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Background: Fibrodysplasia ossificans progressiva (FOP) causes progressive disability due to heterotopic ossifica-
tion from episodic flare-ups. Using data from 500 FOP patients (representing 63% of all known patients world-
wide), age- and joint-specific risks of new joint involvement were estimated using parametric and nonparamet-
ric statistical methods.

Results: Compared to data from a 1994 survey of 44 individuals with FOP, our current estimates of age- and joint-
specific risks of new joint involvement are more accurate (narrower confidence limits), based on a wider range of
ages, and have less bias due to its greater comprehensiveness (captures over three-fifths of the known FOP pa-
tients worldwide). For the neck, chest, abdomen, and upper back, the estimated hazard decreases over time.
For the jaw, lower back, shoulder, elbow, wrist, fingers, hip, knee, ankle, and foot, the estimated hazard increases
initially then either plateaus or decreases. At any given time and for any anatomic site, the data indicate which
joints are at risk.

Conclusions: This study of approximately 63% of the world's known population of FOP patients provides a refined
estimate of risk for new involvement at any joint at any age, as well as the proportion of patients with uninvolved
joints at any age. Importantly, these joint-specific survival curves can be used to facilitate clinical trial design and

to determine if potential treatments can modify the predicted trajectory of progressive joint dysfunction.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Fibrodysplasia ossificans progressiva (FOP; OMIM: 135100) is an
ultra-rare, progressively disabling genetic disorder characterized by
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congenital malformation of the great toes and by progressive heterotop-
ic ossification (HO) through an endochrondal process [1-5]. Progressive
HO begins during the first decade of life and becomes more widespread
throughout life [2-4,6,7]. Impending ossification at a site is often pre-
ceded by painful areas of inflammatory fibroproliferative flare-ups in-
volving tendons, ligaments, and connective tissue of skeletal muscle
that rigidly immobilize the joints of the axial and appendicular skeleton
[3,4,6].

HO can be incited by blunt trauma, surgery, intramuscular injections
(especially vaccinations), viral illness, or muscular overuse, but most
often occurs spontaneously. There is a clear immunological, inflamma-
tory, and/or hypoxic component that contributes to early lesion devel-
opment [8-10]. Diaphragm, tongue, extraocular, facial, cardiac and
smooth muscle are characteristically spared [11]. Early death results
most often from respiratory failure caused by restrictive disease of the
chest wall [12].

In 1994, Rocke et al. used data from a survey of 44 FOP patients to es-
timate age- and joint-specific risk of new joint involvement as a clinical-
ly useful guide to the patterns of progression of the disease [13]. In this
study, global natural history data from 500 FOP patients, based on a
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Table 1

Demographic and disease characteristics.
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Current age (years)

N
Mean (SD)
Median (range)

Age at diagnosis (years)

500
242 (14.1)
22.7 (1.2-71.4)

comprehensive study by Pignolo et al. [14], was used to make more pre-
cise and clinically relevant estimates of the risk of HO by age and ana-
tomic site. Such estimates of risk are valuable in helping individual
patients and families plan for anticipated needs associated with pro-
gressive disability. These estimates of risk will aid in the design of clin-
ical trials to estimate effects of chronic treatment and to evaluate
therapies when randomized controlled trials are impractical because
of the extreme rarity of the disease.

N 498
Mean (SD) 6.9 (6.5)
Median (range) 5.0 (0-63)
2. Methods
Sex (n, %)
Female 279 (55.8%) X
Male 221 (44.2%) 2.1. Patients
:‘;}gﬁla"guage (n.%) 204 (40.8%) Data were analyzed from 500 FOP patients who completed a world-
Chinese 54 (10.8%) wide, prospective, cross-sectional survey of flare-ups, episodic exacer-
Danish 2 (0.4%) bations that over time result in disabling HO [14].
Dutch 10 (2%)
French 18 (3.6%)
German 24 (4.8%) 2.2. Data censoring
Italian 16 (3.2%)
apanese 24 (4.8% . .. . . ..
JK(frean o5 25%) ) For central (axial) joints, the age. at which a given joint was ﬁr.st af-
Polish 11 (2.2%) fected was set to the age recorded in the survey plus 6 months, if the
Portuguese 42 (8.4%) joint was indicated as affected and an age was given, and censored at
Serbian 5 (1%) the current age otherwise (i.e., the age at which a joint would be affect-
Spanish 53 (10.6%) di ] hat it i 1 di
swedish 12 (24%) ed is not known except that it is at least the current age). For appendic-
ular sites, if contralateral joints were affected, the earlier of the two ages
2”535 affected (n, %) 470 (05,55 plus 6 months was used as the age affected. If one of two contralateral
J;;?,' 243 E 15, 47; joints was affected, that age was used as the age affected; if neither
Neck 428 (85.6%) joint was affected, or if no age was given, the data were censored at
Upper Back 399 (79.8%) the current age.
Lower Back 351 (70.2%)
Chest 252 (50.4%)
Abdomen 135 (27%) 2.3. Data analysis
Shoulder 401 (80.2%)
Elbow 304 (60.8% . . . . ..
Wrist 158 531.6%; Survival functions for the age at which a given joint was affected
Fingers 89 (17.8%) were estimated using the Kaplan-Meier method [15] and median ages
Hip 313 (62.6%) affected and other quantiles (i.e., 25th and 75th percentiles) were calcu-
ﬁ“ﬁ’ ;gg (i?;‘%) lated from these survival functions. Confidence intervals for survival
F:me 130 526;; functions and quantiles were calculated using the method of Green-
wood [16]. Hazard functions and associated confidence intervals were
Table 2
Summary of ages at which each joint is affected.
Area Current data 1994 data
Median age affected 25th percentile 75th percentile Median age affected 25th percentile 75th percentile
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Jaw 235 (21.5,25.5) 15.5 (14.5,17.5) 405 (365, NR) 225 (20.5,26.5) 15.5 (10.5,21.08) 26.5 (25.25, NR)
Neck 8.5(7.5,9.5) 3.5(3.5,4.5) 16.5 (15.5, 20.5) 5.5(3.5,9.7) 2.5(2.0,4.0) 11.1(9.5,17.5)
Upper Back 9.5 (7.5,10.5) 45 (3.5,4.5) 18.5 (16.5,30.5) n/a n/a n/a
Lower Back 13.5(12.5,14.5) 5.5 (5.5,6.5) 32.5(23.5,NR) n/a n/a n/a
Spine n/a n/a n/a 5.8(5.1,10.5) 3.5(2.5,5.5) 11.5 (10.5, 18.5)
Chest 38.5 (30.5, NR) 11.5 (9.5, 12.5) NR (NR, NR) n/a n/a n/a
Abdomen NR (NR, NR) 35.5 (26.5, NR) NR (NR, NR) n/a n/a n/a
Shoulder 11.5 (105, 12.5) 5.5 (4.5,5.5) 205 (17.5,27.5) 6.0 (5.5,11.2) 3.5(2.5,5.5) 11.5 (10.5,16.5)
Elbow 18.5 (17.5,20.5) 10.5 (9.5, 12.5) 345 (30.5,NR) 16.5 (9.5, 26.5) 59(3.5,11.5) 27.5 (21.25, NR)
Wrist 54,5 (45.5, NR) 21.5(19.5,28.5) NR (63.5, NR) 27.5 (23.5,NR) 205 (12.5,25.3) NR (NR, NR)
Fingers NR (NR, NR) 50.5 (39.5, NR) NR (NR, NR) 46.5 (NR, NR) 46.5 (NR, NR) 46.5 (NR, NR)
Hip 18.5 (16.5,20.5) 125 (12.5, 13.5) 30.5 (27.5, 33.5) 144 (12.5,17.5) 105 (6, 12.5) 195 (16.5, NR)
Knee 20.5 (19.5,24.5) 13.5 (12.5,15.5) 345 (30.5,NR) 17.5 (12.5,27.5) 10.5 (10,5, 15) 27.5 (19.67, NR)
Ankle 33.5(29.5,40.5) 17.5 (16.5, 20.5) NR (51.5, NR) 23.5 (18.5,NR) 17.5 (12.5,20.5) 39.2 (36.5,NR)
Foot 58.5 (55.5, NR) 30.5 (25.5,39.5) NR (NR, NR) n/a n/a n/a
Toes n/a n/a n/a NR (NR, NR) NR (NR, NR) NR (NR, NR)

The left three columns show the median, 25th percentile, and 75th percentile of the age at which each joint surveyed is affected, and associated 95% confidence intervals, for the 2014
survey. The right three columns show the median, 25th percentile, and 75th percentile of the age at which each joint surveyed was affected, and associated 95% confidence intervals,
for the 1994 data. “n/a” indicates that the survey did not inquire as to the status of that joint. NR indicates that an insufficient proportion of survey subjects had been affected at that
area for the quantile or confidence bound to be calculated.
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estimated using nonparametric smoothing as implemented in the R
package bshazard [17].

The conditional probability of a patient having no additional joints
affected in the next year, given his or her current status, was calculated
as the product over all unaffected joints (j):

S;(current age + 1)/S; (current age),

where S; is the Kaplan-Meier estimate of the joint-specific survival
function.

Analyses were conducted using the statistical software environment
R, version 3.1.2 [18].

The annualized risk for each joint at age t (defined as the conditional
probability of an event by age t + 1, given that the joint has remained
unaffected until age t), is defined as:

Si(t+1)/5; (1), (M

where S; is the joint-specific survival function. Annualized risks were es-
timated by substituting the Kaplan-Meier estimate of the joint specific
survival function for S; in the above formula. 95% confidence intervals
were constructed for In[S;(t + 1)] — In[S;(t)] based on the variance
for the log of the Kaplan-Meier estimate given in Greenwood [16]; con-
fidence interval endpoints were then transformed to give a confidence
interval for the annualized risk.

3. Results
3.1. Demographics and disease characteristics

Table 1 summarizes demographic and disease characteristics of the
500 survey participants. The median age of participants was 23 years
(range 1 years to 71 years), and 56% of participants were female. The
median age at diagnosis was 5 years (range 0 years to 63 years).
Forty-one percent of respondents completed an English language ver-
sion of the survey; the next most common languages were Chinese
(11%) and Spanish (11%).

3.2. Joint survival curves

All but 21 subjects reported at least one area affected; the areas most
commonly affected were the neck (86%), shoulder (80%), upper back
(80%), and lower back (70%).

Table 2 shows Kaplan-Meier estimates of quantiles of the age
at which each area was affected, for the current survey and for a
1994 survey that included 44 participants with a median age of
27.5 years. Median ages for affected joints were older in the current
survey sample, for all areas that were included in both surveys. In
the current survey, the areas affected earliest were the neck
(median age 8.5 years), the upper back (median age 9.5 years), and
the shoulder (median age 11.5 years). The areas affected latest were
the foot (median age 58.5 years) and fingers (median not reached,
25th percentile is 50.5 years). Kaplan-Meier curves of the age at which
each joint was affected are shown for the upper extremity, excepting
the fingers (Fig. 1), the axial skeleton (Fig. 2), and the lower extremity
(Fig. 3). There was no significant difference by sex in the survival
curve for any joint.

3.3. Joint-specific risk of involvement

The annualized risk of a joint being affected is defined as the condi-
tional probability of an event in the next year, given that the joint has
remained unaffected up to the indicated age. Table 3 shows the annual-
ized risk for each joint over time, estimated from the Kaplan-Meier sur-
vival curve, and 95% confidence intervals.
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S
[e0)
o
©
= ©
e o
>
)
= ¥
s o
S
(qV]
o
o
O. ] T T T T T T T
0O 10 20 30 40 50 60 70
Age
Survival Curve for Elbow
=]
[o0]
o
©
= ©
c o
] I
%) i
€ < o e
= o -"~.__ '____7_
) B o,
c\‘ i _l.‘l.l __________________
o
o
O‘ ] T T T T T T T
0O 10 20 30 40 50 60 70
Age
Survival Curve for Wrist
=]
[o0]
o
©
2 ©
S o
] 5
U) | S|
= 3
S ol peee--
- :
o !
o |
(@]
o. ] T T T T T T T

0 10 20 30 40 50 60 70
Age

Fig. 1. Kaplan-Meier survival curves for the upper extremity. The y-axis shows estimated
survival (the proportion of respondents with that joint unaffected as of that age), the x-
axis shows age in years. The solid black line is the estimated survival and the dashed
lines show 95% confidence intervals. The red line indicates 50% survival, the age at
which the estimated survival curve crosses the red line (if applicable) is the median age
at which the joint is first affected. The median age at which each joint is first affected is
11.5 years (shoulder), 18.5 years (elbow), and 54.5 years (wrist).
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Fig. 2. Kaplan-Meier survival curve for the axial skeleton. The y-axis shows estimated survival (the proportion of respondents with that joint unaffected as of that age), the x-axis shows age
inyears. The solid black line is the estimated survival and the dashed lines show 95% confidence intervals. The red line indicates 50% survival, the age at which the estimated survival curve
crosses the red line (if applicable) is the median age at which the joint is first affected. The median age at which each joint is affected is 8.5 years (neck), 23.5 years (jaw), 38.5 years (chest),
9.5 years (upper back) and 13.5 years (lower back). For the abdomen, the median is not reached because less than half of respondents have this area affected.
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Fig. 3. Kaplan-Meier survival curves for the lower extremity. The y-axis shows estimated survival (the proportion of respondents with that joint unaffected as of that age), the x-axis shows
age in years. The solid black line is the estimated survival and the dashed lines show 95% confidence intervals. The red line indicates 50% survival, the age at which the estimated survival
curve crosses the red line (if applicable) is the median age at which the joint is first affected. The median age at which each joint is first affected is 18.5 years (hip), 20.5 years (knee), 33.5
(ankle) and 58.5 years (foot).

The hazard function for each joint was calculated as the probability information for ages over 40. For the abdomen, chest, neck, and upper
of being affected at a given age, given that the joint has remained unaf- back, the estimated hazard decreases over time. For the ankle, elbow,
fected up to that age. Only ages 0 to 40 are plotted due to the paucity of fingers, foot, hip, jaw, knee, lower back, shoulder, and wrist, the

Table 3
Annualized risk by joint and age.
Age (years) 1 5 10 15 20 25 30
Jaw 0.01 (0, 0.02) 0.02 (0.01, 0.03) 0.02 (0.01, 0.04) 0.03 (0.01, 0.04) 0.06 (0.03,0.1) 0.06 (0.01,0.1) 0.08 (0.01,0.15)
Neck 0.10 (0.07,0.12) 0.10 (0.07,0.13) 0.06 (0.03,0.1) 0.11 (0.06, 0.16) 0.12 (0.05, 0.19) - -
Upper Back 0.05 (0.03,0.07) 0.10 (0.07,0.14) 0.09 (0.05,0.13) 0.08 (0.04, 0.13) 0.03 (0, 0.07) - -
Lower Back 0.04 (0.02, 0.05) 0.07 (0.05,0.1) 0.08 (0.04,0.11) 0.09 (0.04, 0.13) 0.07 (0.02,0.11) - -
Chest 0.02 (0.01,0.03) 0.04 (0.02, 0.05) 0.03 (0.01, 0.05) 0.04 (0.01, 0.06) 0.03 (0.01, 0.06) - -
Abdomen 0.01 (0, 0.02) 0.01 (0, 0.02) 0.01 (0, 0.02) 0.01 (0, 0.03) 0.02 (0, 0.04) 0.01 (0, 0.03) -
Shoulder 0.03 (0.01, 0.05) 0.08 (0.05,0.1) 0.12 (0.08, 0.16) 0.09 (0.05, 0.14) 0.09 (0.03, 0.15) - -
Elbow 0.01 (0, 0.02) 0.04 (0.02, 0.06) 0.05 (0.02, 0.07) 0.04 (0.01, 0.06) 0.08 (0.04, 0.13) 0.03 (0, 0.07) -
Wrist 0(0,0) 0(0,0.01) 0.02 (0.01, 0.04) 0.03 (0.01, 0.05) 0.03 (0.01, 0.05) - -
Fingers 0(0,0) 0(0,0.01) 0.02 (0,0.03) 0.01 (0, 0.02) 0.01 (0, 0.02) 0.02 (0, 0.03) 0.03 (0, 0.05)
Hip 0.01 (0, 0.02) 0.01 (0, 0.01) 0.06 (0.04, 0.08) 0.07 (0.03,0.1) 0.13 (0.07,0.18) 0.07 (0.02,0.13) 0.15(0.03,0.25)
Knee 0(0,0.01) 0.02 (0.01, 0.03) 0.06 (0.03, 0.08) 0.05 (0.02, 0.07) 0.10 (0.05, 0.15) 0.08 (0.03,0.13) 0.09 (0, 0.16)
Ankle 0(0,0.01) 0(0,0.01) 0.02 (0.01,0.03) 0.05 (0.03, 0.08) 0.08 (0.04,0.11) 0.03 (0, 0.06) -
Foot 0(0,0) 0(0,0.01) 0.01 (0, 0.02) 0.01 (0, 0.01) 0.03 (0.01, 0.05) 0.02 (0, 0.04) 0.03 (0, 0.06)

The annualized risk of a joint being affected is defined as the conditional probability of an event in the next year, given that the joint has remained unaffected up to the indicated age. The
table shows the annualized risk for each joint over time, estimated from the Kaplan-Meier survival curve, and 95% confidence intervals. Confidence intervals are estimated based on the
formula for the variance of the log of the Kaplan-Meier estimate given in Greenwood [16]. The dashes are in age/joint combinations where there were not enough patients reaching that
age without involvement of the particular joint.
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Fig. 4. Hazard curves for the upper extremity. The y-axis shows the estimated hazard (the
probability of a joint being affected at a given age, given that the joint has remained
unaffected up until that age), the x-axis shows age in years. The solid black line is the
estimated hazard and the dashed lines show 95% confidence intervals.

estimated hazard increases initially then either decreases or
levels off. Hazard curves for each joint are shown for the upper
extremity (Fig. 4), the axial skeleton (Fig. 5), and the lower extremity
(Fig. 6).

3.4. Conditional joint involvement

Fig. 7A shows the conditional survival (conditional probability of
having no further areas affected by age A + t, where A is the patient's
current age and t is a time interval), given the patient's status at age A,
for a hypothetical 12 year old subject with the neck, lower back, upper
back, shoulder, and elbow already affected. For this patient, the estimat-
ed probability of all areas remaining unaffected for the next year is 0.79,
and the estimated median time to the next area being affected is
3.5 years. Fig. 7B shows the conditional survival for another hypothetical
patient, also age 12, with only the neck affected. For this patient, the es-
timated probability of all areas remaining unaffected for the next year is
0.58, and the estimated median time to the next area being affected is
1.5 years.

4. Discussion

We have produced joint survival curves for the upper extremity,
axial skeleton and lower extremity using data from about 63% of the
world's known population of FOP patients. This analysis reflects the
age of the estimated fraction of individuals for whom a particular joint
is not yet affected. Although there is no uniform pattern to joint dys-
function, there tends to be sequential involvement of axial regions (ex-
cepting the jaw) before appendicular regions, cranial regions before
caudal regions, and proximal limbs before distal limbs. These general
findings support earlier observations by Cohen et al. [19].

The most important difference in our analysis compared to that by
Rocke et al. in 1994 [13] is the order of magnitude greater number of in-
dividuals surveyed and the consequent increased certainty of the obser-
vations. Compared to the 1994 data of 44 FOP patients [13], our current
estimates of age- and joint-specific risks of new joint involvement are
more accurate (narrower confidence limits) and are based on a wider
range of ages. There is probably less bias in the current survey because
it is much more comprehensive, capturing over three-fifths of the
known FOP patients worldwide. Compared to the earlier survey, median
ages for affected joints were older in the current sample, for all areas
that were included in both surveys. The improved joint survival curves
may reflect greater accuracy and less bias than those previously derived,
but may also reflect the widespread use of steroids as a disease-modify-
ing agent.

We have also summarized the data by the age at which about half of
individuals have that joint affected (Table 2, Fig.8), although for some
joints that is never reached (e.g., fingers). For example, by age 8.5, 50%
of individuals with FOP are affected at the neck; by age 16.5, 75% of in-
dividuals are affected, with the last event at age 47. There were 5/35 in-
dividuals who had not been affected at the neck by age 47. By age 20.5,
50% of individuals with FOP are affected at the knees; by age 34.5, 75%
affected, with the last event at age 45. There were 10/44 individuals
who had not been affected at the knee by age 45. In contrast, not until
age 54.5 are 50% of individuals with FOP are affected at the wrists,
with less than 75% of individuals affected at the wrists and the last
event at age 63. There were 2/4 individuals who had not been affected
at the wrists by age 63.

For any given individual, precise predictions are not possible. For the
neck, typically the earliest affected joint, 10% of individuals will be af-
fected by one year of age, and an estimated 10% will not be affected
until the late 40’s. The neck tends to be affected (median age 8) much
earlier than the knees (median age 20), but still 77 individuals (15%)
had the knees affected earlier than the neck. Thus, at any given time,
one cannot predict how soon a joint will be affected, but rather which
ones are most at risk.
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Fig. 5. Hazard curves for the axial skeleton. The y-axis shows the estimated hazard (the probability of a joint being affected at a given age, given that the joint has remained unaffected up
until that age), the x-axis shows age in years. The solid black line is the estimated hazard and the dashed lines show 95% confidence intervals.
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Fig. 6. Hazard curves for the lower extremity. The y-axis shows the estimated hazard (the probability of a joint being affected at a given age, given that the joint has remained unaffected up
until that age), the x-axis shows age in years. The solid black line is the estimated hazard and the dashed lines show 95% confidence intervals.

Hazard curves can also be used to estimate the probability of a joint
being affected at a specific age, and lend perspective on the likelihood of
initial joint dysfunction over time. With the exception of the jaw and
lower back, areas of the axial skeleton tend to display an estimated haz-
ard that decreases over time, whereas the joints of the extremities tend
to have an estimated hazard that increases initially then decreases over
time.

Our natural history survey of 500 individuals with FOP, which en-
compasses approximately 63% of the world's known population of
FOP patients [14], provided valuable new data for the assessment of
joint dysfunction, including the set of improved joint survival curves
presented here. These curves are the most accurate and unbiased to
date. They will provide long-term forecasts and comparative statistics
for future clinical study design.

5. Conclusions

We have determined estimates of risk for new involvement at
any joint at any patient age, as well as the fraction of patients
with uninvolved joints at any age based on data from over
three-fifths of the world's known individuals with FOP. These esti-
mates can be used to facilitate clinical trial design and to deter-
mine if potential treatments can modify predicted courses of
joint dysfunction.
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Fig. 7. Hypothetical examples of conditional joint survival. (A) The conditional survival
(conditional probability of having no further areas affected by age A + t, where A is the
patient's current age and t is a time interval), given the patient's status at age A, for a
hypothetical 12 year old subject with the neck, lower back, upper back, shoulder, and
elbow already affected. For this patient, the estimated probability of all areas remaining
unaffected for the next year is 0.79, and the estimated median time to the next area
being affected is 3.5 years. (B) The conditional survival for another hypothetical patient,
also age 12, with only the neck affected. For this patient, the estimated probability of all
areas remaining unaffected for the next year is 0.58, and the estimated median time to
the next area being affected is 1.5 years.
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