fibrodysplasia ossificans progressiva

(FOP) develop thoracic insufficiency syndrome
(TIS). TIS is the inability of the chest to support nor-
mal respiration or lung growth, and it is seen in
patients who have severe restrictive disease of the
chest wall with fused ribs (1). Numerous factors
contribute to the development of TIS in patients with
FOP. These include costovertebral malformations
with early orthotopic ankylosis of the costovertebral
joints; ossification of intercostal muscles, paraverte-

bral muscles, and aponeuroses; and progressive
spinal deformity, including kyphoscoliosis or tho-
racic lordosis (2–5).

Costovertebral Malformations 
With Early Orthotopic Ankylosis 
of Costovertebral Joints

Patients with FOP have congenital malformations
of the costovertebral joints and associated decreased
expansion of the chest wall early in life (2,5–7).
Malformations of the costovertebral joints are sus-
pected when decreased chest expansion is noted in a
child with FOP even before the appearance of het-
erotopic ossification in the soft tissues of the back or
chest wall. The costovertebral joints are difficult to
visualize radiographically, and this feature of FOP is
often overlooked. Costovertebral malformations and
early ankylosis of the costovertebral joints can be
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detected on oblique films of the chest wall.
Costovertebral malformations can be added to the
litany of joint malformations that are associated with
FOP (e.g., malformations of the interphalangeal
joints of the great toes and thumbs, malformations of
the facet joints of the cervical spine, and malforma-
tions of the temporomandibular joints).

Ossification of Paravertebral Soft
Tissues Including Aponeuroses

The primary changes in FOP are in the connective
tissues, specifically aponeuroses, fasciae, and
tendons—with the muscles only secondarily affected
(8). During the first decade of life, soft-tissue

swellings that look like tumors seize the aponeu-
roses, fasciae, tendons, and muscles of the back, and
slowly transform them into bone through an endo-
chondral process (5). Eventually, ribbons, sheets,
and plates of bone replace these soft tissues, span the
ribs and costovertebral joints, and lock them in
place, rendering movement impossible (2,5) (Fig. 1).

Spinal Deformity
Progressive spinal deformity is common in

patients who have FOP. Sixty-five percent of
patients with FOP have radiographic evidence of
scoliosis and 42% have a hypokyphotic deformity
(4). The formation of a unilateral osseous ridge

Fig. 1. Photographs of the chest and back of a 17-yr-old boy with fibrodysplasia ossificans progressiva who has severe
thoracic insufficiency syndrome.
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along the spine early in life (before skeletal matu-
rity) limits growth on the ipsilateral side of the spine,
whereas growth continues uninhibited on the con-
tralateral side. This structural asymmetry, in combi-
nation with asymmetrical growth, may result in
severe scoliosis or lordosis. If a bony bridge occurs
bilaterally, and if a bony bridge forms after skeletal
maturity, severe spinal deformity is less likely to
result (4). 

Cardiopulmonary Function
Cardiopulmonary function can be impaired in

patients who have TIS. Connor et al. (7) evaluated
cardiopulmonary function in 21 patients with FOP
(mean age: 30 yr of age; range: 6–70 yr of age;
median: 27 yr of age) and demonstrated severe
restrictive disease of the chest wall in all patients
regardless of spinal deformity or the age of onset of
the FOP. Although none of the patients developed
cor pulmonale, these patients may have represented
a younger and less severely affected cohort of
patients with FOP. Many patients had abnormal elec-
trocardiograms. All patients had abnormal spirome-
try secondary to TIS. Chest infection in the presence
of diminished pulmonary reserve was the major haz-
ard to life in patients with FOP, and prophylactic
measures should be considered (7).

In order to determine whether cardiac function
was affected in FOP, Kussmaul et al. studied pul-
monary and cardiac function in patients with FOP
(9). Patients ranged in age from 5 to 55 yr (disease
duration: 1–51 yr). History, physical examination,
pulmonary function tests, electrocardiography, and
echocardiography were performed on each patient.
Physical examination of the lungs and heart was
unrevealing. No right-sided ventricular gallops
were heard, and no patient was found to have
neck–vein distention or peripheral edema. All
patients had extremely limited chest expansion, sug-
gesting dependence on diaphragmatic breathing,
confirming the findings of Connor et al. (7,9). Lung
volumes were severely reduced, but flow rates were
relatively normal. All patients had normal capillary
oxygen saturation. Echocardiography was techni-
cally difficult, but no abnormalities of left or right
ventricular function were seen. Forty percent of
patients had electrocardiographic evidence of right
ventricular dysfunction. Compared with patients

without such evidence, these patients were older,
had significantly longer disease duration, higher
hemoglobin, and more impaired pulmonary func-
tion. The results of the study suggested that the
presence of severe restrictive disease of the chest
wall was associated with a high incidence of right
ventricular abnormalities (9).

Causes of Death in FOP
Many reports on FOP cite pneumonia as the

leading cause of death. In our experience, this rep-
resents approx 50% of the known causes of death
(5). Patients with FOP retain carbon dioxide and
are at high risk of sudden respiratory failure and
death during unmonitored use of oxygen. Nearly
equal in magnitude are deaths associated with pro-
gressive right-sided heart failure in the absence of
pulmonary infection. Regardless of the exact cause
of death, pulmonary complications are a common
finding in the shortened survival of patients with
FOP as is the case for most patients with severe
TIS. In our experience, based on the observations
in the worldwide FOP community during the past
15 yr, the median life span of patients with FOP is
approx 45 yr. 

Respiratory failure and cor pulmonale are fea-
tures of severe TIS (4). A detailed description of this
problem by Bergofsky et al. noted right ventricular
hypertrophy in at least 10% of cases (10).
Pulmonary hypertension was a common finding,
which these authors attributed to increased vascular
resistance and the effects of prolonged alveolar
hypoventilation. The lung undergoes major growth
between the ages of 10 and 18 yr, at a time when
FOP involvement in the chest wall is most pro-
nounced. Patients with primary pulmonary hyper-
tension develop cor pulmonale and right-sided
congestive heart failure caused by inactivating
mutations in the type II bone morphogenic protein
(BMP) receptor 2 (11). BMP receptor 2 modulates
the growth of vascular cells by activating the intra-
cellular Smad pathways (12). Patients with FOP
have multiple abnormalities in BMP signaling,
although the precise genetic mutation in FOP is still
undetermined (13). Whether or not the BMP path-
way abnormalities noted in FOP cells directly affect
the ventilatory or circulating aspects of pulmonary
function is presently unknown. 
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Surgical Correction of Scoliosis 
and TIS

Anecdotal experience of patients with FOP who
have TIS suggests that traditional operative
approaches can seriously exacerbate the disease by
inducing additional heterotopic bone formation.
Furthermore, several children who had operative
correction of scoliosis continued to have progression
of the spinal curvature even after a spinal arthrode-
sis. In two such patients, the arthrodesis was per-
formed with a posterior operative approach alone.
Thus, continued anterior growth of the spine exacer-
bated rotational deformity (4). Anterior approaches
to the chest in patients with FOP are fraught with
severe complications and should be avoided.
Additionally, the indications for correction of spinal
deformity associated with other types of scoliosis
and TISs do not pertain to patients who have FOP
owing to the high complication rate and the failure
of corrective surgery. 

Additional Preventative Measures
Assiduous attention should be directed toward the

prevention and therapy of intercurrent chest infections.
Such measures might include prophylactic pneu-
mococcal pneumonia and influenza vaccinations (14),
chest physiotherapy, and prompt antibiotic treatment
of early chest infection. Upper abdominal surgery
should be avoided if possible, as it interferes with
diaphragmatic respiration. Sleep studies to assess
sleep apnea may be helpful, and positive pressure-
assisted breathing devices, such as bilevel positive
airway pressure masks, without the use of supple-
mental oxygen may also be helpful. 

We have noted anecdotally that patients with FOP
who have advanced TIS and who use unmonitored
oxygen, have a high risk of sudden death. Sudden
correction of oxygen tension in the presence of
chronic hypercarbia suppresses respiratory drive.
Patients who have FOP and severe TIS should not
use supplemental oxygen in an unmonitored setting.

Finally, pneumonia and right-sided heart failure
are the major life-threatening hazards that result
from progressive TIS in patients with FOP.
Prophylactic measures to maximize pulmonary func-
tion, and to minimize respiratory compromise may

be helpful in the presence of progressive chest-wall
disease. Additional understanding of the complex
chest-wall dynamics in a true genetic model of FOP
should greatly enhance our understanding of the
pathophysiology of these dreaded complications.
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Candidate Signaling Pathways for
Fibrodysplasia Ossificans Progressiva 

Fibrodysplasia ossificans progressiva (FOP), a rare
genetic condition, is the most disabling disorder of 
heterotopic osteogenesis in humans, and results in 
the postnatal formation of an ectopic skeleton (1–6).
Congenital malformation of the great toes is present in
nearly all affected individuals (1–6). Definitive treat-
ments for FOP will be more likely after identifying the

gene mutation and the dysregulated signaling path-
ways that cause FOP. 

We postulated that bone morphogenetic protein
(BMP)4-signaling was dysregulated in FOP cells, and
that a dysregulated BMP4-signaling pathway could
account for the congenital loss-of-function phenotype
causing malformed great toes, as well as the postnatal
gain-of-function phenotype resulting in progressive,
heterotopic ossification (HO) in an endochondral 
pattern (7–17). BMPs are members of the transforming
growth factor (TGF)-� superfamily of proteins and act
as gradient morphogens in a concentration-dependent
manner to specify cell fate in skeletal embryogenesis
and in postnatal bone regeneration (18–20). BMPs are
potent osteogenic morphogens capable of inducing
ectopic bone formation in animal models (21–23).
Recombinant BMPs induce mesenchymal cells to 
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differentiate to bone in a highly regulated process of
endochondral osteogenesis that parallels the stages 
of bone formation seen in FOP lesions (14). BMPs 
are both necessary and sufficient to induce the com-
plete cellular program of endochondral osteogenesis 
at heterotopic sites in vivo (18–22). BMP4 is essen-
tial for the morphogenesis of the great toe (17), and
transgenic mice overexpressing BMP4 manifest a
FOP-like phenotype of progressive, HO (23).

BMP4-Signaling Pathways
BMPs interact with specific BMP receptors

(BMPRs) that phosphorylate downstream effector
molecules (18–20). Several combinations of type I
(BMPRIA, BMPRIB, or ActRI) and type II (BMPRII
or ActRII) BMPRs mediate the BMP4-signaling
pathway (18–20). After ligand binding, constitutively
activated type II BMPRs attract and phosphorylate
type I BMPRs. The activated type I BMPRs subse-
quently phosphorylate intracellular proteins of at
least two interacting signaling cascades: the canoni-
cal Smad pathway and the p38 mitogen-activated
protein kinase (MAPK) pathway. Both pathways reg-
ulate nuclear transcriptional activity in a cell and
development-specific context (18–20,24,25). 

The Lymphoblastoid Cell Test System
A lymphocyte-derived cell system was developed

for studying the molecular pathogenesis and 
candidate signaling pathways in FOP (8,11,12,26).
Although lymphocytes are present in the earliest
stages of FOP lesions, their pathophysiological role in
the disease process remains uncertain. Nevertheless,
the lymphoblastoid cell line (LCL) is a useful model
system for investigating the BMP pathway in patients
with FOP, and is one of the few cell types that is 
readily and safely available for study in this patient
population (26).

BMP4 Overexpression in FOP 
Early studies on the BMP4 pathway in FOP LCLs

showed that BMP4 mRNA and protein are overex-
pressed in lymphocytes and lesional cells from patients
who have FOP (4,8,9). The BMP4 gene, however, is
not mutated in FOP, and the BMP4 locus is exonerated
by linkage exclusion studies in the few available multi-
generational families with FOP (16,27–30). 

A Negative Feedback Loop Between
BMP4 and BMP4 Antagonists

Negative feedback loops in gene circuits provide
stability, thereby limiting the range over which the
concentration of vital network components fluctuate.
Negative feedback provides a mechanism to ensure
optimal concentrations of highly regulated mor-
phogens, such as BMP4 (31,32). BMP4 upregulates
the expression of multiple secreted BMP antagonists
(Noggin, Gremlin, chordin, and follistatin) in various
cell types and in various developmental contexts
(12,33). These antagonists bind BMP ligands, pre-
vent them from engaging their cognate cell mem-
brane receptors, and thus establish an autoregulatory
negative feedback loop for BMP4 to exert spatial and
temporal control over its own activity (12,33–35). 

A Defect in the Negative Feedback
Loop Between BMP4 and Multiple
BMP4 Antagonists in FOP Cells

We postulated that a defect in a negative feedback
loop between BMP4 and one or more of the genes
encoding its secreted antagonists could contribute to
elevated BMP4 activity in FOP cells (12). We investi-
gated basal and BMP4-stimulated mRNA expression
of BMP4-induced antagonists in LCLs derived from
patients with FOP and from normal controls. On stim-
ulation with exogenous BMP4, control LCLs exhib-
ited marked increases in Noggin and Gremlin mRNA
levels, whereas LCLs derived from patients with FOP
exhibited a dramatically attenuated response (12).
These data support that FOP cells exhibit dysregula-
tion of negative feedback, by which cells normally
regulate the magnitude and boundaries of ambient
BMP4 morphogenetic signals (12). The genes encod-
ing the BMP antagonists Noggin and Gremlin are not
mutated in FOP, and the corresponding loci are exon-
erated by linkage exclusion studies (16).

Dysregulated BMP4 Homeostasis 
in FOP Cells

In order to determine whether BMP4 levels were
regulated appropriately in FOP cells, we examined the
ability of FOP cells to maintain constant endogenous
BMP4 mRNA levels during growth in cell culture. In
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fact, FOP LCLs are unable to autoregulate BMP4 lev-
els during growth in cell culture, a finding that sug-
gested that the defect in BMP4 regulation in FOP
LCLs might arise at or near the BMPRs (26). 

BMPR Protein Profile in FOP 
and Control Cells

To examine the expression of BMP4R protein on
the cell surface, we performed fluorescent-activated
cell sorting (FACS) analysis using monoclonal anti-
bodies to an array of possible BMPRs expressed in the
LCLs. Control and FOP LCLs expressed BMPRIA
and Activin receptor type II (ActRII), although 
neither BMPRIB nor BMPRII protein was detected
(26). Immunoprecipitation experiments revealed that
BMPR complexes formed between BMPRIA and
ActRII (a recognized receptor complex for both
BMP4 and growth differentiation factor [GDF] 5).
FACS analysis revealed similar levels of ActRII on all
cells, but it also revealed a sixfold overabundance of
BMPRIA on the cell surface of FOP LCLs compared
with control LCLs (26). No differences in BMPRIA
mRNA levels were observed between affected and
unaffected individuals, despite clear differences in
BMPRIA protein levels at the cell surface (26).

Mutational Analysis of BMPRIA 
in FOP Cells

The BMPRIA gene was sequenced from genomic
DNA of the FOP LCLs. No mutations were detected
(26). Regulatory mutations in BMPRIA were exon-
erated by linkage exclusion analysis in four small,
multigenerational families with FOP (16,30).

BMPRIA Biosynthesis in FOP Cells
Dysregulation of receptor protein synthesis or

degradation could give rise to increased BMPRIA
protein on the surface of FOP cells despite similar
steady-state levels of BMPRIA mRNA in affected
and unaffected cells. We found that BMPRIA was
synthesized at similar rates in control and FOP lym-
phocytes (26).

BMPRIA Degradation in FOP Cells
No difference in the rate of receptor turnover was

observed in control or FOP LCLs in the absence of

ligand (26). Following treatment of control cells
with BMP4, BMPRIA was rapidly degraded. By
contrast, BMP4 treatment of FOP LCLs did not
stimulate BMPRIA degradation. No significant dif-
ferences in BMPRIA levels were observed in the
absence or presence of BMP4 in FOP cells (26).

BMPRIA Internalization in FOP Cells
In order to determine whether the observed failure

of receptor turnover was because of a defect in recep-
tor degradation or to the result of a failure of receptor
delivery to the intracellular degradation machinery,
we examined ligand-mediated receptor internaliza-
tion in FOP and control LCLs. Quantification of sur-
face receptor was performed prior to and after BMP4
treatment using FACS analysis with BMPRIA anti-
bodies. In control cells, BMPRIA was significantly
reduced after 1 h in the presence of ligand. However,
in FOP cells, BMP4 treatment did not affect the
abundance of the surface receptor. These data suggest
that there is a defect in ligand-mediated internaliza-
tion of BMPRIA in FOP lymphocytes (26). 

BMP4 Downstream Signal
Transduction Pathways in FOP Cells

To evaluate the functional activity of BMPRIA in
FOP and control LCLs, BMP4 downstream signal
transduction through the Smad pathway was ana-
lyzed. Control C2C12 cells demonstrated enhanced
Smad1 phosphorylation in response to BMP4, as
expected. In control and FOP LCLs, however, no
increase in Smad1 phosphorylation was observed
after BMP4 stimulation in any cell line (26). 

In addition, no differences were observed in the
levels of phosphorylated Smad1 in either the cyto-
plasmic or nuclear protein fraction, suggesting that
little or no signaling through the Smad pathway
occurs in control or FOP LCLs (26). 

Despite this apparent inactivity of Smad signaling
in response to BMP4, we observed that BMP4
increases ID-1 mRNA levels in control and FOP
LCLs. Furthermore, BMP4-induced ID-1 mRNA lev-
els in FOP cells were significantly greater than those
in control cells. BMP4-induced ID-1 synthesis was
effectively blocked by a specific inhibitor of p38
MAPK. These findings suggest that the p38 MAPK
signaling pathway is the predominant BMP signaling
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pathway in both control and FOP LCLs, and that acti-
vation of the p38 MAPK pathway is downstream of
BMPRIA in FOP lymphocytes (26).

Dysregulation of BMPRIA Trafficking
and Signaling in FOP Cells

These and other studies suggested the likelihood
of a fundamental disruption of BMP4 signaling in
FOP LCLs and pointed to a possible defect in BMPR
trafficking. These data suggested that the proximate
cause of overabundant BMPRIA at the cell surface
in FOP LCLs may be owing to a defect in ligand-
mediated receptor internalization (26). 

Recent studies have shown that the specific pat-
tern of receptor oligomerization preceding ligand
binding determines the selection of downstream
BMP signal transduction pathways (36,37). The
Smad signaling pathway is activated following BMP
binding to preformed BMP type I/II heterodimeric
receptor complexes, whereas the p38 MAPK signal-
ing pathway is activated following BMP-induced
hetero-oligomerization of homodimeric complexes
(37). Our data suggest that FOP cells may contain a
set of BMPRIA/ActRII heterodimers, as well as an
excessive pool of BMPRIA homodimers, capable of
being recruited into ligand-stimulated heterote-
trameric complexes that signal through the BMP4-
regulated p38 MAPK pathway (26).

The BMPR trafficking defect in FOP could affect
both p38 MAPK and Smad-signaling pathways. We
do not suggest that Smad signaling plays an unim-
portant role in FOP, but rather that it does not appear
to play an important role in the LCL test system that
we have used to study BMP signaling. Although not
active in our LCL test system, the Smad pathway
could be important in other cell types, such as con-
nective tissue cells, endothelial cells, muscle cells,
or peripheral nerve cells (38). However, such cell
types are not currently available for analysis from
FOP patients because of the restrictions imposed by
the natural history of FOP and by the consequent
dangers to the patients in obtaining such samples (6).

Our BMP4-signaling data show that ID-1 mRNA is
not expressed at high basal levels (without ligand) in
FOP cells. However, ID-1 transcription is stimulated
by treatment with BMP to higher levels in FOP as
compared with control LCLs. Our data suggest that a
small subset of BMPRIA receptors may be constitu-

tively phosphorylated in FOP cells in the absence of a
ligand but that these receptors fail to signal owing to
the lack of an intact BMP-specific Smad-signaling
pathway in the LCLs. On ligand stimulation, robust
signaling occurs predominantly through the p38
MAPK pathway. We propose that it is this ligand-
sensitive pool of excessive BMPRIA that fails to
properly internalize in the presence of BMP4 and that
this is responsible for excessive downstream signaling
through the p38 MAPK pathway in FOP LCLs (26).

A Pathophysiological Model 
for Developmental Malformations 
and Postnatal HO in FOP

Failure to internalize BMPRIA in FOP could have
important developmental implications that are con-
sistent with many of the clinical features of FOP.
Although increased BMP4 signaling can explain 
the HO in FOP, the great toe malformation is 
best explained by decreased activity of the BMP4-
signaling pathway, specifically by decreased activity
of BMPRIB, a target gene reciprocally regulated by
BMPRIA in various developmental contexts (38–40).
BMPRIB is not detected in the LCL test system, but
is expressed in cartilage cells during early embryonic
limb development (38). Interestingly, homozygous
loss of BMPRIB results in skeletal malformations
that are largely restricted to the distal limbs (39).
Skeletal anomalies associated with homozygous
knockout of BMPRIB include short metacarpals and
metatarsals, malformation of the proximal phalanges,
absence of the interphalangeal joints, and fusions of
the metacarpophalangeal and metatarsophalangeal
joints, with the most severe malformations noted in the
anterior digits of the hindlimb (39). This highly spe-
cific pattern of skeletal malformations resulting from
homozygous loss of BMPRIB is strikingly similar to
the malformations of the great toe in patients with FOP.

So, how could failure to internalize BMPRIA fol-
lowing ligand stimulation lead to both a loss-of-func-
tion phenotype developmentally and gain-of-function
phenotype postnatally? Although the definitive
answers are unknown, an important clue may reside in
how the two different BMP signaling pathways are
activated following BMPRIA internalization. 

BMPs can signal through either the Smad or the
p38 MAPK pathways (19,25). Although there is
abundant “crosstalk” between these two pathways,
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the canonical Smad-signaling pathway is predomi-
nant developmentally, whereas the p38 MAPK sig-
naling pathway may predominate in stress-related
processes, such as response to tissue injury (18–20).
Although little is presently known about the specific
effects of BMP receptor internalization (41), recent
studies on TGF-� receptor internalization demon-
strate that receptor internalization is necessary for
downstream signaling to occur through the Smad
pathway (42–44). The TGF-� type I receptor is
internalized through clathrin-mediated endocytosis,
and binds SARA and Smads 2 or 3 in the early endo-
somes, where downstream signaling is initiated (42).
Blocking internalization of the TGF-� type I recep-

tors through clathrin-mediated endocytosis diverts
the receptors to the caveolin-mediated endocytosis
and degradation pathway, which leads to decreased
downstream TGF-� signaling (42). Although similar
studies have not yet been published for the BMP sig-
naling pathway, preliminary data suggest that similar
trafficking and signaling paradigms prevail, espe-
cially through the BMPR-mediated Smad pathways.
Although the canonical BMP–Smad-signaling path-
way does not appear to be functional in our LCL test
system, the p38 MAPK system is a predominant sig-
naling pathway in the LCLs (26). Preliminary data in
the control LCLs has surprisingly demonstrated that
endocytosis of ligand-stimulated BMPRIA through

Fig. 1. Hypothetical schema of bone morphogenic protein-signaling in fibrodysplasia ossificans progressiva cells. Long arrows
indicate signaling pathways. Short arrows: “up” arrows indicate increased activity; “down” arrows indicate decreased activity.
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the p38 MAPK pathway is associated with downreg-
ulation of downstream BMP signaling.

Thus, one could hypothesize that normal ligand-
mediated internalization of BMPRIA leads to
increased signaling through the developmentally
mediated Smad signaling pathway and to signaling
(following ligand-binding) with rapid attenuation
(following internalization) through the p38 MAPK
stress-related pathway. Conversely, if the failure to
properly internalize BMPRIA following ligand stimu-
lation is a primary physiological abnormality in FOP
cells, then the converse might prevail; that is,
decreased signaling through the Smad pathway and
failure to downregulate signaling through the p38
MAPK pathway. Such a scenario would be predicted
to lead to congenital malformations of the great toes
caused by decreased signaling through the Smad path-
way (as in the BMPRIB knockout and in the
BMPRIB-type brachydactyly in humans), and to HO
owing to failure to downregulate BMP signaling
through the p38 MAPK pathway (Fig. 1). Preliminary
data in our model system support this hypothesis. 

Candidate Genes in the Dysregulated
BMP4-Signaling Pathway

The genetic cause of the dysregulated BMP4-
signaling pathway in FOP cells remains unknown, but
studies to date suggest the possibility of a primary dis-
order in the inability to internalize BMPRs in the pres-
ence of ligand. Although mutational and linkage
exclusion analysis do not presently support a primary
receptor mutation, two reasonable postulates are that 
a BMPR-associated protein is deficient in quantity or
activity in FOP cells, or that posttranslational modifi-
cation of a BMPR or BMPR-associated protein impairs
ligand-mediated endocytosis of the receptor complex.
Intensive work is presently focused in this area.

Conclusion
In conclusion, the BMP4-signal transduction path-

way is dysregulated in FOP cells and predicts a BMP4
loss-of-function phenotype developmentally at spe-
cific joints and a BMP4 gain-of-function phenotype
postnatally in soft connective tissue. Detailed analysis
of the molecular pathophysiology of the complex
BMP4-signaling pathway in FOP cells is beginning to
provide critical insight not only into the candidate

genes for FOP, but also into the molecular mechanisms
of BMPR trafficking and signaling that subserve the
earliest events in the pathogenesis of FOP. Such an
approach will reveal the most therapeutically appro-
priate locations in the pathway to target for therapy and
will hasten the development of treatment strategies for
FOP and other disorders of HO in humans.
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Introduction 
Fibrodysplasia ossificans progessiva (FOP) is a

disabling autosomal-dominant genetic disorder 
characterized by congenital malformations of the
great toes and by progressive heterotopic ossifica-

tion (HO) of connective tissues and skeletal muscle
(1). There is no cure for this condition, and only
limited palliative treatment options are currently
available.

The development of HO in patients with FOP is the
result of a series of stages, beginning with an initial
inflammatory response, which is characterized by
invasion of lymphocytes and other inflammatory cells
into fascia and skeletal muscle (2,3). This early stage
is followed by fibroproliferation and angiogenesis,
chondrocyte condensation, and, ultimately, bone for-
mation by an endochondral process (2–4). Although
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Abstract

Fibrodysplasia ossificans progessiva (FOP) is a genetic disease of progressive, heterotopic ossification,
resulting in profound decreased mobility. To investigate the pathophysiology of this condition, lymphoblas-
toid cells (LCLs) derived from patients with FOP or unaffected family members were implanted subcuta-
neously into athymic (nude) mice. Cells from unaffected individuals persisted as small masses with little
evidence of a fibrotic or angiogenic response. In contrast, cells from patients with FOP gave rise to palpable,
solid, fibrotic cellular masses in the animals. Histological and immunohistochemical evaluation revealed that
FOP cells proliferated in the host and induced a fibrotic and angiogeneic response similar to the early-stage
FOP lesions in patients, but did not progress to form ectopic cartilage or bone. These results demonstrate that
lymphoblastoid cells from patients with FOP induce early preosseous FOP-like lesions in mice, but are not
sufficient to induce heterotopic ossification in immunocompromised host animals. Implantation of FOP-
derived cells in nude mice provides a useful model system for examining the earliest stages of the disease. 
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the resulting bone is histologically normal, it is 
temporally and spatially inappropriate. Alterations in
the bone morphogenetic protein-signal transduction
pathway are thought to play a crucial role in the 
molecular pathogenesis of FOP (5,6).

Physical and surgical trauma can induce HO in
patients with FOP, limiting our ability to obtain
human biopsy tissue for the development of adherent
cell lines for detailed molecular and biochemical
studies. However, peripheral blood specimens may
be routinely collected from patients with FOP with
no adverse effects. Consequently, we have used
established lymphoblastoid cell lines (LCLs) devel-
oped from FOP patients and unaffected family mem-
bers to study the molecular pathogenesis of this
disease (7).

To fully understand the pathophysiology of 
FOP, it will be necessary to identify the causative
mutation(s) giving rise to FOP, to determine the 
biochemical pathways promoting progressive
lesional development in these patients, and to iden-
tify the relevant cells in lesion induction and ossifi-
cation. The objective of this study was twofold: first,
to develop an in vivo model to study the formation
and progression of early FOP lesions; and second, to
evaluate the ability of LCLs derived from patients
with FOP to induce HO.

Methods 
Chemicals and Animals

Growth factor-reduced Matrigel was obtained
from Collaborative Biomedical Products. Balb/C
athymic nude mice were obtained from Jackson
Labs. These mice were used for these studies because
they show tolerance for xenografts. All studies 
utilizing animals described in this article were con-
ducted with the approval of the Institutional Animal
Care and Use Committee at the University of
Pennsylvania. 

Cells and Implants
Blood samples were obtained from subjects fol-

lowing an Institutional Review Board-approved 
protocol at the University of Pennsylvania. LCLs
were established by Epstein-Barr virus transformation
of primary B-cells derived from patients with FOP
and unaffected individuals and grown in RPMI-1640
medium with 15% fetal calf serum. The cells were

resuspended in Matrigel (107 cells/0.2 mL Matrigel).
For implantation, 0.2 mL of the cell/Matrigel mix-
ture was injected subcutaneously into nude mice.
Animals were monitored daily for lesion formation
and sacrificed 5 wk after implantation. The lesions
were measured and photographed, and then excised
from the animals and fixed in 4% paraformaldehyde
in phosphate-buffered solution. Paraffin-embedded
tissue was sectioned and stained with hematoxylin
and eosin. 

Results and Discussion
FOP is a progressive disease initiated by an

inflammatory reaction, which leads to HO. The goal
of this study was to assess the role of B-cells in
lesion development. For this study, LCLs derived
from patients with FOP or unaffected controls were
implanted subcutaneously into nude mice. Matrigel
was used as a carrier to minimize diffusion from the
implant site. Implantation of lymphocytes resulted
in the formation of palpable cellular masses in the
animals at similar frequencies for control (four out
of five [80%]) and FOP (five out of six [83%]) cells.
Gross examination revealed that the cellular masses
arising from the FOP cells were significantly larger
(167 � 36 mm3) and more highly vascularized, as
evidenced by their reddish-brown color, com-
pared with those from control cells (51 � 19 mm3).
Histological analysis showed that the cellular
masses from patients with FOP were large, fibrous,
and contained vascular elements with variable
histopathology. In contrast, cells derived from nor-
mal controls formed smaller masses with little or no
vascularization.

A histological comparison of LCL implants from
FOP cells showed striking similarities to early
lesions arising in patients with FOP (4). FOP
LCL implants induced perivascular lymphocytic
infiltration (similar to FOP stage 1A), lymphocytic
infiltration of muscle (FOP stage 1B), and muscle
degradation/fibrosis (FOP stage 1C; Fig. 1). These
results demonstrate that implantation of human FOP
cells into nude mice induces tissue responses that are
similar to the early preosseous lesions that occur in
patients with FOP. 

A notable finding of this study was the absence of
heterotopic bone formation as a consequence of FOP
LCL implantation. No cartilage or heterotopic bone
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formation (FOP stages 2B and 2C) was seen in any
of the LCL implants (see Fig. 1). A number of fac-
tors could account for this outcome, but it cannot be
explained simply by the inability of nude mice to
support HO. We have found that implantation of
chick upper sternal chondrocytes into nude mice
results in chondrocyte condensation, cartilage depo-
sition, and mineralization. Robust ossification in
nude mice also occurs following introduction of
bone morphogenetic protein 2, a known inducer of
ossification (6). Hence, HO can be readily induced
when the necessary cytokine(s) or cell type(s) are
introduced into immunocomprimised mice. 

A possible explanation for the inability of lympho-
cytes from patients with FOP to induce HO is that other
cell types with the FOP genetic mutation are required
to complete this process. The initial inflammatory cell
infiltrate that occurs during flare-ups in patients with
FOP, contains both B- and T-lymphocytes, as well as
mast cells (1–4). In the current study, mice received
only B-cells. Interestingly, an inflammatory T-cell
response is associated with new bone formation and
altered local bone remodeling of calvarial and long
bones in mice (8). Alternatively, responding cells that

reside in lesional tissue in patients with FOP may 
be required for the progression of early lesions into 
heterotopic bone.

In summary, our study demonstrates that LCLs
derived from patients with FOP can induce pre-
osseous FOP-like lesions in nude mice. The resulting
tissue changes share characteristics with the earliest
stages of FOP lesion formation, but do not progress
into ossified tissue in the immunocompromised host
animals. We believe that the model system presented
here will be useful for studying the earliest events 
in FOP pathogenesis and in investigating strategies
for blocking lesion development in patients using
pharmacological agents. 
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Fig. 1. Fibrodysplasia ossificans progressiva (FOP) lymphoblastoid cell (LCL) implants mimic early stage lesions in
patients with FOP. LCLs from FOP patients were implanted in athymic nude mice. After 5 wk, the implants were excised,
paraffin-embedded, sectioned and hematoxylin and eosin (H&E)-stained for histological evaluation. Top row: examples
of histopathology of human FOP LCL implants in mice. Bottom row: early stages of FOP lesion formation in patients:
Perivascular lymphocytic infiltration (stage 1A); intramuscular lymphocytes (stage 1B), muscle cell degeneration, 
fibroproliferation (stage 1C). Note the histological similarities between lesions arising in nude mice and those observed in
patients with FOP. (Magnification: � 200).
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The Importance of Animal Models for
Fibrodysplasia Ossificans Progressiva

The emergence of relevant animal models for
fibrodysplasia ossificans progressiva (FOP) is criti-
cal for the development of definitive treatments (1,2)
(Table 1). A sporadic FOP-like condition was
described in domestic housecats, but no known liv-
ing animals have been available for further study (3).
The first animal model that provided a clue to the
cause of FOP was recognized in the decapentaplegic
(dpp) mutants of Drosophila, an invertebrate, and
predicted the role of bone morphogenic protein
(BMP)-signaling in the pathophysiology of FOP (4).
Studies in c-Fos embryonic stem cell chimeric mice
demonstrated progressive heterotopic ossification

(HO) in FOP-like patterns, and suggested an interac-
tion between proto-oncogenes and the BMP-signaling
pathway in the molecular pathophysiology of 
FOP-like lesions (5,6). The homozygous knockout
of the genes encoding Noggin (a secreted BMP
antagonist) and BMP receptor IB (BMPRIB; a type I
BMP receptor) in mice elucidated the importance of
the BMP signaling pathway in joint morphogenesis,
a finding relevant to the joint malformations in FOP
(7–9). The BMP4–Matrigel implant model provided
a reproducible experimental system for studying the
pathology and prevention of FOP-like lesion forma-
tion (10). Transgenic mice that overexpress BMP4
under the control of the neuron-specific enolase
(Nse) promoter develop progressive HO, but lack
the anatomic specificity seen in the human disease
(11). The achievement of a genuine animal model for 
FOP may have to await the discovery of the gene
responsible for FOP. 

Despite their limitations, the two most useful ani-
mal models for the induction of FOP-like lesions are
the recombinant BMP4–Matrigel implant system
and the Nse–BMP4 transgenic mouse (10,11). Each
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Table 1
Comparative Clinical and Pathogenetic Features of Fibrodysplasia Ossificans Progressiva 

and Several Relevant Animal Models

FOP-like c-Fos BMP4– Nse–BMP4
Clinical or features in embryonic Matrigel transgenic
pathogenetic domestic stem cell Noggin implant animal
feature FOP house cat chimera knockout model model

Naturally 
occurring Yes Yes No No No No

Transgenic 
animal model No No No No No Yes

Genetic knockout No No No Yes No No
Stem cell chimera No No Yes No No No
Pathophysiology Increased Homozygous Neuron-specific

of heterotopic embryonic deletion of BMP4- overexpression
ossification Unknown Unknown expression Noggin gene induced of BMP4

of Fos
General 

appearance at 
birth Healthy Healthy Healthy Lethal Healthy Healthy

Yes; other
Great toe digital and joint 

malformation Yes No No anomalies No No
Congenital 

heterotopic 
ossification No Yes No Yes No No

Postnatal 
heterotopic 
ossification Yes Yes Yes Unknown Yes Yes

Progressive 
heterotopic 
ossification Yes Yes Yes Unknown No Yes

Progression 
according to 
anatomic patterns Generally
seen in FOP Yes Yes Yes Unknown No opposite

Progressive 
chest wall Present
disease Yes Yes Yes at birth No Yes

(table continues)

of these in vivo model systems reproduce all of the
histological stages of FOP lesion formation (1,12).
Each of these models has been used to study the
early histological events associated with BMP-
induced HO and to test the effects of BMP antago-
nists, such as Noggin, in inhibiting the formation of
FOP-like lesions (1,12). The BMP4–Matrigel
implant model and the Nse–BMP4 transgenic mouse
are useful in vivo model systems to assess currently

available treatments for FOP and to help understand
the pathophysiology of progressive HO until a better
animal model can be developed based on the precise
gene mutation causing FOP.

FOP: A Clue From the Fly
BMPs were first described by Marshall Urist in

1965 as a fraction of bone matrix capable of inducing
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ossification following implantation at a hetero-
topic site (13). After the murine and human BMP
genes were cloned and recombinant proteins
expressed, it became clear that recombinant BMPs
could induce the entire cascade of endochondral
bone formation at a heterotopic site (14).
Furthermore, the protein-coding regions of BMP2
and BMP4 were strikingly similar to the protein-
coding region of the dipteran gene dpp (4).
Pleiotropic mutations of the dpp locus led to distur-
bances in the body plan of Drosophila that were sim-
ilar in scope and pattern to those seen in patients
with FOP (4). A remarkable conservation of a pro-

tein sequence across so large an evolutionary dis-
tance (that between humans and flies) suggested that
the BMP2 and BMP4 genes in humans and the dpp
gene in Drosophila are likely derived from a com-
mon ancestral gene. The developmental similarities
between the mutant dpp phenotypes in the fly and
FOP in humans suggested a useful model for 
understanding FOP. The model was especially
fruitful in suggesting a molecular basis for FOP,
and provided the insight that linked bone formation
with pattern abnormalities before vertebrate animal
models were available to study the BMP signaling
pathway (4).

Table 1 
(continued)

FOP-like c-Fos BMP4– Nse–BMP4
Clinical or features in embryonic Matrigel transgenic
pathogenetic domestic stem cell Noggin implant animal
feature FOP house cat chimera knockout model model

Progressive 
restriction of Joints do
joint movement Yes Yes Yes not form No Yes

Exacerbation by 
trauma Yes Unknown No Unknown No Unknown

Muscles spared Diaphragm,
from disease extra-ocular
process cardiac and Same as Same as Same as Not Same as

smooth FOP FOP FOP applicable FOP
Orthotopic fusions 

of cervical spine Yes No No Yes No No
Proximal 

medial tibial 
osteochondromas Yes No No Yes No No

Hearing 
impairment/
conductive 
hearing loss Yes Unknown Unknown Unknown No Unknown

Lymphocyte 
infiltrate in 
skeletal muscles Yes Yes Yes Yes Yes Yes

Fibroproliferative 
angiogenic 
lesions Yes Yes Yes Yes Yes Yes

Endochondral 
ossification Yes Yes Yes Yes Yes Yes

BMP pathway 
abnormalities Yes Yes Yes Yes Yes Yes
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A FOP-Like Condition in the Cat
A FOP-like condition has been described in

domestic housecats, and six sporadic cases have
been reported (3). The disease occurs in male and
female cats, and is seen in both the domestic short-
hair and domestic long-hair cats. Affected cats
ranged from 10 mo to 6 yr of age. Unlike FOP in
humans, affected cats do not have congenital mal-
formations of the distal limbs. Radiographic exami-
nation revealed multiple areas of HO within affected
muscles. Intense perivascular lymphocytic infiltra-
tion was noted at the advancing edge of fibroprolif-
erative lesions and was similar to that seen in FOP
lesions in humans. In the feline lesions, there was a
marked proliferation of connective tissue, followed
by cartilage and bone formation within epimysium,
tendons, and fasciae similar to the early appearance
of FOP in man. The clinical course of the feline dis-
ease was rapid, with the development of severe dis-
ability occurring within weeks to months. The
FOP-like disease in the cat closely mimics FOP in
humans and may serve as a natural animal model for
this disorder (3,12). Unfortunately, all evaluations
performed to date have been postmortem studies on
pet cats, and no live animals are currently available
for study.

A FOP-Like Condition in c-Fos 
Stem Cell Chimeric Mice 

Murine embryonic overexpression of the c-Fos
proto-oncogene leads to early progressive, postnatal
heterotopic chondrogenesis and osteogenesis with
phenotypic features similar to those seen in children
who have FOP (5,6). The overexpression of c-Fos in
embryonic stem cell chimeras leads to progressive
heterotopic endochondral osteogenesis at least, in
part, through a BMP4-signaling pathway. In con-
trast, early FOP lesions express abundant BMP4
without abundant expression of c-Fos messenger
RNA, suggesting that the primary molecular defect
in FOP may be independent of the sustained 
c-Fos effects on chondrogenesis and osteogenesis.
Comparisons of the clinical, molecular, and patho-
genetic features of the c-Fos embryonic stem cell
chimeras with those of FOP provide insight into the
earliest events in the molecular pathogenesis of
genetically induced heterotopic chondrogenesis and

osteogenesis. The relevance of the c-Fos embryonic
stem cell chimera to the study of FOP demonstrates
the power of using embryonic stem cell technology
to generate gain-of-function mutations in the study
of FOP. It also illustrates the potential interaction
between proto-oncogenes and BMPs in the patho-
physiology of progressive HO (5,6).

FOP-Like Features in Noggin
Knockout Mice and in BMPRIB
Knockout Mice

BMP4, a potent skeletal morphogen, is overex-
pressed in the cells of patients who have FOP (15,16).
Additionally, Noggin, a secreted protein that functions
as a high-affinity antagonist of BMP4 and several
other BMPs, is underexpressed in the cells of patients
who have FOP (17). Noggin acts by binding BMPs
and preventing the interaction of BMPs with their
serine–threonine kinase transmembrane receptors
(18). During vertebrate development, Noggin expres-
sion and secretion is triggered by BMP signaling, 
and acts to define the boundaries of BMP-induced
structures. As part of a negative feedback control 
system, BMPs regulate the expression of Noggin (17).
Homozygous deletion of the Noggin gene in mice is
lethal soon after birth owing to multiple congenital
skeletal defects. The skeletons of Noggin knockout
mice have multiple synostoses, ankylosis of the chest
wall, and fail to form joints throughout the body. In
mice lacking Noggin, cartilage condensations formed
normally, but initiation of joint development failed to
occur (9).

Interestingly, homozygous deletions of the
BMPRIB gene leads to essentially normal mice,
except for the presence of digital malformations
similar to those seen in patients with FOP and
brachydactyly type A2 (7,8). These findings from
the Noggin knockout mice and the BMPRIB
knockout mice demonstrate the importance of 
BMP signaling, not only in HO, but also in joint
morphogenesis. 

BMP4–Matrigel Implant Model
The BMP4–Matrigel implant model reproduces

all of the stages of HO observed during lesion for-
mation in patients who have FOP (10). Although the
BMP4-Matrigel implant animal model lacks the
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specificity of progressive HO, it permits the study of
the various histological stages of lesion development,
the study of tissue-specific target cells responsible for
FOP-like lesions, and provides a test platform for
drug development (10). 

A FOP-Like Phenotype in Nse–BMP4
Transgenic Mice 

Transgenic mice overexpressing BMP4 under the
control of the Nse promoter develop a FOP-like
phenotype and provide an important new model sys-
tem for studying the pathophysiology of progressive
HO (11). 

Heterotopic bone formation in the transgenic ani-
mals follows the same endochondral ossification path-
way seen in the BMP4–Matrigel implant model and in
patients who have FOP. HO in Nse–BMP4 transgenic
mice begins subcutaneously in the connective soft-
tissue structures, rather than in deep skeletal muscle,
and is similar to the early FOP involvement of the 
fascia, tendons, and aponeuroses. Heterotopic bone
formation in the transgenic animals is progressive.
However, the patterns of disease progression are 
different from those seen in FOP. Interestingly, 
the Nse–BMP4 transgenic mice fail to form hetero-
topic bone in the diaphragm, tongue, or extraocular
muscles—muscles that are also spared in FOP.
Nse–BMP4 transgenic mice lack the great toe 
and other joint malformations seen in patients with
FOP patients. The lack of joint malformations 
in the Nse–BMP4 transgenic mice might be the result
of the late embryonic transgenic expression of 
BMP4 at a time following the establishment of the 
cartilaginous anlage.

When the Nse–BMP4 transgenic mice were mated
with Nse–Noggin transgenic animals, the progressive
HO was prevented, thus confirming the role of the
BMP4 signaling pathway in the pathogenesis of the
progressive HO in these animals. The Nse–BMP4
transgenic animal model provides important insight
into the pathogenesis of FOP-like lesions and pro-
vides an in vivo model for testing medications that
might slow the progression of HO (11). 

Summary
Animal models have illuminated the role of the

BMP4 signaling pathway in pattern formation and

in HO, and have provided in vivo model systems
for testing drugs that may inhibit BMP4-induced
HO. Each animal model has its potentials and 
limitations for understanding the developmental
biology of FOP and for studying the evolution of
postnatal HO. The eventual identification of the
FOP gene will hasten the development of a true 
animal model of FOP.
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Introduction
Fibrodysplasia ossificans progressiva (FOP) is a

rare genetic disorder of congenital toe malformations
and progressive heterotopic ossification. The earliest
pathological finding in FOP is perivascular lympho-
cytic infiltration into normal-appearing skeletal mus-
cle, followed by muscle cell degeneration and the
emergence of highly vascular fibroproliferative tissue
with associated soft-tissue swelling. The fibroprolif-
erative lesions evolve through an endochondral ossi-
fication process into mature lamellar bone with
marrow elements. Heterotopic ossification (HO) is
often first detected around the spine and proximal
limbs, then at multiple other sites, which leads to
joint dysfunction and near-complete immobility (1). 

Although the genetic cause of FOP has not been
identified, several studies have suggested that bone
morphogenic protein (BMP)4 may play a key patho-
physiological role in this disease (1–3). Nevertheless,
transgenic mice overexpressing BMP4 under the
control of different promoters have previously failed
to develop a disorder of extraskeletal bone formation
(4–7). Recently, developmentally associated, postna-
tal HO was reported in a transgenic mouse model that
overexpresses BMP4 under the control of the neuron-
specific enolase (Nse) promoter. These Nse–BMP4
transgenic mice develop progressive postnatal HO
through an endochondral process (8).

Features of the Transgenic Model
Transgenic animals that overexpress BMP4 under

the control of the Nse promoter were generated to
examine the role of BMP signaling in brain develop-
ment. The overexpression of BMP4 resulted in an
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increase in the density of astrocytes in multiple brain
regions accompanied by a decrease in the density of
oligodendrocytes (9). Interestingly, the BMP4 trans-
genic mice also developed severe postnatal hetero-
topic bone formation.

The first evidence of a musculoskeletal phenotype
in the Nse–BMP4 transgenic mice was swelling of
proximal hind limb muscles with enlargement of the
hind limb circumference. Histological and immuno-
histochemical analysis of tissue sections from hind
limbs found that the earliest histological changes
were the infiltration of CD45� mononuclear cells into
intramuscular regions accompanied by muscle fiber
degeneration. Subsequent findings included the prolif-
eration of fibroblast-like cells that matured into HO
through a classic endochondral ossification pathway (8).

Heterotopic bone formation in Nse–BMP4 trans-
genic animals was progressive and followed specific
anatomic patterns of progression. HO was primarily
located in the subcutaneous connective tissue in a
pattern nearly opposite to that seen in patients with
FOP (Table 1). Osseous bridges developed in mul-
tiple locations, such as the pelvis and the jaw, and
eventually immobilized the mice. Kyphoscoliosis
and spinal deformity developed frequently. The
diaphragm, tongue, and extraocular muscles were
spared in the transgenic animals, which also occurs
in patients who have FOP. Mating of Nse–BMP4
transgenic mice with transgenic animals that overex-
pressed the BMP4 antagonist, Noggin (Nse–Noggin
transgenics), prevented the disorder, confirming the
specific role of BMP4 in the pathogenesis of the dis-
ease in this animal model. 

Although the Nse–BMP4 animal model closely
recapitulates major aspects of the FOP phenotype,
there are still substantial phenotypic differences

between this mouse model and human FOP. First,
there are no obvious congenital malformations of
the great toes found in the transgenic mice.
Second, the initial sites of HO and the anatomic
patterns of disease progression are different 
from human FOP (Table 1). Nevertheless, the
Nse–BMP4 transgenic animal exhibits progressive
heterotopic endochondral ossification, and is rele-
vant to the study of FOP. 

Summary
Nse–BMP4 transgenic mice display progressive,

postnatal HO and provide a model for future
research into the molecular mechanisms and treat-
ment of progressive HO. The Nse–BMP4 animal
model supports the hypothesis that dysregulation of
BMP4 signaling may play a key pathophysiological
role in FOP. Furthermore, the model suggests that a
single gene mutation might possibly cause such a
variable and multifaceted disorder. Despite the dif-
ferences in the pattern of affected body locations
during disease progression between the mouse and
patients who have FOP, this transgenic mouse line is
the first transgenic mouse model to exhibit exten-
sive HO. Practically, the Nse–BMP4 animal model
can be used as a primary test platform to accelerate
drug development for FOP and other disorders 
of HO.
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Introduction
Fibrodysplasia ossificans progressiva (FOP) is a

rare autosomal dominant disorder characterized by
congenital malformation of the great toes and by 
progressive postnatal heterotopic ossification (HO) 
of soft tissues in characteristic anatomic patterns
(1–4). Postnatal HO generally appears within the first
decade of life following either spontaneous or trauma-
induced flare-ups (1,4,5). Progressive episodes of 
HO lead to ankylosis of all major joints of the axial
and appendicular skeleton, including the temporo-
mandibular joints (TMJs), rendering movement
impossible (6–8). Overstretching the jaw, mandibular
anesthetic blocks, and surgical trauma associated with
resection of heterotopic bone leads to catastrophic

episodes of robust new bone formation (1,4,9). Even
in the absence of HO, developmental abnormalities in
the TMJs are often noted early in life (7).

Dental Problems in Patients 
Who Have FOP

Dental issues in patients with FOP are similar to
those in the general population. Patients with FOP
develop caries, gum disease, and periodontal dis-
ease. If the TMJs are functional, individuals with
FOP do not exhibit more dental problems than in
others. However, if the TMJs are ankylosed, then the
teeth cannot be brushed on the occlusal or lingual
surfaces, and caries, gingivitis, and peridontitis are
likely to develop with higher incidence (10).  

Many patients with FOP are unfortunately not
treated for caries early in life owing to the fear that
dental manipulation may worsen the condition.
Other reported reasons for nontreatment are lack of
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knowledge on how to access decayed teeth for
restoration and lack of knowledge about proper local
and general anesthetic care (10). Luchetti reported
severe restriction in jaw movement following rou-
tine injection of local anesthetics for mandibular
blocks in patients who have FOP (9). Obviously,
mandibular blocks and overstretching of the jaw
must be assiduously avoided in patients with FOP. 

TMJ surgery in patients with FOP with ankylosed
TMJs has had variable success. Most of the morbidity
is the result of anesthetic issues and, in some cases, sur-
gical issues. Crofford reported failure of jaw surgery
and isotretinoin to restore jaw immobilization in FOP
(11). Herford reported a successful oral opening in a
FOP patient with an ankylosed jaw through an
osteotomy approach, although the TMJs reankylosed in
an open position (12). The osteotomy was performed to
provide oral access for sustenance and dental care, and
the patient was satisfied with the outcome. At the pre-
sent time, there is no effective approach to the remobi-
lization of an ankylosed jaw in a patient with FOP. 

Preventive Oral Health Care
Recommendations

Preventive oral and dental health care measures
are essential in patients with FOP, especially during
childhood years. Periodontic and preventative oral
care is crucial to prevent long-term dental and oral
complications in patients with FOP. Fluoridation of
water is suggested for all patients who have FOP.
The use of high-dose fluoride toothpaste is recom-
mended, along with use of fluoride gels and rinses to
help prevent the need for restorative dental care.
Chlorhexidine rinses are encouraged to prevent gin-
givitis and tooth decay. Frequent flossing and brush-
ing are as necessary in patients with FOP as in
unaffected individuals, but may be difficult on
account of limited jaw opening as the FOP pro-
gresses. Patients with FOP who are still able to open
their mouths can be treated with normal dental
instruments as in unaffected individuals, but assidu-
ous care must be exercised to prevent overstretching
of the TMJs during dental procedures. In patients
who have ankylosed TMJs, professional instrumen-
tation and special toothbrushes may be helpful, but
are often limited to use on the buccal surfaces.
Antimicrobial and fluoride rinses may be the only
method to reach the lingual and palatal surfaces (10).

Restorative and Surgical Dental Care
When jaw-opening ability is limited, restorative

dental care and fillings are technically difficult to
perform in patients with FOP. Preparation of the
tooth and removal of the decay may need to be modi-
fied for patients with limited oral opening. Access to
the tooth from the buccal surface may be necessary
for patients with FOP who are unable to open their
jaw adequately. In limited space, it may be possible
to remove tooth decay using a slow dental drill. The
use of fluoride-releasing filling material is recom-
mended. These filling materials bond to the tooth
and release fluoride into the surrounding tooth struc-
ture, preventing further decay.

In patients with FOP who have ankylosed TMJs,
dental extractions pose an extreme problem. It may
be necessary, for example, to approach the tooth
entirely from a buccal direction as forceps cannot be
placed on top of the tooth in the usual manner. In a
closed-mouth individual with an ankylosed TMJ, it
may be necessary to section the decayed tooth into
pieces before removal. Formation of a window on
the buccal side may be necessary to remove a wis-
dom tooth or to create access to the dental roots. A
dental instrument must be placed lingually or
palatally to prevent tooth debris from falling inside
the mouth. A soft, malleable neurosurgical retractor
may be fitted between the teeth to create a shield. 

Dental Anesthesia in Patients 
With FOP

Patients with FOP have limited options for dental
anesthesia. Mandibular blocks are forbidden because
they will lead to ossification of the pterygoid mus-
cles and rapid ankylosis of the TMJ (9). Infiltration
anesthesia is difficult in the mandibular posterior
molar areas for permanent teeth. Successful anesthe-
sia in mandibular primary teeth can be achieved by
infiltration through the dental pulp. Interligamentary
infiltration may be helpful, if performed carefully
(13); however, in some patients, this type of local
anesthesia may not be possible for age-related
behavioral reasons or for access reasons. In those
cases, general anesthesia may be necessary. 

General anesthesia is a particularly dangerous
matter in patients who have FOP. Overstretching of
the jaw for intubation may cause additional trauma to
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the TMJs, and lead to disease flare-ups. Because the
TMJs may be ankylosed in older patients who have
FOP, oral access for intubation may not be possible.
General anesthesia for dental care in patients with
FOP should be accomplished through a fiberoptic
nasal intubation while the patient is awake but under
light sedation, so that the patient can control secre-
tions. This type of procedure should be performed by
well-trained anesthesia teams who are familiar and
experienced with this type of procedure (10).

Orthodontics and FOP
Most people seek orthodontic care for aesthetic

and functional reasons. For the FOP population, self
image is as important as in the general population.
Orthodontic therapy can be safely performed on
patients with FOP who have normal or nearly normal
oral opening (9). 

Patients who have FOP often develop mandibular
hypoplasia with a maxillary overbite and, therefore,
orthodontic therapy may be considered. However,
many patients find that the overbite provides a
means of access for eating, as well as for oral and
dental hygiene. Posterior and anterior dental cross-
bites can have an effect on the TMJs and should be
corrected. For children with functional TMJs and
with anterior open bites that are less than 15 mm,
orthodontics is not recommended because the over-
bite will facilitate nutrition and subsequent dental
care if the TMJ does eventually ankylose. 

When orthodontic care is considered, brief appoint-
ment times are recommended to lessen stress on the
TMJs. The use of nonextraction therapy is also recom-
mended. To prevent the need for extractions in
patients with FOP, it may be advisable to align the
anterior segments for aesthetics, leaving posterior
dental crowding untreated. Crowded posterior teeth
may be a better alternative than the risks of flare-up
and TMJ ankylosis that can accompany an extraction. 

Submandibular Swelling 
in Patients With FOP

In addition to flare-ups involving the TMJs, flare-
ups involving the submandibular region occur in
patients who have FOP and can complicate dental
care (14). Submandibular flare-ups were initially
noted in 12 of 107 FOP patients (11%), and were

mistaken initially in seven patients for mumps,
angioneurotic edema, abscess, mononucleosis, or
neoplasm. In our experience, the prevalence of
patients with FOP who have had submandibular
flare-ups approaches 30% of the known adult
patients with FOP worldwide. Most patients sur-
vived following assiduous precautionary measures.
One patient who required emergency tracheostomy
and ventilatory support also survived. Another
patient died of inanition from chronic swallowing
difficulty. Submandibular swelling in patients who
have FOP can be a medical emergency, and requires
intensive precautionary measures to avoid cata-
strophic clinical deterioration. These measures
include avoidance of lesional manipulation, airway
monitoring, aspiration precautions, nutritional sup-
port, and glucocorticoid therapy (14). 

Summary
In summary, patients with FOP have numerous

oral and dental healthcare issues that require life-
long and assiduous attention to prevention, and to
minimization of risks when restorative care is nec-
essary. Patients who have FOP should consult the
dental section of The FOP Treatment Guidelines
(The Medical Management of Fibrodysplasia
Ossificans Progressiva (FOP): Current Treatment
Considerations) for updated clinical guidelines on
oral health issues. These guidelines are updated fre-
quently, and can be accessed on the International
FOP Association website at: www.ifopa.org.
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The Fibrodysplasia Ossificans
Progressiva Dilemma

Considering the paucity of patients afflicted with
the disorder, the erratic natural history of the dis-
ease, and the extreme variability of fibrodysplasia
ossificans progressiva (FOP), double-blinded, ran-
domized, controlled studies are extremely difficult
to conduct in the FOP community. The current treat-
ment recommendations have largely been made

based on anecdotal data or poorly controlled clinical
studies. Because of the difficulty in designing clini-
cal trials, a clinically relevant animal model would
provide a potential testing platform for studying
drug development. Unfortunately, there are no natu-
rally occurring animal models of heterotopic ossifi-
cation (HO) that accurately reproduce all of the
clinical features of FOP (1,2). HO can be induced in
an animal by the injection, surgical implantation, or
genetic overproduction of bone morphogenetic pro-
teins (BMPs) (1,2). These animal models, however
imperfect, can help accelerate the pace of drug
development and preclinical testing. The purpose of
this article is to review several medications that
have been used and that are being considered for the
treatment and management of patients who have
FOP. 
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The ultimate goal of research on fibrodysplasia ossificans progressiva (FOP) is the development of
treatments that will prevent, halt, or even reverse the progression of the condition. Despite advances in
understanding the pathophysiology of FOP, there are no therapies with scientifically proven benefits for the
prevention or treatment of FOP. Insights obtained from the research laboratory and from the treatment of hun-
dreds of patients worldwide have allowed us to identify targets for potential therapies. Some of these thera-
pies involve the use of currently available medications, whereas others involve novel therapeutic approaches
that are in preclinical testing. In this article, we will review the scientific basis for considering various thera-
peutic options based on the known pathophysiology of FOP. Because there are presently no proven preven-
tions or treatments for the condition, this article is intended to represent an opinion of the authors that may be
helpful to others who face similar situations.
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The Pathological and
Pathophysiological-Based 
Treatment of FOP

The optimal treatment of FOP will be based on
integrated knowledge of the cellular and molecular
pathophysiology of the condition. An abbreviated
outline of our current knowledge is presented in Fig. 1.

Gene Correction
FOP is a genetic disease, and the ultimate treat-

ment will likely involve a gene correction or a gene

bypass approach in the cells and tissues involved in
the disease process (3–7). The single most important
piece of knowledge currently missing in the FOP
puzzle is the identity of the FOP gene (3,8,9). Such
knowledge will immediately provide insight into the
most promising therapeutic approaches for FOP, and
will propel development of more relevant animal
models for testing potential therapies.

Disease Flare-Up Prevention
Prevention of soft-tissue injury and protection

against the influenza virus remain a hallmark of FOP

Fig. 1. Hypothetical treatment schema in fibrodysplasia ossificans progressive. NSAIDs, nonsteroidal anti-inflammatory
drugs; VEGF, vascular endothelial growth factor.
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management because both soft-tissue injuries and
influenza infections can provoke flare-ups of FOP
(10,11). Intramuscular injections can also provoke
flare-ups and must be assiduously avoided (3,12).
Routine childhood diphtheria–tetanus–pertussis
immunizations administered by intramuscular injec-
tion pose a substantial risk of permanent HO at the site
of injection, whereas measles–mumps–rubella immu-
nizations administered by subcutaneous injection and
routine venipuncture pose no significant risk (12).

Permanent ankylosis of the jaw may be precipi-
tated by minimal soft-tissue trauma during routine
dental care. Overstretching of the jaw and intra-
muscular injections of local anesthetic must be
avoided. Mandibular blocks cause muscle trauma
that will lead to HO, and local anesthetic drugs are
extremely toxic to skeletal muscle (13,14).

Falls suffered by patients with FOP can lead to
severe injuries and flare-ups. Patients with FOP have
a self-perpetuating fall cycle. Minor soft-tissue
trauma often leads to severe exacerbations of FOP,
which result in HO and joint ankylosis. Mobility
restriction from joint ankylosis severely impairs bal-
ancing mechanisms, and causes instability, resulting
in more falls (15).

Immunomodulators

Corticosteroids
The use of immunosuppressant therapy early in

the course of an FOP flare-up is based primarily on
its potent suppressive effect on lymphocytes and
mast cells, cells which are seen in the earliest FOP
lesions (6,7,10,16,17). Widespread favorable anecdo-
tal reports within the FOP community suggest that a
brief, 4-d course of high-dose corticosteroids begun
within the first 24 h of a flare-up may help reduce the
intense lymphocytic infiltration and tissue edema
seen in the early stages of the disease. Steroids are
most effective when used early to treat discrete flare-
ups. Therefore, the use of corticosteroids should be
limited to the extremely early symptomatic treatment
of flare-ups that affect major joints. Because flare-ups
on the back tend to be extensive, frequently multifo-
cal, and with indeterminate date of onset, cortico-
steroids are less effective and, in general, shouldnot
be used for the symptomatic treatment of flare-ups
involving the back of the neck or trunk.

The dose of corticosteroids is dependent on body
weight; a typical dose of prednisone is 2 mg/kg/d,
administered as a single daily dose for no more
than 4 d. When prednisone is discontinued, a non-
steroidal anti-inflammatory medication or cyclooxy-
genase (COX)-2 inhibitor in conjunction with a
leukotriene inhibitor may be used symptomatically
for the duration of the flare-up. Corticosteroids
should not be used for the long-term chronic treat-
ment of FOP because chronic dependence and other
steroid-associated side effects will result.

Corticosteroids are an important component in the
management of a submandibular flare-up of FOP
(18). Submandibular swelling in patients who have
FOP can be a medical emergency and requires inten-
sive precautionary measures to avoid catastrophic
clinical deterioration. These measures include early
identification of the submandibular flare-up, avoid-
ance of lesional manipulation, airway monitoring,
aspiration precautions, nutritional support owing to
the difficulty in swallowing, and the use of cortico-
steroids. The potentially dangerous nature of flare-ups
in the submandibular region may dictate a slightly
longer use of corticosteroids with an appropriate
taper for the duration of the flare-up or until the
acute swelling subsides (18).

Mast-Cell Inhibitors
The intense inflammatory muscle edema, fibropro-

liferation, and angiogenesis characteristic of early
preosseous FOP lesions and the rapid spread of these
lesions along muscle planes into adjacent tissue sug-
gests a potential role for mast cells in the FOP
process. An analysis of all stages of FOP lesional
development found increased mobilization and acti-
vation of inflammatory mast cells. These data docu-
mented an important role for mast cells in the
pathology of FOP lesions (17).

Mast cells, lymphocytes, and their associated
inflammatory mediators may also be reduced with
the use of mast-cell stabilizers, long-acting, nonse-
dating antihistamines, leukotriene inhibitors, non-
steroidal anti-inflammatory medications, and the
COX-2 inhibitors (19,20). Mast-cell-membrane sta-
bilizers may reduce the release of angiogenic and
chemotactic factors, whereas antihistamines and
leukotriene inhibitors may reduce the downstream
effects of released mediators. The optimal use of
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these medications and their potential efficacy in FOP
is presently unknown. 

Nonsteroidal Anti-Inflammatory Drugs 
and COX-2 Inhibitors

Inflammatory prostaglandins (PGs) and BMPs are
potent co-stimulatory molecules in the induction of
heterotopic bone (21,22). Studies in the orthopedic
literature have shown that lowering inflammatory
PG levels in experimental animals dramatically raises
the threshold for HO, thus making it more difficult 
for bone to form (22). Animals pretreated with PG
inhibitors failed to form heterotopic bone following
intramuscular injections of BMP-containing de-
mineralized bone matrix. In contrast, animals treated
with PG inhibitors coincident with or after a deminer-
alized bone matrix injection still formed heterotopic
bone (21). These data suggest, that in order for PG
inhibitors to be effective in preventing HO, the med-
ication must be at therapeutic levels in the target tis-
sues before a bone-induction signal occurred. This is
further supported by the finding that COX-2 knock-
outs failed to generate new bone formation at a frac-
ture site (23). Although pharmacological doses of
COX-2 inhibitors given to normal animals had a sim-
ilar effect, the inhibition of bone formation in both
sets of animals (COX-2 knockouts and animals
treated with COX-2 inhibitors) could be overcome
with massive amounts of recombinant BMP, indicat-
ing that COX-2 activity occurs upstream of BMP sig-
naling, and that intense overactivity of the BMP
signaling pathway (as is seen in FOP) could plausibly
overcome a COX-2 blockade (23). 

In addition to their potent anti-inflammatory prop-
erties, nonsteroidal anti-inflammatory drugs and COX-
2 inhibitors have potent antiangiogenic properties,
especially at high dosages—a feature that makes them
even more desirable for consideration in FOP (24).
Recently, substantial concerns have been raised about
the safety of the COX-2 inhibitors, including rofecoxib
(Vioxx®), celecoxib (Celebrex®), and valdecoxib
(Bextra®) in patients at high risk of cardiovascular and
cerebrovascular disease (25–28). Both Vioxx and
Bextra have been withdrawn from the market.

Bone Marrow Transplantation
During the past decade, mounting evidence has

supported the involvement of the immune system in

the pathogenesis of FOP, suggesting that bone
marrow transplantation (BMT) may cure the disease
(29–32). Lymphoblastoid cells derived from patients
with FOP overexpress BMP4, a potent osteogenic
morphogen (33). The presence of lymphocytes (16)
and mast cells (17) in early FOP lesions, the
lymphocyte-associated death of skeletal muscle
(34), the dysregulation of multiple BMP antagonists
in lymphoblastoid cells, the occurrence of flare-ups
following soft-tissue trauma (4,15), viral infections
(11) and immunizations (12,13), and the beneficial
response of early flare-ups to corticosteroids (18)
support involvement of the immune system in the
pathogenesis of this condition. Trials of BMT in
patients with FOP might be fraught with life-
threatening complications of pneumonia (3,35) or
severe graft-vs-host disease with catastrophic exacer-
bation of FOP if treatment proves ineffective. Before
any clinical trials were started, a patient with FOP
who had undergone BMT for the treatment of inter-
current aplastic anemia was relocated. Follow-up of
this patient 25 yr following human leukocyte anti-
gen-identical BMT demonstrated definitively that
BMT does not cure FOP.

Anti-Angiogenic Agents
Angiogenesis is an absolute requirement for the

formation and development of the skeleton, for the
successful healing of fractures, and for the formation
of heterotopic bone. The early stages of skeletal
embryogenesis correspond to the highly vascular-
ized, preosseous, fibroproliferative lesions seen in
FOP (36,37). BMPs are potent inducers of ID-1
expression, a gene required for angiogenesis (38).
Angiogenesis, a prominent histopathological feature
of preosseous FOP lesions, thus becomes a potential
target for therapy (16,34,36,37,39).

The goal of anti-angiogenic therapy in FOP is
to inhibit new blood vessel formation in order to
slow down or inhibit the subsequent production
of new bone formation once a new lesion has
appeared. Angiogenesis may potentially be
minimized with anti-angiogenic agents, such as
nonsteroidal anti-inflammatory drugs, COX-2
inhibitors, thalidomide, and vascular growth fac-
tor traps. At present, several of these agents are in
preclinical development or early phase I clinical
studies (8,37).
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Although its exact mechanism of action remains
unknown, thalidomide possesses important properties
as an anti-angiogenic agent, a tumor necrosis factor
regulator, and as an immunomodulator that may be
of potential benefit for treatment of FOP flare-ups
(40). Preliminary data from a phase I thalidomide
trial in patients with FOP flare-ups suggested some
benefit without significant toxicity. 

Chemotherapy Agents and Radiation
Therapy

The definitive diagnosis of FOP is often delayed
because of the rarity of the condition and the failure
to associate the tumor-like soft-tissue swellings with
the congenital malformations of the great toes
(34,37). As a result, children with FOP are often mis-
diagnosed as having cancer or aggressive juvenile
fibromatosis (34). It is not surprising, therefore, that
many children with FOP have been treated with var-
ious extensive regimens of chemotherapy and radio-
therapy before the definitive diagnosis of FOP has
been made. It would be important to note retrospec-
tively if radiation therapy or any of the chemother-
apy agents had been helpful in altering the natural
history of the condition. There was, however, no
convincing anecdotal evidence that either radiation
therapy or any of the standard chemotherapy agents,
such as tamoxifen, colchicine, vincristine, vinblas-
tine, cytoxan, cyclosporin, methotrexate, adriamycin,
or any others, were helpful for patients with FOP. In
fact, many of these medications caused harmful
long-term side effects. The use of these approaches
is, therefore, presently contraindicated in the treat-
ment of FOP. 

Aminobisphosphonates
Etidronate has been studied in FOP because of its

inhibitory effect on bone mineralization and its
potential to impair ossification at high dosages (41).
Unfortunately, at high doses it also causes osteoma-
lacia and impairs ossification of the entire skeletal
system. Its utility is, therefore, extremely limited.
One study suggested that intravenously administered
etidronate and oral corticosteroids may be helpful,
but more control data on the spontaneous resolution
of early FOP flare-ups are needed (41).

Although high-dose etidronate has proven ef-
fects on inhibiting mineralization, the newer amino-
bisphosphonates do not possess this activity. Despite
this, anecdotal reports have suggested that pami-
dronate may have beneficial effects either alone or
with steroids for the treatment of acute flare-ups,
especially those involving major joints. In these
cases, there was no effect on the occurrence of sub-
sequent flare-ups in any of the patients treated with
either a single dose or a brief course of intravenous
pamidronate. Therefore, whatever improvement
there may have been was transient and affected only
the lesion present at the time of the flare-up (41).
Additional anecdotal observations compel further
stringent scientific inquiry in controlled laboratory
and clinical studies (42). 

The potential mechanism of action of the amino-
bisphosphonates on early FOP lesions remains specu-
lative. A possible mechanism by which pamidronate
and zoledronate might affect FOP lesions includes a
direct inhibition on the proliferation of a rapidly divid-
ing population of cells. Such an effect was noted
recently in a study investigating the effects of amino-
bisphosphonates on cells in vitro (43). It is certainly
possible that pamidronate and zoledronate may affect
one or more cell types in an early FOP lesion.
Aminobisphosphonates have potential application in
FOP because they disrupt the mevalonate pathway by
specifically inhibiting the activity of the farnesyl
diphosphate synthase enzyme in target cells (44). Cells
involved in the FOP flare-up may be sensitive to the
aminobisphosphonates and rendered incapable of post-
translational prenylation of small guanosine triphos-
phatases, which are essential for cellular activity (44).

Pamidronate and zoledronate have anti-angiogenic
activity (45,46). Also, pamidronate administered
intravenously decreases vascular endothelial growth
factor levels and basic fibroblast growth factor levels
in cancer patients with bone metastasis (46–48).
Patients with FOP have elevated urinary fibroblast
growth factor levels during flare-ups (36). 

Intravenous pamidronate and zoledronate also
modulate various lymphocyte subpopulations in the
circulation, and are responsible for the dose-related
side effects of flu-like symptoms (49). We cannot
rule out the possibility that pamidronate may affect
the early lymphocytic infiltration into skeletal mus-
cle seen in both BMP4-induced FOP-like lesions and
in FOP lesions themselves.
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One must also consider the stark possibility that
there may be no positive effects whatsoever of the
aminobisphosphonates on FOP lesions, and that the
reports to date are the results of observational bias
and/or coincidence. Only rigorous controlled inves-
tigations in vitro and in vivo, as well as placebo-
controlled clinical trials, will be able to definitively
decipher these possibilities and provide a rational
basis for determining whether or not one or more of
the aminobisphosphonates will have a beneficial role
in the treatment of FOP.

Miscellaneous Agents
The progression of the fibroproliferative FOP

lesion to cartilage, calcified cartilage, and bone
may potentially be slowed with the use of fluoro-
quinolone antibiotics. However, the fluoroquino-
lones are extremely toxic to growth plate and joint
cartilage at high doses. The chronic use of calcium
binders, mineralization inhibitors, warfarin, and
retinoids (50) have been reported with either unsat-
isfactory side effects or equivocal results. At the pre-
sent time, the use of these medications or approaches
is not indicated.

Muscle Relaxants
The concept of using muscle relaxants during

acute flare-ups has enjoyed recent popularity among
clinicians treating patients who have FOP. Early
FOP flare-ups are associated with intense lympho-
cytic infiltration into skeletal muscle (16). Areas of
relatively healthy skeletal muscle bordering the
lesion are thus subject to metabolic changes that
would lead to muscle spasm and fiber shortening.
The judicious short-term use of muscle relaxants,
such as cyclobenzaprine (Flexeril®), metaxalone
(Skelaxin®), or liorisal (Baclofen®), may help to
decrease muscle spasm and maintain more func-
tional movement, even in the setting of an evolving
FOP lesion. This is especially true for painful flare-
ups involving the major muscle groups of the back
and limbs. The chronic use of muscle relaxants
between episodes of flare-ups has not been as widely
reported to the authors by colleagues treating
patients with FOP. As with all such medications,
careful attention to dosing schedules is important, as
certain muscle relaxants (such as liorisal) need to be
tapered slowly to avoid side effects.

Future Considerations
As the molecular pathways involved in FOP are

deciphered, additional molecular targets will be
identified. Humanized monoclonal antibodies, BMP
antagonists, and signal transduction inhibitors may
have clinical applications in FOP as our understand-
ing of the aberrant molecular pathways evolves (51).

BMP Antagonists, BMP Receptor Antibodies,
and Signal Transduction Inhibitors 

Formation of the skeleton requires inductive sig-
nals that are balanced with their antagonists in a
highly regulated negative feedback system.
Inappropriate expression of BMPs or their antago-
nists contribute to the pathophysiology of FOP
(6–8,51). Irrespective of the regulation of the BMP
signaling pathways in FOP, BMP signaling mediated
through binding to its receptors remains a critical step
in the induction of abnormal ossification. BMP4-
induced HO can be prevented in vivo either by local
delivery of wild-type Noggin or after somatic cell
gene transfer of the Noggin variant, hNoggin∆B2 (1).

Noggin gene therapy continues to be a promising
long-term treatment for FOP based on our present
knowledge of the condition (1,2,8). Before gene
therapy with Noggin can become a clinical reality,
methods must be developed for safely delivering
Noggin to target cells and for regulating Noggin gene
expression at those cellular targets (8). 

Additional treatment options to consider for the
future include the use of monoclonal antibodies directed
against the overabundant cell surface BMP receptors,
and signal transduction inhibitors directed against the
dysregulated BMP signaling pathway in FOP (50).

Summary
Current approaches to FOP treatment are palliative

and symptom-modifying. A continued rigorous
approach to understanding the underlying genetic
cause and molecular pathophysiology of the condition
offer the best hope for designing effective treatments
and preventions that are truly disease-modifying.

Website Treatment Information
Detailed treatment information and updated

guidelines from The FOP Consortium can be found
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on the International FOP Association website at
www.ifopa.org.
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Fibrodysplasia Ossificans Progressiva:
The Nature of the Problem

Fibrodysplasia ossificans progressiva (FOP) is 
an exceedingly rare and devastating disorder of 
progressive soft-tissue ossification (1,2). On a 
molecular level, the disorder can be traced to the
dysregulation of a potent bone-inducing morphogen
(bone morphogenetic protein 4) (3). Congenital mal-
formation of the great toe is present in nearly all
patients with FOP. FOP usually manifests in the first
decade of life, typically between the ages of 2 and 6
yr. Tender, rubbery, asymmetric, erythematous
lumps appear over several hours in the paraspinal

muscles or limb girdles. Although some of these
masses may remit, most will mature to form true het-
erotopic bone. This process occurs spontaneously,
but may also be triggered by minor physical trauma.
Gradually, heterotopic ossification (HO) accumu-
lates in the aponeurosis, fascia, tendons, ligaments,
and connective tissues of voluntary muscles, laying
down what has been described as a second skeleton. 

The transformation/invasion of normal tissue to
bone occurs in a cranial-to-caudal, proximal-to-distal,
and axial-to-appendicular skeletal pattern (4). Cohen
et al. surveyed 44 individuals with FOP and found that
the initial manifestations occurred at a mean age of 5
yr and affected the neck, spine, and shoulder. The hip
and elbow typically became involved during the 12th
year, whereas the jaw, wrist, and ankle were affected
between the 15th and 18th years of life. Spinal defor-
mity is also quite common (5). Shah et al. noted 
that 26 of 40 (65%) individuals with FOP developed
scoliosis, and of these, 23 (88%) were “unbalanced 
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c-shaped curves.” It is unclear from the report how
many were kyphotic, but kyphosis and hip and pelvic
rotational deformities and obliquities are common in
the authors’ experience. Interestingly, once the body
stops growing in the late teens or early 20s, the inci-
dence of spontaneous HO quiets down and becomes
less common. Unfortunately, trauma remains a potent
trigger throughout life, and may have disastrous 
functional consequences.

FOP: The Magnitude of the Problem
Statistics fail to convey the true magnitude of the

difficulties facing individuals and families affected
by FOP. Although there is some variation in expres-
sion of the disorder, the formation of heterotopic
bone is brutal in its progressive assault during 
the growing years. Each incident of soft-tissue 
ossification carries the potential to restrict range 
of motion in the region where the bone has formed.
In small and occasionally larger increments, affected
individuals will lose range of motion in the neck,
shoulders, spine, hips, elbows, knees, ankles wrists,
jaws, and, in some cases, the distal appendages. The
diaphragm, heart, tongue, extraocular, and smooth
muscles are spared. Thus, by the third decade, bar-
ring new trauma, the ravages of FOP will generally
be known for each individual. Some will have been
lucky and will retain enough hip and lower limb
movement to ambulate, perhaps with the assistance
of a straight cane, and perhaps will be able accom-
plish some form of sitting and transferring.
However, many affected individuals will find them-
selves locked in unpredictable postures, typically
caught in an asymmetrical pose somewhere between
sitting and standing. 

The Impact of FOP on Daily Living
In individuals with advanced FOP, almost all

aspects of life are impacted, and therefore must be
addressed to maximize the individual’s opportunity
to live well and fully (6). Issues include the obvious:
dressing, grooming, bathing, and mobility, as well as
activities that are more often overlooked: sexuality,
affect, education, and vocation.

To make matters worse, although steroids and anti-
inflammatory medicines may be useful during flare-
ups, there remains no effective medical treatment to

halt the progression of FOP bone formation. Surgery
is almost always contraindicated because it triggers
further episodes of ossification. 

Rehabilitation Strategies
Rehabilitation strategies and interventions can be

separated into those that are restorative and those that
are compensatory. Restorative rehabilitation allows
the recovery of skills and abilities lost through injury,
disuse, or a disease process. An example of a restora-
tive rehabilitation might be rehabilitation by running
and turning in an athlete following a ligament tear or
strain. The athlete might be placed on a progressive
program of strengthening, flexibility, kinesthetic
awareness, and graded return to activity, with the
goal of resuming running using the same underlying
musculoskeletal structures and neural programming
as before his or her injury. Compensatory strategies
involve the substitution of new strategies and struc-
tures to carry out functions that can no longer be per-
formed using the same neural or musculoskeletal
substrates. An example of this would be teaching a
person with poststroke hemiplegia how to dress with
one hand or how to walk with a quad cane and an
ankle–foot orthosis. 

In FOP, almost all strategies and interventions are
compensatory, many relying on equipment to help
preserve and enhance function. Interventions for those
with FOP must be tailored to the physical, emotional,
and cognitive limitations, abilities, and aspirations of
the individuals, as well as the human, financial, and
technological assistance available. The construction
of the optimal rehabilitation plan often involves the
following professionals: physiatrists, occupational
and physical therapists, speech therapists, dentists,
wheelchair vendors and manufacturers’ representa-
tives, orthotists, psychologists, and vocational
rehabilitationists. In addition to professional help,
affected individuals and their caregivers can gain a
great deal of comfort and practical advice from other
families. The International FOP Association (IFOPA),
a nonprofit support organization, is a particularly
valuable resource. The IFOPA hosts international
symposia where those with FOP can meet one
another. Additionally, the IFOPA hosts a website,
www. ifopa.org, and publishes a newsletter. The
website contains valuable medical information, as
well as guidebooks for families and children.
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Rehabilitation Tactics

Dressing
Typically, the shoulders and neck lose mobility

early in the course of the disease, impairing the abil-
ity to dress both above and below the waist. A vari-
ety of solutions may be employed. For those with
limited access to the midline, pull-over shirts and
blouses with few buttons or that are pre-buttoned can
be helpful. Likewise, loose-fitting clothes with elas-
tic waistbands instead of belts can be used. Sock
donners (devices where the sock is placed over a cuff
attached to a cord), elastic shoelaces, and long-
handled shoehorns may be indicated. Velcro closures
may be easier to manage than buttons or zippers,
although long-handled dressing sticks and zipper
aids are alternative solutions. 

Toileting
Two common issues regarding toileting in FOP

are the issues of postural abnormalities that prevent
sitting, and those that prevent self-hygiene. Raised
toilet seats are common commercially manufactured
items. Some individuals may require raised and 
custom-angled commodes to allow the posterior to
meet the lip of the toilet. Doorways may need to be
widened and grab bars may be needed to allow
ingress and egress into the bathroom, and to assist
positioning on and off the toilet. Regarding hygiene,
long-handled sponges or modified reachers may help
ensure cleanliness. Bidets should also be considered.

Bathing and Grooming
Similar considerations as toileting can assist

bathing and grooming. Roll-in showers without sills,
common or custom shower benches or stools, and
hand-held spigots may allow the affected individual
or a helper to complete bathing. Long-handled
sponges and soaps may provide access to hard-to-
reach body parts. Long-handled combs and brushes
can enable hair care. Strategically placed mirrors will
allow inspection of body parts that would otherwise
be obscure. Dental care can be particularly challeng-
ing because the jaw loses range of motion. Electric
toothbrushes and water pics may be indicated.

Feeding and Meal Preparation
A number of adaptations can be made to assist the

task of feeding. Many individuals with FOP may not

be able to eat comfortably in a seated posture. If this
is the case, a strategically placed stool and an ele-
vated platform placed on the table may be necessary
for upright dining. Long-handled eating utensils and
straws may help those who lack the range of motion
to feed by ordinary means. These utensils are often
fabricated by simply attaching a long wooden handle
to a fork or spoon. Dycem®, a non-slip material, may
be placed under plates to prevent them from sliding.
If the individual has a limited ability to masticate,
food may be ground up or pureed. Food preparation
may be made more user-friendly with electrical
appliances, such as can or jar openers, cutting boards
with spikes to hold food while it is prepared or cut,
and rotating shelves (such as a “lazy Susan”).

Mobility
At various stages, canes, walkers, wheelchairs,

and orthopedic shoes may be necessary. For those
who can still stand or walk, a shoe with a custom-
molded insole and build-ups (usually in the heel)
allow improved stability and greater pressure equal-
ization throughout the foot (6). Canes are available
in a variety of conformations and materials. Cane
handles with ergonomically designed grips or that
are even custom-molded to the hand are preferred to
minimize potential trauma to the hand, elbow, and
shoulder. Tips are usually made of rubber, but some
are designed to flex and absorb shock. Pointed
devices that flip down at the cane tip can increase
traction in ice. Canes with multiple tips are available
as “quad canes” in smaller and larger bases to
increase stability, but at the expense of decreased
maneuverability and increased weight. Forearm and
axillary crutches may improve center-of-gravity 
control. Padded covers should be placed over the
forearm portion to decrease friction and to cover
sharp edges. Similar adjustments should be made for
the axillary portion of axillary crutches. Walkers
generally provide greater stability than canes and
crutches, but may be clumsy. They must be adjusted
to the user. Wheels of various diameters, either sta-
tic or swivel, are available, as are seats, baskets, and
hand breaks. Walkers can be equipped with plat-
forms and arm troughs to better fit certain skeletal
deformities. 

Manual wheelchairs are usually of little benefit
for independent mobility in FOP because the upper
limb ankylosis is likely to preclude wheeling before
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the ability to ambulate is lost owing to lower limb
impairment. Power wheelchairs can be very helpful
but usually must be adjusted and customized to the
particular user’s posture and range of motion. This
usually demands custom-molded seating and adjust-
ments of the footplates, leg rests, seat-to-back angle,
and armrests. The power functions of seat elevation
and depression, anterior and posterior tilt, and the
ability to open and close the seat-to-back angle is
often necessary in those with extensive involvement
to allow getting into and out of the power chair (5).
The joystick should be placed within easy reach of
the hand. Lap trays with mounts for laptop comput-
ers allow participation in work and school. These
trays should be easy to remove or flip out of the way
for transfers.

Vocational and Educational Issues
Until a practical and comprehensive treatment is

developed for FOP, affected individuals and their
caregivers should be prepared to participate in
school and work from a fairly sedentary position.
For children, the need for normal exploration and
physical activity will have to be tempered by the
knowledge that accidental trauma may result in
increased permanent disability. For example, non-
contact, low-impact sports and recreation may be an
acceptable compromise between avoidance of dan-
ger and full participation. However, there is no set
rule. These decisions must be made at the individual
and family level. It is sensible to encourage intellec-
tual pursuits and to encourage computer skills. Levy
et al. demonstrated that participation in educational
conferences for individuals with FOP could be
enhanced by broadcasting them over the internet
with streaming video (7). Public school systems in
the United States must provide each disabled child
with an individualized educational plan, and an edu-
cation in the least restrictive environment. Children
are entitled to occupational, physical, and speech
therapy, as well as classroom aides, if indicated.
Each state is required to offer some sort of voca-
tional rehabilitation to help people with disabilities
enter or remain in the workforce. This may be a
source of funding for adaptive equipment, such as
computers or power chairs, tuition, etc., as well as
evaluations and guidance from vocational counselors.
It is worthwhile to remember that, despite the limita-
tions imposed by FOP, most affected individuals will

live normal or near-normal life spans. With the
proper consideration, accommodation, and equip-
ment, individuals with FOP can participate and con-
tribute meaningfully in work and school.

Hearing
Undiagnosed hearing loss may be mistaken for a

learning disorder. Because conductive hearing loss is
common in FOP (presumably because of involve-
ment of the inner ear), biannual audiology evalua-
tions are recommended for children with FOP, and
annual evaluations are recommended for adults. This
is important not only to increase participation, but
also for safety reasons. Hearing becomes an espe-
cially important avenue to monitor the environment
for those who are unable to rotate the head, neck,
and spine. Both air-conduction and bone-conduction
hearing aids may be helpful. Some units have remote
controls, a useful feature for those unable to reach
their ears (8).

Transportation
Great care must be taken to transport a person

with FOP who must use a power chair. By the time a
power chair is necessary, most people with FOP are
unable to brace or protect themselves should they
start to fall. The result can be catastrophic. Not only
is there a high risk for bruises and broken bones, but
there also is risk of head trauma and brain injury (9).
If the affected person must rely on public transporta-
tion, the personnel handling the lift must be well
trained and attentive in order to avoid accidental
falls or bumps. Persons with advanced disease will
have great difficulty driving, although automotive
adaptations may allow some to achieve driving inde-
pendence. A number of strategies are available for
modifying vans to accept someone with FOP who
must remain in his or her power chair. Ramps and
lifts can be installed, roofs can be raised, floors can
be lowered, and new controls and motors can be
installed to allow the van to “kneel,” lowering
ground clearance to ease ascent into the van. Many
manufacturers offer rebates for van modification to
accommodate those with disabilities. 

Home Modifications, Aids, and Attendants
Home modifications for those with FOP include

external ramps, elimination or minimization of indoor
steps, grab bars, widened hallways, and accessible



Rehabilitation in FOP 255

Clinical Reviews in Bone and Mineral Metabolism Volume 3, 2005

bathrooms and kitchens. Light switches should be
placed where an affected individual can reach them.
Environmental control units allow a person with lim-
ited mobility to control appliances, doors, televisions,
and telephones remotely. Telephones should be situ-
ated so that the person with FOP can talk privately.
The telephone speaker and microphone may need to
be separated, with the speaker and microphone close
to the face, while the keypad is placed near the fin-
gers. A headset attached to a standard or cellular tele-
phone may suffice. 

Sleep
Restful sleep can be difficult to attain for patients

with FOP. For some, particularly those with lesser
involvement, bolsters and pillows may suffice.
However, many individuals with FOP are unable to
turn at night or even to get into bed independently.
Tilt table beds allow the bed to rotate from vertical
to horizontal. The user approaches the bed when it is
vertical, places his or her feet on a platform at the
foot of the bed, and the bed then rotates to the stan-
dard horizontal position. Specialized surfaces to
evenly distribute or redistribute pressure, such as
low-air-loss mattresses, help protect and promote
skin integrity. 

Many individuals with FOP will require the assis-
tance of a caretaker. Family members often find
themselves in this role, but in other cases, helpers
must be hired. Because of the complex nature of FOP,
the risk of pressure ulcers, and the amount of assis-
tance required, a professional, such as a licensed
practical nurse, is preferred. This increases the
chance of quality care, early recognition of medically
urgent situations, and a stable home environment. 

Sexuality
Sexuality is an important component of human

identity. Physical limitation imposed by FOP may
lead to feelings of unattractiveness, isolation, or
shame. Individuals with FOP may end up relying on
their families for physical assistance during adoles-
cence and beyond, during a time where independence
is being forged in normal development. The presence
of caregivers may decrease opportunities to experi-
ment with intimacy with appropriate-aged mates,
resulting in delayed development. The actual acts of
sexual intimacy often require tact and thoughtfulness.
Pillows and bolsters may be necessary to support the

unusual and inflexible postures imposed by FOP.
Several issues should be considered regarding repro-
duction. First, limitations in posture and joint mobility
may place the woman’s or the fetus’ health at risk in
the case of pregnancy. Second, FOP is an autosomal-
dominant disorder with full penetrance but variable
expression. Genetic counseling and guidance regarding
issues of contraception are warranted for the sexually
active or those who are considering such activity.

Aquatic Therapy
Pool therapy offers unique benefits to those with

FOP. Buoyancy in water allows individuals to per-
form active range-of-motion, cardiopulmonary, and
resistive exercise in a safe, low-impact environment.
Parallel bars can be submerged to allow ambulation
training. Therapists or caregivers can deliver stretch-
ing and resistive exercises with less biomechanical
stress then might ordinarily be encountered on a mat.
Warm water can facilitate pain relief and relaxation,
and may be able to reach skin folds difficult to access
otherwise. Modified lifts, elevators, or ramps may be
necessary for entry and exit.

Iontophoresis
Iontophoresis involves the introduction of topi-

cally applied, physiologically active ions through the
epidermis using continuous direct current. A case
study reports the successful use of iontophoresis to
deliver a 2% acetic acid solution to a young athlete
who developed traumatic myositis ossificans (10).
Steroids are often delivered by iontophoresis.
Anecdotal reports exist of iontophoresis and range-
of-motion exercises in the restoration of jaw motion
in FOP. If verified, an iontophoresis regimen could
be considered restorative rehabilitation for FOP.

The Future of Rehabilitation in FOP
New technologies are being developed that can

augment the armamentarium of solutions for those
with FOP and other disabling conditions. One
emerging therapy is the “smart house,” such as that
under development at the University of Florida (11).
Smart homes use sophisticated tracking and com-
puter technology to assist those with cognitive and
physical disabilities. They can be programmed to
respond to simple voice or remote control com-
mands from within or outside the home to operate
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door locks, lights, small appliances, thermostats, and
windows/curtains. Some household functions can be
automated. On–off cycles for heating/air conditioning
units, security systems, lights, televisions/stereos,
lawn sprinklers, music, and lighting can have estab-
lished weekday, weekend, and vacation modes that
can be revised remotely via a telephone call. Vital
signs can be recorded to monitor health status.
Behaviors, such as trips to the bathroom, visits to the
kitchen/refrigerator, time spent in bed (sleeping, toss-
ing and turning), and time spent exercising or sitting
in the living room, can be monitored and recorded and
analyzed. If there is a significant deviation from that
behavior, the smart house can check with the resident
or alert a family member that there may be a problem.
An alert can be issued if the resident falls, notifying
the caregiver or emergency services where the person
is located in the house. The smart house detects when
the mail has been delivered, when someone is at the
front door, when the stove has been left on too long,
or when the resident has gone without medication or
food and water. The smart house can also monitor
itself to see if the furnace filter needs to be cleaned, if
medicines should be ordered, or if the dishwasher is
broken. It can handle such details as preparing gro-
cery lists, ordering and arranging for delivery of gro-
ceries or medications, or arranging for someone to
make a home repair.

Conclusions
A great amount of effort is being directed to

developing treatments for FOP (12). If the process of
HO can be halted long enough to permit safe
surgery, then true restoration of function can be envi-
sioned. Many new challenges will present when that
day comes. How should surgery be staged, and what
sites should be approached first? How will muscle
and connective tissue that have been immobilized in
shortened positions for years respond to new degrees
of free movement? What will be the optimal methods

to restore walking, breathing, swallowing, and
reaching? These questions will fall squarely in the
laps of the rehabilitationists working alongside the
molecular medicine specialists and surgeons caring
for individuals with FOP.
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Clinical Characteristics 
and Diagnostic Criteria

Fibrodysplasia ossificans progressiva (FOP) can
be recognized on the basis of several diagnostic
criteria: congenital malformations of the great toes,

femoral necks and vertebrae; inflammatory tumor-
like swellings that precede the formation of hetero-
topic bone within soft connective tissues; and a
predictable sequence for body regions affected by
heterotopic ossification (HO) (1).

Heterotopic bone in FOP typically forms within
skeletal muscle, tendons, and ligaments. Heterotopic
bone in progressive osseous heteroplasia (POH) can
also affect these tissues, but additionally and charac-
teristically forms within the dermal layer of the skin.
In most patients with POH, the initial stage of bone
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formation is within the skin, followed by progres-
sion to the deeper soft connective tissues and poten-
tial fusion with normal skeletal bone. POH can
further be distinguished from FOP by the absence of
congenital malformations of the great toes, the absence
of inflammatory tumor-like swellings preceding
heterotopic bone formation, and an asymmetric
mosaic distribution of the bone formation (2).

Although the clinical diagnostic criteria to distin-
guish FOP and POH are clear, their infrequent clini-
cal observation commonly results in delayed diagnosis
and difficulty attaining support and information 
for these conditions. Patient and family support is
available for POH through the Progressive Osseous
Heteroplasia Association (POHA) website
(http://www.pohdisease.org), and for FOP through the
International Fibrodysplasia Ossificans Progressiva
Association (IFOPA) website (http:// www.ifopa.org).

Histology
Biopsy specimens of developing FOP lesions are

extremely rare and have only been obtained prior to
a diagnosis because tissue trauma frequently causes
induction of heterotopic bone formation in these
patients. Samples of early-stage FOP lesions have
shown that a characteristic feature of this condition
is the formation of the extraskeletal bone through
endochondral ossification (1).

By contrast, surgical or other tissue trauma is 
generally not correlated with heterotopic bone 

formation in patients with POH. Histological analy-
sis of lesional samples from patients with POH
revealed that chondrocytes are only rarely present
and that heterotopic bone forms mainly by
intramembranous ossification (2).

Genetic and Molecular Analyses
Although FOP is an inherited disorder, low repro-

ductive fitness has impaired successful genetic link-
age and positional cloning approaches to identify the
mutated gene, and thus the genetic cause of FOP
remains unknown. An alternative and informative
approach has investigated candidate gene expression
and function. Bone morphogenetic proteins (BMPs)
and their signaling pathways show altered expres-
sion and activity in FOP cells and may mediate the
effects of the underlying genetic defect leading to
heterotopic bone formation (3).

Inactivating mutations in the GNAS gene have
been identified as a cause of POH (4). The main
product of GNAS is the �-subunit of the stimulatory
G protein of adenylyl cyclase. GNAS was identified
as a candidate gene for POH based on similarities
to the nonprogressive dermal ossification that is 
an occasional feature of patients with Albright
hereditary osteodystrophy (AHO) and pseudohy-
poparathyroidism type 1a (PHP1a) (2,5,6). AHO is
a complex disorder characterized by developmental
dysmorphologies; PHP1a patients have multiple
hormone resistance that is frequently associated

Table 1
Features of FOP and POH

Feature FOP POH

Genetic transmission Autosomal-dominant Autosomal-dominant
Parental Inheritance Mothers or fathers Only fathers
Congenital malformation of the great toes � �
Cutaneous ossification � �
Subcutaneous ossification � �
Muscle ossification � �
Mechanism of heterotopic ossification Endochondral Intramembranous
Spatial, temporal patterns of ossification � �
Severe limitation of mobility � �
Associated soft tissue inflammation � �
Ectopic ossification after trauma � �
Genetic mutation Unknown Known: GNAS
Definitive treatment available � �
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with AHO features. Both AHO and PHP1a are
caused by heterozygous inactivating mutations in
GNAS. 

Patients with POH as originally described, and who
are associated with paternal inheritance of the disorder,
show no features of AHO dysmorphologies or hor-
mone resistance. However, extensive POH-like HO
has been observed as a rare finding in AHO/PHP1a
patients with maternal inheritance of GNAS mutations
(6). POH, AHO, and PHP1a are phenotypic variants of
inactivating GNAS mutations that appear to be influ-
enced by the parent of origin of the affected allele.

Like FOP, POH can be inherited through an
autosomal-dominant pattern of inheritance. However,
whereas pedigree analysis of FOP families shows
that FOP can be inherited from either a mother or a
father (7), POH pedigrees have uniformly shown
inheritance from fathers (4). This observation is con-
sistent with GNAS as an imprinted genetic locus.
Imprinted genes show distinct epigenetic differences
for the two gene copies. Differentially methylated
regions direct gene expression differently from each
of the two alleles and are established on the basis of
whether the allele was inherited from the mother or
the father. GNAS is a complex gene locus with multi-
ple promoters and first exons that are spliced into
common downstream exons. Some GNAS promoters
are preferentially activated on the maternally inher-
ited gene copy, whereas others are active only on the
paternally inherited gene copy (8,9). A recent report
correlates a decrease in the �-subunit of the stimula-
tory G protein mRNA expression with osteogenic
differentiation (10) and the authors’ ongoing studies
are investigating the potential roles of the differen-
tially expressed GNAS transcripts in regulating
osteoblast differentiation.

Summary
FOP and POH are inherited disorders that are

characterized by extensive and debilitating postnatal
HO within soft connective tissues. However, these
conditions are distinct developmental disorders that

can be differentiated on the basis of genetic and clin-
ical features (Table 1).
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Introduction and Definition of Terms
In postnatal life, new bone formation is normally

restricted to regeneration of osseous tissue at sites of
fracture. However, heterotopic ossification (HO), or
the formation of bone outside the normal skeleton,
can occur in soft tissue and is usually found within
muscular, adipose, or nonmuscle fibrous/connective
tissue. Ectopic bone formation is the only example
of complete recapitulation of an organ system,
replete with hard tissue, vascular, and marrow ele-
ments. Genetic forms of HO, such as fibrodysplasia
ossificans progressiva (FOP) and progressive
osseous heteroplasia, can be progressive soon after
birth and throughout life. In contrast, nonhereditary
heterotopic ossification (NHHO) tends to be limited
and usually arises in the context of trauma, certain

arthropathies, or following injury that is often sus-
tained in the context of age-related pathology. 

Here the descriptors heterotopic and ectopic are
used interchangeably to denote any extraskeletal
ossification and HO is used as the term to describe
all forms of extraskeletal bone formation, regardless
of location. Related designations, such as myositis
ossificans and osteoma cutis, refer to HO that
evolves in muscle and skin, respectively. Neurogenic
HO is the term used to describe extraskeletal bone
formation secondary to central nervous system
(CNS) injury.

A general classification scheme for NHHO based
on the clinical setting is outlined in Table 1. As men-
tioned previously, NHHO occurs in the broad set-
tings of injury, arthropathy, and aging, although
these categories are not mutually exclusive. CNS,
musculoskeletal, cutaneous, and vascular injury
predisposes an individual to ectopic bone formation,
and NHHO occurs as a clinically severe complica-
tions in as many as 19% of all individuals following
major hip surgery, and in as many as 11% of those
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following traumatic brain injury (1,2). Bone forma-
tion limited to ligaments may occur with seronega-
tive spondyloarthropathies or diffuse idiopathic
skeletal hyperostosis. NHHO may be found in many
age-related conditions, particularly in the context of
common vascular pathology, as well as after total hip
arthroplasty for age-onset degenerative joint disease.
End-stage calcific valvular heart disease is prevalent
in advanced age, and HO occurs in up to 13% of
patients with this diagnosis (3). Age-related HO can

occur in a variety of other conditions associated with
immobilization (e.g., neuromuscular disorders) or in
the context of clinical factors common in the geri-
atric population, such as pressure sores, urinary tract
infection, or trauma. Pulmonary ossification is much
less common but can occur with chronic medical
problems often found in older individuals, including
left ventricular failure and secondary hyperpara-
thyroidism (4). 

Pathophysiology
NHHO lesions mature from the outside in, with

the center of lesions likely consisting of undifferen-
tiated mesenchymal or osteoprogenitor cells (5),
whose origin may be local (i.e., resident in affected
tissues) or remote, perhaps from bone marrow.
Histologically or radiographically, complete bone
maturation is usually completed in 6 to 18 mo. The
histopathology of NHHO is largely unknown, with
the exception of bone formation in end-stage valvu-
lar heart disease occurring through an endochondral
process (3). Likewise, the osteoprogenitor cells
responsible for NHHO are, as yet, uncharacterized.
The origin of bone cells in ossified cardiac valves
may involve aortic valve myofibroblasts or vascular
smooth muscle cells (6,7), but whether these putative
precursor cells are always resident in affected tissue
or are derived from circulating osteoblast-like pre-
cursors that become resident after they enter the
valve in response to endothelial injury, is unclear.
These possibilities are not mutually exclusive.

Osteoinduction of receptive precursor cells may be
mediated by humoral, neural, and/or local factors.
Osteoblast-stimulating factors are variably present in
the sera of patients with neurogenic HO (8,9), but
may not play a direct role in bone induction (10). It
seems likely that members of the bone morpho-
genetic protein (BMP) family, their associated path-
ways, and/or their antagonists, play a role in NHHO.
Although BMPs can induce bone locally (11), no
such factors have been directly implicated in NHHO.
However, a mouse of model of BMP4-expression tar-
geted by the neural specific enolase promoter pro-
duces a progressive form of HO (12). Also, Glaser et
al. have shown that BMP4 can induce ectopic bone
locally that histologically recapitulates the stages of
lesion formation seen in FOP (13). In both cases, the
BMP antagonist noggin was able to prevent HO

Table 1
Clinical Settings for Nonhereditary Forms 

of Heterotopic Ossification

Injury
Traumatic head injury
Cerebrovascular accident
Paraplegia/quadriplegia
Poliomyelitis
Guillain-Barré syndrome
Muscle hematoma
Joint dislocation
Post-hip and knee arthroplasty
Surgical scars 
Severe burns
Secondary osteoma cutisa

Atherosclerosis
Valvular heart disease

Arthropathy
Ankylosing spondylitis
Psoriatic arthritis
Seronegative arthropathies
Diffuse idiopathic skeletal hyperostosis

Aging
Post-arthroplasty
Atherosclerosis
Cerebrovascular accident
Valvular heart disease
Atherosclerosis
Miliary osteoma (of the face)b

Pressure ulcersc,d

Urinary tract infectionsd

aPrimary osteoma cutis likely represents a hereditary form of
heterotopic ossification and may overlap with or, in fact, be pro-
gressive osseous heteroplasia. The secondary form occurs in
injured skin.

bOccurs predominantly in middle-aged and older females.
cAt the site of reactive soft-tissue ossification.
dMay be a predisposing factor or a secondary complication of

nonhereditary heterotopic ossification.
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when upregulated in each system. Neuron-derived
factors may be involved in osteoinduction because
they are a potential source of BMP antagonists and,
at least in cases of neurogenic HO, CNS injury is inti-
mately linked with predisposition to HO.

Local factors, released as the result of tissue
injury and inflammation, may predispose an individ-
ual to NHHO by providing a permissive environment
for ectopic bone formation. Possibilities include
prostaglandin (PG) E2 (14,15), BMP4 (13), and stro-
mal cell-derived factor (SDF)-1 (16). PGE2, an
inflammatory mediator, enhances osteoblast differ-
entiation in vitro, and its urinary excretion increases
with early lesion formation in NHHO. BMP4 can
induce HO when injected subcutaneously into
rodents, and is also a chemoattractant for circulating
mononuclear cells. SDF-1 has recently been invoked
as a mediator of lesion formation in a mouse model
of pulmonary fibrosis where, secondary to hypoxia-
induced tissue injury, SDF-1 signals circulating
mononuclear cells called fibrocytes to home to
regions that eventually become fibrotic (17). This is
noteworthy because pulmonary fibrosis is a patho-
logical entity where NHHO is known to occur, and
circulating fibrocytes have been implicated in FOP
patients with active flares (18).

Many clinical factors may also contribute to a per-
missive environment for NHHO. As described later,
these include pressure ulcers, urinary tract infections
(UTIs), deep venous thrombosis, severe spasticity,
and microtrauma to soft tissue and vascular compo-
nents. Although these risk factors may provide the
setting for HO by themselves, they may be secondary
to sustained neurological or other injury.

Studies that have sought to establish a genetic
predisposition to NHHO have failed to find any
association with human leukocyte antigen or other
markers. Except for the precipitating events or clini-
cal settings in which NHHO occurs (see Table 1),
primary gene defects, skeletal morphogens or antag-
onists, receptors, and target cells remain unknown.

Diagnosis and Clinical Findings 
in Periarticular NHHO

Clinically, symptoms of periarticular NHHO are
nonspecific and manifest as pain, soft-tissue
swelling, and periarticular stiffness (19). Signs are
also nonspecific and may include erythema, warmth,

induration, and tenderness, with progressive de-
creased range of motion and possible ankylosis as
later findings (19). Although complete bone matura-
tion may take at least 6 mo, late signs and symptoms
usually occur by 12 wk. Serum alkaline phosphatase
is elevated early in lesion formation, plateaus by 8
wk, and declines afterward. Radionuclide bone scan-
ning shows positive uptake during early vascular and
late bone phases. Radiographic findings may reveal
early osteogenesis by 5 to 8 wk post-lesion forma-
tion, and ultrasonography may be useful to differen-
tiate early HO from a deep vein thrombosis (DVT).

Periarticular involvement in the setting of neuro-
logical NHHO tends to be located in paretic limbs,
especially those with increased spasticity, and is
more commonly found near proximal vs distal
joints. Figure 1 shows the location and frequency of
HO after traumatic brain injury. In this setting, peri-
articular involvement of two or more joints is about
as likely as involvement near a single joint (2).

Complications of NHHO may include ankylosis,
nerve entrapment, peripheral neuropathy, chronic

Fig. 1. Periarticular involvement of nonhereditary hetero-
topic ossification after traumatic brain injury. (Based on
ref. 2.)
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nerve ischemia, and complex regional pain syn-
drome I (formerly reflex sympathetic dystrophy).
Decreased range of motion can limit flexion and
extension, causing soft-tissue contractures and
impairments in activities of daily living. Other con-
sequences of a prolonged decrease in range of
motion include pressure ulcers and disuse osteo-
porosis that may cause pathological fractures during
lifting or positioning of a patient.

Implications for an Aging Population
Older individuals are at a potentially higher risk

for NHHO owing to their predisposition to medical
conditions and circumstances in which ectopic bone
formation commonly occurs (see Table 1), as well as
their increased likelihood of having risk factors for
the development of HO. These risk factors include
immobility and infection, as well as greater focal 
tissue injury and hematoma formation after trauma.
In addition, the elderly have a greater vulnerability
to complications of NHHO, potentially leading to
further functional disability.

Arthroplasty
Heterotopic bone formation is well established as

a frequent complication of total hip arthroplasty 
for age-onset degenerative joint disease, and even
mild-to-moderate HO can cause postoperative
symptomatology and adversely influence outcomes
(20). The chance that patients undergoing primary
hip replacement will develop HO is increased by the
presence hypertrophic osteoarthritis or posttraumatic
osteoarthritis characterized by hypertrophic osteo-
phytosis, contralateral total hip replacement,
trochanteric osteotomy, lateral or anterolateral surgi-
cal approach, previous hip surgery, subtrochanteric
femoral osteotomy, or male gender. A combination
of any of these factors, as is common in the older
patient, results in a greater risk of developing HO.
Increasing evidence suggests that HO occurs fre-
quently after total knee arthroplasty, and that the
incidence may increase following revision (21). HO
has also been seen after shoulder arthroplasty.

Atherosclerosis and Valvular Heart Disease
Atherosclerosis almost universally affects the cur-

rent aged population. Ossification of artherosclerotic
plaques can occur during advanced differentiation of

fibrous plaques in a process similar to new bone for-
mation. Degenerative calcification (with ectopic
bone formation in up to 13% of calcified valves) has
become the most common cause of aortic valve
stenosis in industrialized countries, owing to the
decline in rheumatic heart disease and increased
longevity. End-stage aortic valve disease can
demonstrate mature bone, fracture repair, and even
bone remodeling (3). The severely calcified aortic
valves in which bone can arise also display lesions
that resemble atherosclerosis (22). Early etiological
mechanisms shared by these two vascular patholo-
gies include tissue injury and subsequent inflamma-
tion, factors also associated with initiation and
progression of FOP bony lesion formation.

Pressure Ulcers, UTIs, and DVT
Some conditions that frequently occur in the geri-

atric population, such as pressure ulcers and UTIs,
are less clearly and causally associated with NHHO.
For example, the development of HO may precipi-
tate these disease processes in the elderly, or HO
may occur as the result of these processes. The same
uncertainty is also true of DVT, which is also much
more common with advancing age and is also asso-
ciated with NHHO. A common etiological thread
that links these entities with HO is immobilization.
For example, prolonged stays in the intensive care
setting (where pressure ulcers, UTIs, and DVTs can
easily develop) are strongly associated with the
occurrence of HO (23). 

Prevention and Treatment
A standard conservative approach to the preven-

tion of HO following total hip replacement is the
postoperative use of nonsteroidal anti-inflammatory
drugs (NSAIDs) (24). NSAIDs are thought to work
by lowering levels of PGs that serve as powerful 
co-stimulatory molecules with BMPs in the induction
of HO. Indomethacin and naproxen appear to be
efficacious at reducing the incidence of HO after total
hip arthroplasty. Other NSAIDs, including ibuprofen,
flurbiprofen, diclofenac, aspirin, and naproxen, may
also be effective in preventing the development of
HO, but the agent, duration, and dosages have varied
widely from study to study (24). Postoperative treat-
ment with NSAIDs, before becoming standard of
care, must be weighed against gastrointestinal and
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renal complications, especially in the older patient,
as well as the theoretical risk of delayed fracture
healing.

Sodium etidronate inhibits bone matrix mineral-
ization and possibly ossification at high doses. It has
been used with some success in patients with neuro-
genic HO secondary to spinal cord injury (25).
However, clinical use may be limited at high doses
for sustained periods of time because of osteomalacia
and impairment of normal ossification. 

Perioperative radiotherapy is also effective at pre-
venting HO after total joint arthroplasty (26). A sec-
ond radiation treatment may be administered without
acute or chronic complications (27). The success of
using radiation therapy may be related to the 
reduction or elimination of mesenchymal stem 
cells, osteoprogenitor cells, and/or cells that may
signal circulating osteogenic precursors to home to
local tissue sites within the surgical field. Passive
mobilization of an affected joint may be useful to
prevent soft-tissue contractures and maintain or
improve motion by introducing microfractures in the
ectopic bone or producing a pseudoarthosis of the
ankylosed joint.

Surgical excision is the most widely used 
treatment in severe cases of periarticular HO.
Indications for surgery include loss of motion,
nerve compression, pressure sores, sinus tract for-
mation, and abscess formation. Surgical excision of
HO is aimed at increasing the range of motion of
the involved joint. The optimal timing of the proce-
dure is often disputed. For example, after brain
injury, some studies recommend delay of surgery
12 to 18 mo to allow the bone to mature and reduce
risk of recurrence (28). Others recommend delay-
ing only until the neurological status of the patient
is stabilized. The optimal method to prevent recur-
rence after surgical excision is programmed reha-
bilitation with appropriate physical therapy and
pharmacotherapy. 

The only effective treatment for severe ossific
aortic stenosis is surgical replacement of the aortic
valve. Guidelines for surgical intervention have been
proposed (29).

Summary and Conclusions
NHHO usually arises secondary to trauma, some

arthropathies, or with injury in the setting of common

age-onset conditions. Except for the precipitating
events or clinical conditions in which NHHO occurs,
primary etiological mechanisms remain unknown.
Many forms of NHHO develop in the context of
injury and inflammation, suggesting that the forma-
tion of extraskeletal bone may share similar initiat-
ing events with ectopic ossification in FOP. NSAIDs
and local radiotherapy are currently the most effec-
tive treatment modalities for periarticular NHHO.
Surgery is reserved for severe NHHO in all its forms.
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Introduction
Fibrodysplasia ossificans progressiva (FOP) was

first described in 1692 by French physician Guy
Patin. He wrote to a colleague, “I saw a woman
today who finally became hard as wood all over.”
Most likely, that woman never knew the name of her
catastrophic condition. Almost certainly, she never
met or even heard of anyone else who had it. FOP
was poorly diagnosed and little understood in 1692
and for more than 300 yr thereafter.

Jeannie Peeper was diagnosed with FOP in 1962
when she was 4 yr old. Doctors knew little about the
condition and gave her family faint hope for her
future. Still, Jeannie attended public school and grad-
uated from college in 1985 with a bachelor of arts
degree in social work. Soon after college graduation,
she fell and injured her hip. In subsequent medical
visits, Jeannie learned that a doctor at the National
Institutes of Health (NIH) was studying FOP. 

The doctor was pediatrician and geneticist
Michael Zasloff. He had met his first FOP patient in
l977 in a clinic with Dr. Victor McKusick at The
Johns Hopkins University School of Medicine in
Baltimore. Dr. McKusick was, at the time, the world
expert on FOP. Dr. Zasloff was intrigued, and he
asked Dr. McKusick to refer new patients with
FOP to him, which Dr. McKusick did. When Jeannie
Peeper met Dr. Zasloff in 1985, he knew 20 people
who had FOP.

Jeannie was 27 yr old, and it had never occurred
to her that anybody else had FOP. To meet a doctor
who knew something about her condition, and who
knew other people who had FOP, was a life-changing
event. Jeannie Peeper asked Dr. Zasloff to help her
meet someone else who had FOP. He connected her
with Monica Anderson, the patient he met at Johns
Hopkins in 1977. Jeannie and Monica talked on the
phone for a long time. Jeannie was intrigued to find
out about other people who had FOP. Dr. Zasloff put
Jeannie in contact with 18 people, all the living
patients with FOP known to the NIH.

In 1987, Dr. Zasloff left the NIH and moved to 
the University of Pennsylvania in Philadelphia. 
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Progressiva Association
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The research program on FOP at the NIH ended, and
patients with FOP were turned away.

The International FOP Association
Jeannie Peeper composed a letter and question-

naire and mailed it to the patients with FOP. Eleven
responded. In early 1988, Jeannie and Nancy
Whitmore Sando, 1 of the 11, started a newsletter
called the FOP Connection. In June 1988, in order
to begin raising funds for FOP research, the
International FOP Association (IFOPA) was incor-
porated. Jeannie Peeper became president, and
Nancy Whitmore Sando became vice president. 

About the same time as Jeannie founded the
IFOPA, Dr. Zasloff met Dr. Frederick Kaplan at
the University of Pennsylvania. An orthopedist,
Dr. Kaplan had a few patients with FOP, and the
two physicians dedicated a bench in Dr. Zasloff’s lab
to research the disease. By 1991, Drs. Zasloff and
Kaplan, along with Jeff Tabas, a medical student and
the first FOP research fellow, had made some impor-
tant discoveries about FOP, and decided to hold a
meeting to discuss their research. This was the First
International FOP Symposium, held in September
1991 at The University of Pennsylvania and The
Children’s Hospital of Philadelphia. The symposium
was attended by a dozen doctors and scientists from
around the world who knew about FOP, as well as 25
patients with FOP and their families. This was the
largest ever gathering of patients with FOP. It was
the first time many of them had met someone else
with FOP, and the first time some had been examined
by doctors who understood FOP. The symposium
also gave the attending physicians and scientists an
opportunity to meet the FOP community, small as it
was at the time. The FOP Research Laboratory at 
the University of Pennsylvania was established the
following year, in 1992.

It is crucial for patients with FOP to obtain a correct
diagnosis in order to receive appropriate treatment
and to be spared harmful procedures, such as biopsies,
operations, and chemotherapy. The 1991 sympo-
sium brought attention to FOP. Drs. Zasloff, Kaplan,
and Eileen Shore (a geneticist and senior research
scientist who had joined the team in 1991), along
with other FOP researchers at the University of
Pennsylvania, published many articles on FOP
for doctors who might see undiagnosed patients. 

Referrals of patients with FOP to the University of
Pennsylvania multiplied. Dr. Kaplan told his new
patients about the IFOPA, and the organization’s
membership grew rapidly. The advancement of FOP
research and the growth of the FOP community have
developed in tandem. 

The Second International FOP Symposium was
held in Philadelphia in 1995. Forty patients and their
families and 75 physicians and scientists participated.
In 1999, FOP was brought to the public’s attention in
a 50-min documentary, “The Skeleton Key” on the
BBC’s Horizons Science program. ABC’s 20/20
program also publicized FOP in a segment called 
“The Bone People.” The Third International FOP
Symposium in 2000 doubled in size, hosting 85
patients with FOP and their families from 12 countries,
along with 100 doctors, scientists, and researchers. 

IFOPA Goals
The goals of the IFOPA are (1) to educate doctors

and the public about FOP, (2) to raise funds and pro-
vide a patient base to support medical research into
FOP, and (3) to support FOP patients and families. 

Education
The Internet has been central to making technical

medical information available to the public. Parents
can search for their child’s symptoms and find infor-
mation about FOP, sometimes before their doctors
find it. The Internet has helped patients with FOP
from all over the world find the IFOPA. 

The IFOPA website at www.ifopa.org includes
What is FOP? A Guidebook for Families, medical arti-
cles, treatment guidelines, the Annual Reports of the
FOP Collaborative Research Project, and Overcoming
Obstacles: A Catalogue of FOP Resources. The web-
site describes the search for multigenerational FOP
families and the need for postmortem FOP tissue and
bone marrow donations, reports on IFOPA fundraising
and member news, and includes a photo gallery. 

Fund and Support FOP Research
The IFOPA provides researchers with a popula-

tion to study. For example, in 1994, Rocke et al. sys-
tematically surveyed 44 individuals with FOP to
document the typical sequence of joint involvement
and the characteristic pattern of disease progression
in FOP (1).
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Through donations and many extraordinary FOP
family fundraisers in their local communities world-
wide, the IFOPA provides funds each year for FOP
research at the FOP Laboratory at the University of
Pennsylvania.

Support Patients With FOP
and Their Families

The FOP Connection, first published in 1988, is
now a 20-page quarterly magazine. FOP members
look forward to reading news and stories about others
with FOP, hearing about progress in FOP research,
celebrating fundraising successes, and learning how
to live well with FOP. 

In addition to the resources available on the
IFOPA website, the organization sponsors a private
online listserv for patients with FOP and their fami-
lies. E-mail gives instant access to the wisdom and
experience of the FOP community. 

The IFOPA has sponsored four family gatherings
at Disney World in Orlando, FL. FOP families
have the opportunity to meet one another, socialize,
and learn about the latest FOP research. Dr. Kaplan
and his colleagues hold clinics to examine patients and
gather data for research. 

Through the Living Independently with Full
Equality Committee, the IFOPA offers resources and
consultations about assistive technology and funding
sources. A scholarship program provides small
grants to FOP members to help purchase adaptive

equipment and services to help increase indepen-
dence and quality of life.

FOP patient organizations have been established
in Brazil, France, Germany, Great Britain, and
Sweden. The first FOP Latin American Family
Meeting was held in October, 2003 in São Paolo,
Brazil. Forty-seven FOP families from nine South
American countries attended.

The IFOPA Today
In early 2005, the IFOPA had 378 members,

including 158 in the United States and 220 interna-
tional members. The membership represents 51 coun-
tries. The IFOPA is located in Winter Springs, FL.

The IFOPA has more than met Jeannie Peeper’s ini-
tial goal of helping people with FOP get connected. The
loneliness and isolation that characterized past gen-
erations of people with FOP has been transformed into
a community. The IFOPA is proud of the role it plays in
making life better for people with FOP. We hope and
believe that the research described in this publication
will unveil the secrets of this complex condition and
lead to treatments and, ultimately, a cure for FOP.  
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