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Abstract

BACKGROUND—Fibrodysplasia ossificans progressiva is a rare and disabling genetic condition
characterized by congenital malformation of the great toes and by progressive heterotopic
ossification in specific anatomic patterns. Most patients with fibrodys-plasia ossificans progressiva
are misdiagnosed early in life before the appearance of heterotopic ossification and undergo
diagnostic procedures that can cause lifelong disability. Recently, the genetic cause of
fibrodysplasia ossificans progressiva was identified, and definitive genetic testing for
fibrodysplasia ossificans progressiva is now available before the appearance of heterotopic
ossification.
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METHODS—We recently evaluated 7 children for diagnosis of fibrodysplasia ossificans
progressiva before the onset of heterotopic ossification. A medical history, physical examination,
and skeletal survey were obtained on all of the patients, as well as clinical genetic testing for the
canonical fibrodysplasia ossificans progressiva mutation.

RESULTS—AII 7 of the children (4 girls and 3 boys; ages 3 months to 6 years) had congenital
malformations of the great toes, but none had radiographic evidence of heterotopic ossification at
the time of evaluation. Five of the 7 children had soft tissue lesions of the neck and back,
suggestive of early fibrodysplasia ossificans progressiva flare-ups, 3 of whom had undergone
invasive diagnostic procedures that exacerbated their condition. Two children had no history or
signs of soft tissue swelling or flare-ups. DNA sequence analysis found that all 7 of the children
had the recurrent fibrodysplasia ossificans progressiva missense mutation, a single nucleotide
substitution (c.617G>A) at codon 206 in the glycine-serine activation domain of activin receptor
IA, a bone morphogenetic protein type 1 receptor.

CONCLUSION—Clinical suspicion of fibrodysplasia ossificans progressiva early in life on the
basis of malformed great toes can lead to early clinical diagnosis, confirmatory diagnostic genetic
testing, and the avoidance of additional harmful diagnostic and treatment procedures. This is the
first report of genetic confirmation of fibrodysplasia ossificans progressiva before the appearance
of heterotopic ossification. Pediatricians should be aware of the early diagnostic features of
fibrodysplasia ossificans progressiva, even before the appearance of heterotopic ossification. This
awareness should prompt early genetic consultation and testing and the institution of assiduous
precautions to prevent iatrogenic harm.

Keywords

fibrodysplasia ossificans progressiva; heterotopic ossification; malformed great toes; bone
morphogenetic protein; ACVR1

Fibrodysplasia ossificans progressiva (FOP) is a rare and disabling genetic disorder that is
the most catastrophic disorder of heterotopic ossification in humans. 16 Classic FOP is
characterized by congenital malformations of the great toes and by progressive heterotopic
ossification in specific anatomic patterns, usually beginning in the first decade of life (Fig
1).5 Despite the distinct constellation of defining clinical features, FOP is poorly recognized
by most clinicians. Most patients with FOP are misdiagnosed during childhood as having
cancer or aggressive fibromatosis after presentation with vascular fibroproliferative soft
tissue lesions that appear in the muscles, tendons, and aponeuroses before the definitive
appearance of heterotopic bone.”:8 Nearly 90% of FOP patients worldwide are
misdiagnosed, and 67% undergo dangerous and unnecessary diagnostic procedures that lead
to permanent harm and lifelong disability in >50% of all affected individuals.

Few clinicians are aware of the classic features of FOP or of the clinical significance of the
congenital malformations of the great toes. Even fewer are aware of the specific association
of preosseous soft tissue lesions with FOP that are commonly mistaken for sarcomas or
aggressive fibromatosis.8 These rapidly forming preosseous soft tissue lesions are often
confounding to physicians who are perplexed by their extraordinarily rapid appearance and
growth, often over hours.>” Most patients who have FOP undergo dangerous, unnecessary,
and harmful diagnostic procedures, such as incisional and excisional biopsies and
amputations that inevitably exacerbate progression of the disease and lead to permanent
lifelong disability.8

The prevalence of FOP is ~1 affected individual in 2 million worldwide, without any racial,
ethnic, gender, or geographic predilection.® Although FOP can be inherited in an autosomal
dominant manner with complete penetrance, reproductive fitness is low, and only a few

Pediatrics. Author manuscript; available in PMC 2012 November 20.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Kaplan et al.

METHODS

Patients

Page 3

multigenerational families have been identified worldwide.®19 Most patients develop FOP
as a result of a spontaneous new mutation. The genetic mutation causing FOP was recently
found to be a recurrent single nucleotide substitution causing a missense mutation in codon
206 (c.617G>A; R206H) in the glycine-serine activation domain of the gene encoding
activin receptor IA (ACVR1), a bone morphogenetic protein type 1 receptor.1! This
mutation has been found in all of the familial and sporadically affected individuals with
classic FOP and is, therefore, one of the most specific disease-causing mutations in the
human genome.11

The identification of a single recurrent mutation in patients with classic FOP makes it
particularly amenable to clinical genetic testing. The unique and readily detectable
congenital toe malformation in FOP before the formation of heterotopic bone provides an
opportunity for early diagnosis of this condition. Here we report the first genetic
confirmation of FOP before the appearance of heterotopic ossification in 7 children. This
finding has important implications for the diagnosis and long-term management of patients
with FOP.

Patients were not recruited for this study but were accrued based on physician referral and
family inquiries. Patients were evaluated for a possible diagnosis of FOP based on the
presence of congenital malformations of the great toes with or without soft tissue swelling
but without any evidence of heterotopic ossification. Six patients were referred by their
primary physician or consultants; one was brought to see us after her parents read a
newspaper article and saw a television documentary on the discovery of the FOP gene. A
routine FOP questionnaire was completed by the parents of each child. A routine physical
examination was performed, and a radiographic skeletal survey was obtained on each child.
Studies were approved by the investigational review board of the University of
Pennsylvania.

ACVR1 Mutational Analysis

Polymerase chain reaction (PCR) evaluation and DNA sequence analysis were conducted
according to standard techniques from genomic DNA obtained from routine venipuncture.
Genomic DNA was screened for mutations in ACVR1 by PCR amplification using primers
that flank the recurrent ¢.617G>A mutation identified in patients with classic FOP, as
described previously.1!

PCR amplification was performed using Amplitaq Gold enzyme on PE2700 automated
thermocyclers (Per-kin Elmer, ABI, Waltham, MA). The PCR volume was 25 uL, with 60
ng of genomic DNA, 10 pmol each of forward and reverse primer, 200 M of
deoxyribonucleotide triphosphate, 1.5 mM of MgCls, and 10x PCR buffer. The cycling
conditions were 94°C for 5 minutes, followed by 30 cycles of 94°C for 30 seconds, 60°C for
30 seconds, and 72°C for 60 seconds, then 1 cycle of 72°C for 5 minutes. The PCR product
amplification was verified by agarose gel electrophoresis. The amplicons were subsequently
treated with Shrimp Alkaline Phosphatase and Exonuclease (USB, Cleveland, OH) to
eliminate unincorporated nucleotides and primers before DNA sequence analysis. The
products were purified on a 96-well purification plate (Edge Biosystems, Gaithersburg,
MD), dissolved in water, and analyzed by dye terminator cycle sequencing with an ABI
3100 sequencer (ABI) using either the reverse or forward PCR primer.

Pediatrics. Author manuscript; available in PMC 2012 November 20.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

RESULTS

Page 4

During the 6-month period (May 2006 to October 2006) after the publication of the
discovery of the FOP gene, we clinically evaluated 7 children (4 girls and 3 boys; ages 3
months to 6 years) with congenital malformations of the great toes for the possible diagnosis
of FOP. All of the patients were evaluated clinically, with detailed medical histories
obtained from observant parents, followed by physical examinations and skeletal surveys
(Table 1).

All 7 of the children had the congenital malformations of the great toes that are
characteristic of classic FOP, but none had heterotopic ossification at the time of evaluation.
Five of the 7 children had soft tissue lesions of the neck and back. The lesions occurred
rapidly and spontaneously in 4 children and were associated with a recent viral illness in 1
child. Three of the 5 children with soft tissue lesions had undergone an invasive diagnostic
procedure before their referral to us and were diagnosed with benign nodular fascitis,
aggressive juvenile fibromatosis, or soft tissue sarcoma on the basis of the histopathologic
evaluation of the biopsy specimen. Subsequent to their biopsies, all 3 of the children
experienced a rapid postoperative increase in soft tissue swelling at the biopsy site. Two of
the 7 children had no signs of soft tissue swellings at the time of evaluation by us. One of
those children was referred to us by his parents after they had read a newspaper article and
saw a television documentary about FOP. The other child was brought to our attention by an
astute geneticist who noted the malformed great toes.

All 7 of the children had been evaluated by orthopedic surgeons for their malformed great
toes, but none of the orthopaedic surgeons were aware of the possible association of the toe
malformation or soft tissue lesions (when present) with FOP. There was no family history of
malformed toes or heterotopic ossification.

Radiographic skeletal surveys were obtained on all 7 of the children and were specifically
examined for the presence of malformed thumbs, congenital anomalies of the cervical
vertebra, short broad femoral necks, and proximal medial tibial osteochondromas, associated
but nonspecific radiographic features commonly seen in patients who have FOP (Fig 2). All
7 of the children had >2 associated radiographic features of FOP.

Clinical genetic testing for the canonical FOP mutation was performed on DNA isolated
from peripheral blood lymphocytes after venipuncture. All 7 of the children had the classic
FOP heterozygous missense mutation (c.617G>A; R206H), a single nucleotide substitution
at codon 206 in the glycine-serine activation domain of ACVRL1. Representative DNA
sequencing chromatograms are shown in Fig 3. No false-negatives were detected; the
recurrent ¢.617G>A mutation was identified in 100% (75 of 75) of patients with classic
FOP. No false-positives have been detected by screening of >150 unaffected control
subjects.

DISCUSSION

We show here that reliable molecular diagnosis of FOP is possible before the appearance of
heterotopic ossification. Pediatricians and pediatric orthopedic surgeons are often among the
first physicians to see a child who has congenital malformation of the great toes, a classic,
characteristic feature of FOP.>11 All 7 of the children evaluated in this study had been seen
by a pediatric orthopedic surgeon for evaluation of malformed great toes, but none of the
orthopedic surgeons recognized the association of malformed great toes with a possible
diagnosis of FOP.
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Toe malformations may arise from a variety of causes, including isolated congenital
malformations, brachydactyly, synostosis and symphalangism syndromes, and juvenile
bunions, as well as FOP.® However, in addition to malformations of the great toes, children
with FOP often have other less penetrant skeletal malformations, including malformations of
the thumbs (~50% of patients), orthotopic fusions of the posterior elements of cervical spine
(~80% of patients), short broad femoral necks (~50% of patients), and proximal medial

tibial osteochondromas (~90% of patients).>12 Although the absence of these skeletal
anomalies in a patient with malformed great toes does not exclude the diagnosis of FOP,
their presence individually or in combination further strengthens a clinical diagnosis of FOP.

In addition to the congenital toe malformations and other skeletal abnormalities, soft tissue
swellings characteristically precede heterotopic ossification.>13 However, the clinical
presentation of rapidly appearing soft-tissue lesions in FOP has led many physicians to
consider neoplasm as the underlying diagnosis. Cancer and other tumors were the most
common initial diagnosis in a recent study of FOP patients worldwide who had undergone
biopsy of a soft tissue lesion.8 All 3 of our patients who underwent excisional biopsies
before seeing one of us were diagnosed with sarcoma, aggressive fibromatosis, or nodular
fascitis. However, most neoplasms tend to grow in a slowly progressive manner. By
contrast, FOP lesions appear suddenly and then change size and shape rapidly, often in a
matter of hours, far greater than the rate of change seen in most tumors.’-13

Although some children with FOP develop soft tissue lesions in the first year of life, most
children begin to develop these rapidly growing connective tissue lesions (or flare-ups)
between 2 and 5 years of age.>"+13 It is understandable that these flare-ups cause great
alarm, first among parents, then among unsuspecting primary practitioners and consultants
who are usually unfamiliar with the natural history of classic FOP or with the connection of
axial soft tissue swellings and malformations of the great toes. In the 13% of patients
worldwide where the correct diagnosis of FOP was made promptly, a parent, primary
practitioner, or consultant recognized the diagnostic relationship between the rapidly
appearing soft tissue lesions in the neck and back and the presence of malformed great toes.8
In fact, the parents of 1 of our patients had read a newspaper article and saw a television
documentary about FOP prompting them to seek direct consultation with one of us after
using the Google search engine with the entries “malformed toes and soft tissue swellings”
and found the Web site of the International FOP Association (www.ifopa.org).

Although the diagnosis of FOP can be made on the basis of the 2 classic clinical features
(malformation of the great toes and progressive heterotopic ossification), identification of
the recurrent single nucleotide mutation that causes FOP now provides a level of molecular
certainty to the diagnosis at an early stage in the disease process. Late diagnosis or
misdiagnossis can lead to dangerous and unnecessary procedures and to catastrophic lifelong
disability.

Definitive molecular diagnosis is now possible for FOP before the appearance of heterotopic
ossification and even before the appearance of soft tissue lesions at early stages of disease
development when misdiagnosis is most likely to occur. However, the correct diagnosis of
FOP cannot be made if it is not first suspected. Clinical awareness of the early preosseous
features of FOP will ensure its proper and timely diagnosis. Once suspected, on the basis of
congenital malformation of the toes and associated radiographic findings, molecular genetic
studies can be performed rapidly to confirm or exclude the diagnosis of classic FOP. Such
early diagnostic certainty at the molecular level will allow clinicians and parents together to
approach the preventative aspects of FOP in a timely and rational manner.14 Although
presymptomatic genetic testing of children has generated much ethical debate,1° there is
broad consensus that such testing is justified when it can benefit the child through either
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medical or preventative measures, 16 as is clearly the case in FOP. Once a definitive
diagnosis of FOP is made, unambiguous avoidance of deep soft issue trauma, intramuscular
injections, preschool intramuscular immunizations, injections into the jaw for dental work,
and dangerous and unnecessary lesional biopsies can be instituted.17-20

Given the rare occurrence of FOP in the general population, prenatal testing would not be
appropriate for general mutation screening; however, it could be considered within a family
in which a child with FOP had been diagnosed previously. Because the great majority of
FOP cases are because of de novo spontaneous mutation, and because the c.617G>A
ACVR1 mutation appears to be fully penetrant, families with a child who has been
diagnosed with FOP and who has 2 unaffected parents are highly unlikely to have a second
child with FOP. However, rare cases of gonadal mosaicism for FOP may occur,211:21 and
prenatal genetic testing could be considered to offer assurance and preparation.

Among all physicians, pediatricians and pediatric orthopaedic surgeons are likely to be
consulted to evaluate a child with malformed toes, often soon after birth and usually a year
or more before soft tissue swellings are likely to appear. Although all children with
malformed great toes will not have FOP, the consideration of FOP must be part of the
differential diagnosis. Once soft tissue swelling occurs, the clinical diagnosis is certain.®

Attention to easily identifiable signs and symptoms of FOP early in life, before the
appearance of disabling heterotopic ossification, can limit the disability and lifelong harm
resulting from diagnostic errors and inappropriate invasive procedures. Although definitive
therapies for FOP are not yet available, early clinical diagnosis and genetic testing can
provide a high degree of diagnostic certainty that can be used to prevent iatrogenic harm.
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Differential diagnosis:

* Isolated congenital * Sarcoma
malformations * Desmoid tumor

« Brachydactyly (isolated) » Aggressive juvenile

* Juvenile bunions fibromatosis

* Lymphedema

FIGURE 1.

Critical early diagnostic features of FOP. When malformations of great toes (note the hallux
valgus deformity) and preosseous tumor-like swellings are present, the diagnosis is FOP.
Cartoon illustration of the differential diagnosis. (Adapted with permission from Kitterman
JA, Kantanie S, Rocke DM, Kaplan FS. latrogenic harm caused by diagnostic errors in
fibrodysplasia ossificans progressiva. Pedliatrics. 2005;116:).eee
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FIGURE 2.

Common radiographic features of FOP. Composite antero-posterior radiographs of the feet
(A), hands (B), pelvis (D), knee (E), and lateral radiograph of the cervical spine (C) from a
child with FOP. Note the short great toes with malformed first metatarsals,
monophalangism, and hallux valgus deformity (A, arrows), short first metatarsals (B,
arrows), orthotopic fusion of posterior elements of multiple subaxial vertebrae (C,
arrowhead), short, broad femoral necks (D, circled areas), and small sessile distal femoral
and proximal medial tibial osteochondromas (E, arrowheads). All are common radiographic
features in patients with FOP.

Pediatrics. Author manuscript; available in PMC 2012 November 20.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Kaplan et al.

Page 11

Forward

c.617G; control

3 B _8 5 e ¥ 8 ¥
o |[J 9 Ad J 4 I
5
- A "\ J \ !‘ \ ‘.
14} iu \ i\ \ |
x J \ul y "\ / \ 1/ TR —_—
v Bt |
: |
e A AW, ¢.617G>A mutation
' 3 s 0 ¥y 9 = )
g PR M TN SN A s gE
°>" ', K w/ N }\ |"
L rHI‘ ]\n f ‘l’\ ” i '\.
o ATATATA AV.VATR VAT B
FIGURE 3.

DNA diagnostic testing of genomic DNA for mutations in the ACVR1 gene. DNA sequence
analysis of the ACVRL1 gene identified the identical heterozygous mutation (G —A) at
c¢DNA nucleotide position ¢.617 in all 7 FOP patients. Representative DNA sequencing
chromatograms for control and FOP patient genomic DNAs are shown. The upper two
panels show DNA sequencing results from complementary DNA sequence strands (forward
and reverse sequences) from control DNA (c.617G). The lower two panels show forward
and reverse sequence results from patient DNA (c617G —A mutation). In the nucleotide
sequence, R =A and G (heterozygous) at position ¢.617 in the forward direction and Y =C
and T at ¢.617 (complementary base pairing) in the reverse direction.
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