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Abstract

Fibrodysplasia ossificans progressiva (FOP), a rare, disabling condition caused by gain-of-
function mutations of a bone morphogenetic protein (BMP) type | receptor, leads to episodes of
heterotopic ossification and resultant immobility. Neurological problems have not been associated
with FOP, but neurological symptoms are commonly reported by FOP patients. To determine the
prevalence of neurological symptoms and their characteristics in individuals with FOP, we
conducted a survey of the 470 patient members of the International FOP Association (IFOPA)
using a questionnaire about neurological symptoms. There were 168 responses (105 females, 63
males; age 1.5-68 years) from 30 countries representing 36 % of IFOPA members. Chronic
neurological symptoms were reported by 86 (51 %). Prevalence of neuropathic pain (NP) was
significantly increased (P < 0.001) compared to the general population, and tenfold more common
in females (15 %) than males (1.6 %). Of those with NP, 94 % reported other sensory
abnormalities. Prevalence of recurrent severe headaches (HA) (26 %) was similar to that in the
general population, but prevalence in females with FOP (36 %) was almost fourfold greater than
in males. Prevalence of NP, HA, and other sensory abnormalities was substantially higher in post-
pubertal females; 33 % reported symptoms worsened during menstrual periods. Worsening of
neurological symptoms during FOP flare-ups was reported by 23 %. Three patients with FOP (1.8
%) reported myoclonus, a prevalence much greater than reported in the general population (P <
0.001). Our worldwide survey indicates that neurological symptoms are common in FOP. We
speculate that these symptoms are related to effects of dysregulated BMP signaling on the central
and/or peripheral nervous systems.

Keywords
ACVR1; Bone morphogenetic protein 4; Substance P

Introduction

Fibrodysplasia ossificans progressiva (FOP) is an exceedingly rare disease with autosomal
dominant inheritance and a worldwide point prevalence of ~1 case per 2 million population
[1]. FOP is characterized by congenital malformations of the great toes (Fig. 1) and
progressive heterotopic endochondral ossification with permanent loss of mobility [2]. The
heterotopic ossification occurs episodically and begins as painful swellings (flare-ups) that
progress to heterotopic bone formation (Fig. 2a, b). More than 700 cases have been
identified worldwide. FOP is caused by gain-of-function mutations in a bone morphogenetic
protein (BMP) type I receptor, ACVR1 (ALK?2) [3], leading to dysregulated BMP signaling.
At this time, there is no effective treatment [1].

In recent years, we have become aware of numerous individuals with FOP who have a wide
array of neurological symptoms including recurrent severe headaches, sensory
abnormalities, and movement disorders (e.g., seizures and myoclonus). However, there is
little information in the literature about neurological problems in individuals with FOP. In
1982, Connor and Evans reported that of 34 cases of FOP, 1 had seizures, 1 had an
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extradural hemorrhage, and 8 were deaf [4]. However, hearing loss in FOP is predominantly
due to conductive, not neural, hearing loss [5]. In 2009, Kaplan and associates [6] reported
patients with classic and atypical forms of FOP; one patient with classic FOP had a
craniopharyngioma, and several patients with FOP variants had mild cognitive impairment.
In 2010, Kumar and associates [7] described a case of FOP in a 3-year old boy who had an
abnormal MRI of the brain with hyperintensity of the dentate nucleus of the cerebellum on
T2-weighted images and suggested that FOP may be a multisystem disease with CNS
involvement.

The paucity of information in the literature regarding involvement of the nervous system in
FOP was inconsistent with our clinical experience with FOP patients. Therefore, we
designed a survey to investigate the prevalence of neurological symptoms among individuals
with FOP worldwide. The results of that survey form the basis for this article.

Questionnaire

We prepared a questionnaire to probe each individual’s experience with neurological
symptoms. The questionnaire requested detailed information about the neurological
symptoms as well as demographic, diagnostic, and treatment information about each
individual with FOP. The questionnaire was translated from English into French, German,
Italian, Portuguese, and Spanish. The study was approved by the Committee on Human
Research (CHR) of the University of California San Francisco. The CHR agreed that patient
consent had been obtained when an individual had completed and returned the
questionnaire.

Patient recruitment

The International FOP Association (IFOPA) is an association of 470 FOP patient members
from 57 countries worldwide (185 patient members from the US and 285 from other
countries). Together, these patients represent >90 % of the known cases of FOP worldwide.
FOP was verified for all patients through previous physical examination by at least one of
the authors (JAK, PLRD, RJP, or FSK), by another physician knowledgeable about FOP, or
through review of their history, photographs, and radiographs. The questionnaire was posted
on the IFOPA website and circulated to all patient members of the IFOPA (by email, or by
postal mail for those without access to email). The questionnaire is attached as an ESM
Appendix.

Data analysis

Completed questionnaires were returned to the IFOPA. All non-English questionnaires were
translated into English before evaluation. We examined the data for the presence of any of
the neurological symptoms included in the questionnaire. Headaches were included if they
were recurrent and graded as >4 out of 10 in severity. We asked about specific diagnoses for
the headaches (i.e., tension, migraine, or cluster headaches) that were given to the individual
by a physician. Neuropathic pain was included only if the diagnosis was made by a
physician. We included seizures only if they were recurrent. Movement disorders included
tremors, myoclonus, athetosis, and cerebral palsy. We asked for a description and the
location of sensory abnormalities. Injuries to brain and spinal cord included traumatic,
infectious, hemorrhagic, or other.

Results were analyzed for the group as a whole, for females and males separately, and
according to ages of the individuals. We calculated the prevalence of each individual
symptom and compared these to data from the literature when such data were available. We
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calculated gender differences for each of the neurological symptoms. Data were analyzed
using the chi-square test and regression analysis as appropriate. Statistical significance was
assumed for £< 0.05.

Completed questionnaires were received from 168 individuals with FOP from 30 countries.
The respondents represent 36 % of all patient members of the IFOPA; response rates from
the USA (38 %) and from other countries (34 %) were similar. Respondents included 105
females (mean age 25 years, range 2—68 years) and 63 males (mean age 23 years, range 1.5—
60 years).

The presence of at least one chronic neurological symptom was reported by 86 of the 168
respondents (51 %). Twenty of the 86 symptomatic individuals (23 %) reported that their
symptoms worsened during flare-ups of FOP. The prevalence of neurological symptoms
differed by gender, with 60 % of females and 41 % of males reporting at least one symptom
(P<0.025). A marked gender difference in symptoms was also noted when expressed by
age. In females, the presence of neurological symptoms increased significantly with each
decade of advancing age (r=0.802, £< 0.02). In contrast, the percent of males with
neurological symptoms decreased significantly with advancing age (r= —-0.875, £< 0.01).
To examine the possible role of puberty as a cause of the changes with age, we compared
the presence of neurological symptoms for those age 0-12 years with those older than 12
years. Again, there was a marked gender difference. In females, the percent of those older
than 12 years with neurological symptoms (64 %) was significantly greater than for those
aged 0-12 years (22 %, P< 0.005). In males there was little difference between the age
groups with symptoms present in 47 % of those age 0-12 years and 39 % of those older than
age 12 (P> 0.5). Of 49 females aged 13-59 years who were not amenorrheic and who
reported the presence of at least one neurological symptom, 16 (33 %) said that their
symptoms worsened at the time of their menstrual periods.

Recurrent severe headaches

The prevalence of recurrent severe headaches in FOP was similar to that for the general
population [8]; however, the percent of females with these headaches was almost four times
more than for males (Table 1). The characteristics of the headaches were similar in females
and males; median values were age of onset 15 years, severity 7.5/10, frequency 3/month,
and duration 24 h. Among the 44 individuals with recurrent severe headaches, associated
symptoms were common and included nausea, vomiting, and/or dizziness in 21 individuals.
Precipitating factors were listed by 22 and included stress, loud noises, and light. An
association with FOP flare-ups was reported by 9; an association of the headaches with their
menstrual cycles was reported by 10 of the 36 females more than 12 years of age. Twenty-
one individuals had consulted doctors about their headaches, but only 15 were given a
specific diagnosis including migraines (7= 10), cluster headaches (/7= 1), tension-type
headaches (/7= 1), and other (r7= 3). Only eight had further evaluation including EEG (n=
3), CT scan (n=6), and MRI (n=5). For treatment of their headaches, 28 (64 %) used non-
steroidal anti-inflammatory drugs (NSAIDs), only 4 used narcotics, and 3 of the 10
diagnosed with migraines used anti-migraine medications.

Neuropathic pain

In FOP, the prevalence of neuropathic pain diagnosed by a physician was markedly greater
than that reported for the general population [9], and in this study of those with FOP, this

symptom was reported almost exclusively by females (Table 1). Most individuals who had
been diagnosed with neuropathic pain described several types of pain; most commonly the
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pains were in the legs and feet (Table 2). Among medications, NSAIDs were the most
effective pain relievers in 53 %. Narcotics were effective in only one individual and were
ineffective in relieving neuropathic pain in three individuals (18 %). Four (24 %) found
gabapentin and/or pregabalin to be ineffective, whereas only one found them effective. Of
17 individuals with FOP who reported neuropathic pain, 94 % reported the presence of other
sensory abnormalities.

Other sensory abnormalities

Other sensory abnormalities were reported by 45 % of females and 22 % of males (Table 1).
Both genders gave similar descriptions of the abnormal sensations. The most common were
numbness, tingling, hypersensitivity to touch (allodynia), and abnormal sensations of heat or
cold. The most common locations were the legs and feet, and the arms and hands (Table 2).
We could find no reports in the literature for the prevalence of other sensory abnormalities
in the general population.

Other neurological symptoms

The presence of recurrent seizures, movement disorders, and injuries to the brain or spinal
cord were similar among females and males (Table 1). The percent of those with FOP
reporting seizures was similar to that for the general population [10]. Injuries to the brain or
spinal cord occurred in 13 individuals (7.7 %), a percentage similar to that reported
previously for FOP patients who had suffered severe head injuries from falls [11] (Table 1).
Movement disorders were reported by 12 individuals (Table 1). A variety of movement
disorders was described; however, the only types that were reported by more than one
individual were tremors (in two individuals) and myoclonus (in three individuals). This
represents a prevalence of myoclonus of 1.8 % in FOP, much greater than the reported
prevalence of myoclonus in the general population (8.6 per 100,000; A< 0.001) [12].
Interestingly, two of the three individuals with myoclonus in this study have been diagnosed
by neurologists with propriospinal myoclonus, an unusual type of myoclonus [13]; both
individuals are young women in their early 20s. In one, the myoclonus was due to spinal
cord injury resulting from marked kyphosis in the lower cervical spine; the cause of
myoclonus in the other young woman is unknown. We could find no reports in the literature
of the overall prevalence of movement disorders in the general population.

Discussion

Although FOP is characterized as a rare and disabling genetic disorder of progressive
heterotopic ossification, our study indicates that chronic neurological symptoms are
exceedingly prevalent in this patient population. The current study was undertaken because
neurological symptoms were reported to us by humerous FOP patients. The 168 completed
questionnaires from FOP patients represent 36 % of the IFOPA membership, 38 % of the
US membership, and 34 % of the membership from 29 other countries. Ages of the
respondents ranged from 1.5 to 68 years. Thus, there is broad geographical and age
distribution, which provides a representative picture of those with FOP.

Results regarding the different neurological symptoms merit comment. The percent of FOP
patients with recurrent severe headaches is similar to that reported for the general population
(Table 1) [8]. However, significantly more females than males reported headaches, a finding
similar to that for the general population [8]. Therefore, FOP does not seem to increase the
prevalence of severe headaches. In contrast, the prevalence of neuropathic pain in FOP was
20 times greater than that reported for the general population [9], and in FOP patients this
symptom occurred almost exclusively in females (Table 1). Similarly, other sensory
abnormalities were significantly more common in females. In contrast, there were no gender

J Neurol. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Kitterman et al.

Page 6

differences for seizures, movement disorders, or injuries to the brain or spinal cord (Table
1). Therefore, the increased prevalence in females was seen only in neurological symptoms
that were sensory in nature. These gender differences could be explained by the lower
threshold for pain in females [14]. Published reports have suggested various reasons for this
gender difference in pain sensation including hormonal, socio-cultural, psychological,
experiential, and genetic factors [15, 16]. In the current study, involvement of hormonal
factors is strongly suggested by several factors, including the significant increase in
neurological symptoms with advancing age in females, the significantly higher percentage
of symptomatic females over the age of 12 years compared to younger females, and the
finding that 33 % of symptomatic females aged 13-59 noted worsening of their symptoms at
the time of their menstrual periods. The association of the menstrual cycle with worsening
symptoms has previously been noted for headaches [17] and seizures [18]. These findings
strongly suggest that hormonal factors may influence the metabolism of BMP4 or the
activity of the mutated ACVR1, the genetic cause of FOP [3].

Most individuals with FOP who have recurrent severe headaches and/or neuropathic pain
reported that they take medications to relieve their symptoms. The most commonly used
medications are NSAIDs. Very few use narcotics. Gabapentin and pregabalin are widely
prescribed for neuropathic pain. It is noteworthy that in the current study four individuals
with neuropathic pain reported that these agents are ineffective, and only one has found
them to be effective. The common use of NSAIDs for neurological complaints, especially
selective COX-2 inhibitors, can be anecdotally attributed to their effectiveness in relieving
symptoms. Their efficacy may be related to the inhibition of inflammatory prostaglandins,
inhibition of heterotopic ossification [19], or anti-angiogenic effects [20]. It is interesting
that inflammatory prostaglandin levels are dramatically elevated in the plasma of patients
who have FOP [21]. Therefore, some of the relief gained by NSAID use may be ascribed to
reduction in inflammatory responses that irritate or injure nervous tissue.

Among those who were diagnosed with neuropathic pain, 94 % reported other sensory
abnormalities including numbness, tingling, allodynia, and abnormal sensations of heat and/
or cold. These findings in FOP patients are remarkably similar to those of Maier and
associates [22] who studied 1,236 individuals with neuropathic pain and reported that 92 %
had sensory abnormalities. In our study, the most common locations for both neuropathic
pain and the other sensory abnormalities were the legs and feet (Table 2), similar to the
locations reported by Dieleman and associates [9] in a study of neuropathic pain in the
general population. One factor that has been suggested as the cause of neuropathic pain and
the associated other abnormal sensations in FOP is nerve irritation or entrapment by
heterotopic bone. However, in individuals with FOP, the location of neuropathic pain, the
percent of those with neuropathic pain who have other sensory abnormalities, and the types
of these sensory abnormalities are very similar to results reported previously for individuals
who do not have FOP [9, 22]. Therefore, it seems unlikely that these symptoms in FOP are
due to nerve involvement by heterotopic bone, but rather they are probably due to effects of
FOP on the nervous system. However, because we do not have information regarding the
extent of heterotopic ossification in the individuals who returned completed questionnaires,
we cannot rule out an effect of heterotopic bone on peripheral nerves as a cause of at least
some of the cases of neuropathic pain.

The prevalence of movement disorders was low, with no gender difference. However, three
individuals reported myoclonus, including two young women diagnosed with propriospinal
myoclonus. This unusual form of myoclonus most commonly results from spinal injury [13],
which was the cause in one of the two FOP patients; the cause in the other patient is
unknown. The co-existence of two very rare conditions, FOP and propriospinal myoclonus,
in these two patients suggests that the two diseases may be related.
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We do not know the reasons for the increased prevalence in FOP of neuropathic pain and
other sensory abnormalities, the pronounced female-to-male ratio of these conditions and of
recurrent severe headaches, or the occurrence of an unusual form of myoclonus. Studies
published over the past few years provide possible clues.

The genetic cause of FOP is an activating mutation in the BMP type 1 receptor, ACVR1/
ALK?2 [3], leading to dysregulated BMP signaling [23]. Levels of BMP4 and its mRNA are
elevated in cultured lymphocytes from FOP patients [24]. Osteogenic progenitor cells from
individuals with FOP show ligand-independent BMP signaling and ligand-dependent hyper-
responsiveness to BMP stimulation [25]. BMPs inhibit differentiation of oligodendrocyte
precursor cells (OPCs) into mature oligodendrocytes in vitro, and this effect can be reversed
by the BMP receptor antagonist, Noggin [26]. Similar effects are seen in cells from brains of
transgenic mice (NSE-BMP4) that overexpress BMP4 [27]. In the brains of mice with
cuprizone-induced demyelination, BMP4 increases the proliferation of OPCs, but not mature
oligodendrocytes; infusion of Noggin increases the density of mature oligodendrocytes and
produces an increase in remyelinated axons [28]. Transgenic NSE-BMP4 mice develop
heterotopic ossification similar to human FOP [29]. Their brains show increased density of
astrocytes and decreased density of oligodendrocytes, but no changes in the developmental
pattern of myelination [27]. In a companion study to this report, Kan and associates report
that the NSE-BMP4 transgenic mice and knock-in mice with the identical mutation
(ACVR1/ALK2 c.617G>A; R206H) that occurs in classic FOP patients have acquired
demyelinating lesions in the central nervous system that, on MRI, appear similar to lesions
seen in the brain and spinal cord of some individuals with FOP.1 These studies show that
BMP4 has significant effects on the developing brain and may interfere with remyelination
following neural injury, and these effects may contribute to the neurological symptoms in
FOP.

Recently, Kan and associates [30] reported that the proinflammatory neuropeptide,
Substance P, is present in tissue from early stage lesions in individuals with FOP or with
acquired heterotopic ossification. Using three different transgenic mouse models, they
demonstrated that Substance P initiates a neuro-inflammatory cascade that leads to
heterotopic ossification. Substance P is involved in nociception and is released at sensory
nerve endings. Therefore, it is noteworthy that the most prominent neurological symptoms
in those with FOP are sensory and mostly involve pain. Twenty-three percent of FOP
patients reported that their neurological symptoms worsened during flare-ups of their FOP, a
time when both BMP4 and Substance P have been shown to be elevated [24, 30]. Therefore,
it seems likely that dysregulated BMP signaling and possibly Substance P participate not
only in the heterotopic ossification seen in FOP, but also in causing the neurological
symptoms through their effects on the central and peripheral nervous systems.

The major limitation to the current study is that the data have been obtained by
questionnaire. Therefore, the validity of the results depends upon the accuracy of each
patient’s memory, their understanding of their medical condition, and that those responding
are a representative sample of the entire FOP population. We cannot rule out bias in the
responses and that those with neurological symptoms were more likely to respond than those
who were symptom free. There are indications in the results that ascertainment bias is not a
major problem. The prevalence of recurrent severe headaches and that of seizures in FOP
are similar to those reported for the general population [8, 10]. Furthermore, in FOP the
percent of individuals with neuropathic pain who reported other sensory abnormalities (94
%) is almost identical to that previously reported for those with neuropathic pain who do not

IKan L, Kitterman JA, Procissi D, Chakkalakal S, McGuire TL, Goldsby RE, Pignolo RJ, Shore EM, Kaplan FS, Kessler, JA (2012)
CNS demyelination in fibrodysplasia ossificans progressiva. Submitted to Journal of Neurology as a companion paper to this paper.
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have FOP (92 %), and the types of sensory abnormalities are very similar to those reported
previously [22]. Furthermore, it is unlikely that the very high prevalence of neuropathic
pain, 20 times the reported prevalence in the general population [9], can be explained by
ascertainment bias. Questionnaires have been used extensively to study FOP, including the
natural history of heterotopic ossification [31], the pattern of joint involvement [32], the
likelihood of permanent heterotopic ossification after immunization injections [33],
restriction of jaw movement after injection of local anesthetic [34], the relationship of viral
illnesses to FOP flare-ups [35], and the prevalence of diagnostic errors [36] among
individuals with FOP.

In conclusion, individuals with FOP report a high prevalence of neurological symptoms
including recurrent severe headaches, neuropathic pain, other sensory abnormalities, and
myoclonus. Data from in vitro studies, in vivo studies in BMP4 transgenic and FOP knock-
in mice, and in individuals with FOP indicate that the neurological symptoms in FOP may
be due to effects of dysregulated BMP signaling on the central and peripheral nervous
systems and may be mediated by the proinflammatory neuropeptide, Substance P.
Additional research is needed to confirm this and to determine if interventions specifically
aimed at abrogating BMP signaling and Substance P signaling may be effective in relieving
the neurological symptoms in FOP as well as preventing the heterotopic ossification of FOP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Malformation of the great toes in an individual with fibrodysplasia ossificans progressiva
(FOP). The great toes are short with hallux valgus
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Fig. 2.

Heterotopic Ossification in FOP. a Early FOP lesion (flare-up) in the middle of an infant’s
back. b Ribbons of heterotopic bone in the back of a young man with FOP. Multiple flare-
ups have led to extensive heterotopic bone leading to lordosis, scoliosis, and immobilization
of the back
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Table 2

Characteristics of (A) neuropathic pain and (B) sensory abnormalities in individuals with fibrodysplasia
ossificans progressiva

n  Frequency
(%)
(A) Neuropathic pain
Type of pain
Sharp/stabbing 11 647
Shooting/radiating 10 58.8
Burning 9 529
Dull, aching 9 529
Cramping 4 235
Location of pain
Legs and/or feet 13 824
Head, neck and/or back 8 471
Arms and/or hands 6 353
(B) Sensory abnormalities
Type of abnormal sensation
Numbness 37 60.6
Tingling 31 508
Hypersensitivity to touch (allodynia) 19 31.1
Heat and/or cold 14 230
Location
Legs and/or feet 39 639
Arms and/or hands 26 426
Head, neck and/or back 12 197

The total numbers for types of pain and their locations are more than the number of individuals because several listed more than one type of pain
and location
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