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Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disorder in which extensive heterotopic ossification (HO) begins to form during early childhood and progresses throughout life. Although HO does not occur during embryonic development, children who carry the ACVR1R206H mutation that causes most cases of FOP characteristically exhibit malformation of their great toes at birth, indicating that the mutation acts during embryonic development to alter skeletal formation. Despite the high prevalence of the great toe malformation in the FOP population, it has received relatively little attention due to its clinically benign nature. In this study, we examined radiographs from a cohort of 41 FOP patients ranging from 2 months to 48 years of age to provide a detailed analysis of the developmental features, progression, and variability of the great toe malformation of FOP, which include absent skeletal structures, malformed epiphyses, ectopic ossification centers, malformed first metatarsals and phalangeal fusion.
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INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP) is an ultra-rare genetic disorder in which extensive bone ectopically forms in soft connective tissues, such as skeletal muscle, in a process known as heterotopic ossification (HO) (Shore and Kaplan, 2010). The ACVR1 gene mutation that causes FOP and HO also alters the normal development of the skeleton (Cohen et al., 1993; Harrison et al., 2005; Schaffer et al., 2005; Mishima et al., 2014; Pignolo et al., 2019). The most frequently occurring mutation (∼97%) among FOP patients is ACVR1R206H (Shore et al., 2006; Kaplan et al., 2008). This and other ACVR1 mutations associated with FOP enhance signaling from this bone morphogenetic protein (BMP) type I receptor to increase activation of the downstream BMP signaling pathway (Kaplan et al., 2008; Shen et al., 2009; Allen et al., 2019).

The congenital skeletal malformation most commonly associated with FOP affects the first digit of the foot (also called the great toe or hallux), with this toe angled inward (hallux valgus) (Kaplan et al., 2008). Previous reports identified reduced first digit length, altered first metatarsal morphology, and distal phalangeal coalition (fusion) in multiple post-axial digits (i.e., digits 2–5) in patients diagnosed with FOP (Schroeder and Zasloff, 1980; Harrison et al., 2005); however, these studies examined only small cohorts (16 and 15 patients, respectively). While other case report series have been conducted, none have focused extensively on the forefoot malformations (Rosenstirn, 1918; Cohen et al., 1993). To investigate the frequency and types of malformations in all the digits of the foot, we conducted a detailed analysis of radiographs from 41 FOP patients with the ACVR1R206H mutation.



MATERIALS AND METHODS

In this retrospective analysis, we reviewed radiographic images of the forefeet of 44 individuals with classic FOP. All individuals were established patients of one of the authors (FSK). Inclusion criteria were as follows: a clinical diagnosis of FOP made by the presence of congenital malformations of the great toes and by progressive HO in characteristic anatomic patterns; confirmation of the diagnosis by molecular genetic analysis that identified the presence of the recurrent ACVR1 c617G>A;R206H FOP mutation (Shore et al., 2006); plain anterior-posterior (A-P) radiographs of the feet that had been obtained as part of routine clinical care. Exclusion criteria were the following: uncertainty of the patient’s age at the time the radiograph was acquired (2 subjects); and overexposure, underexposure, or degradation of the radiograph to the point analysis of the forefoot could not reasonably be completed (1 subject). This study was non-interventional and all patient data were deidentified prior to analyses through approval by the Institutional Review Board at the University of Pennsylvania.

Eight subjects (4M, 4F), including unaffected family members, served as age-matched controls for the purposes of comparing FOP-affected forefeet to normal development. These controls were not used for any statistical analyses. For cases without age-matched controls, radiographs were compared against anatomical sketches of foot development and clinical descriptions (Sarrafian, 2011). Patients with radiographs from multiple ages were not double-counted for any analyses. For any given feature that was absent at one age but present at another (e.g., ectopic ossification centers), patients were counted as having that feature.

The timing, presence, and morphology of skeletal elements of the forefoot (metatarsals and phalanges) were compared against radiographs of control subjects and anatomical texts (Sarrafian, 2011). Phalanges were counted as dysmorphic if we observed clear deviations from the normal, rectangular “chess piece” morphology of all proximal and medial phalanges, or from the triangular morphology of the distal phalanges. Metatarsals were evaluated to be dysmorphic primarily on the basis of the shape of the metatarsal head, which should be smooth, rounded, and approximately symmetrical on its primary axis. Secondary ossification centers were considered dysmorphic if they were more cuboidal or hourglass-like in shape as opposed to the typical curved, linear shape (Figures 1A,B,F). Ectopic ossification refers to the appearance of superfluous radio-positive tissue either independent of or associated with the normal skeletal elements. Phalanges were counted as having coalition (AKA symphalangism) if no clear boundary line could be established between two phalanges within a single digit. The clinical definition of hallux valgus is that of an angle between the long axes of the metatarsal and proximal phalanx of the first digit greater than 15°. Hallucal sesamoids were counted as deviated if more than 50% of the fibular (lateral) sesamoid was visible beyond the lateral edge of the metatarsal.
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FIGURE 1. The FOP great toe malformation with monophalangeal or biphalangeal hallux. (A,B) Representative control radiographs at 2 months and 8 years of age. Note the presence of three phalanges (p) in each digit except the first, which has two. (C–E) Radiographs from three FOP subjects at different ages illustrate the two major presentations of the great toe malformation: monophalangeal hallux (p2 only; C,E) and biphalangeal hallux (p1 and p2; D,E). (C) Radiograph of a subject at 4 years of age shows bilateral monophalangism, with p1 being absent in both feet. Severe hallux valgus is evident (hallux valgus angle > 15°, illustrated). By this age, ectopic ossification centers (EOC; arrowheads) have fused to the metatarsal heads. (C’) At age 14, the same subject shows large epiphyses (e) associated with the remaining phalanx, medially deviated metatarsals with malformed heads (asterisk), and laterally deviated hallucal sesamoids (s); the fibular sesamoid is clearly visible, whereas the tibial sesamoid is masked by the metatarsal. (D) Radiographs of a subject at 10 years of age showing biphalangism, with both phalanges of the first digit present in both feet. Hallux valgus is minor, consistent with other subjects with this morphological progression. This subject additionally presents with biphalangeal digits 4 and 5, though this is not considered a hallmark of FOP. (D’) At age 16, the phalanges of the first digit have completely fused, which is characteristic of biphalangeal hallux in FOP (detailed in Supplementary Figure 1). (E) One subject, imaged at 9 months of age, presents with both a proximal and distal phalanx in the left foot and only the distal phalanx in the right foot. Note the asymmetric, amorphous shape of the proximal phalanx as contrasted with the rectangular, symmetrical morphology of the proximal phalanges in A. The right foot shows more severe hallux valgus than the left, but both feet have EOCs distal and medial to the first metatarsal (arrowheads). (E’) Two years later, the EOCs have both fused to the metatarsal head. (F–H) Illustrations of the skeletal elements of the human mid- and forefoot with (F) all usual elements in adulthood (control), (G) the monophalangeal FOP phenotype, and (H) the biphalangeal FOP phenotype. Digits (d) are numbered d1 to d5 from medial to lateral and phalanges (p) are numbered proximal to distal. By X-ray, primary ossification centers (POC) of each element are visible before their respective secondary ossification centers (SOC) can be seen. Midfoot elements, including the tarsals, are included for reference and are numbered according to their respective articulating digits. Sesamoids (s) are normally associated only with the hallux but may arise at the metatarsophalangeal joints of the second and/or fifth digits. The characteristic EOC medial and distal to the metatarsal of the hallux seen in FOP patients is marked in (G,H). In (E’,H), phalanges affected by LEPB or “delta phalanx” (also see Figure 2) are labeled as Δp1.


Statistical analyses were performed using Prism 8 (GraphPad).



RESULTS

Among available FOP case files, the common FOP ACVR1R206H mutation was documented in 41 subjects (22 M, 19 F; aged 0–48 years) with clinically diagnosed FOP and forefoot radiographs.


Digit 1, Primary Ossification Centers

During digit development, ossification centers form and give rise to the individual skeletal elements (metatarsals and phalanges) of the digits (Sarrafian, 2011). The timing of the emergence and the final number of ossification centers and phalanges are the most general means by which to assess skeletal development in the digits of the foot. The expected numbers of phalanges in human feet is 2-3-3-3-3, counting from digits 1 to 5, with the elements of digit 1 being particularly broad (Figures 1A,B,F). Distal phalanges are distinguished by their comparatively triangular shape relative to the rectangular shapes of medial and proximal phalanges. Each phalanx consists of a primary ossification center (POC) connected proximally to a single secondary ossification center (SOC) via a growth plate (Sarrafian, 2011). The first digit metatarsal has only a proximal SOC, whereas each metatarsal of digits 2–5 has only a distal growth plate and SOC (Sarrafian, 2011). SOCs typically emerge as small, circular, radio-positive regions that expand into thickened, curved lines over time before gradually fusing with their associated skeletal element.

Examination of digit 1 in our 41 subjects provided an improved picture of the prevalence of characteristics that were previously recognized in FOP. These features (summarized in Table 1) included nearly fully penetrant hallux valgus (38/41; Figure 1C), metatarsal malformation (41/41; Figure 1C’), loss of the interphalangeal joint associated with loss of the proximal phalanx (21/41; Figures 1C,E), and the presence of an ectopic ossification center (EOC) medio-distal to the head of the first metatarsal (38/41; Figures 1E, 3).


TABLE 1. Major abnormal features of the first digit in FOP patients.

[image: Table 1]We additionally identified two distinct general pathologies for digit 1: one in which the proximal phalanx of digit 1 is absent (monophalangeal hallux; Figures 1C,C’,G), and the other in which this phalanx is present but malformed (biphalangeal hallux; Figures 1D,D’,H). Although the majority of radiographs of the feet showed similar bilateral malformations, one subject of the 41 examined had both phalanges in one foot, but only one in the other (Figures 1E,E’). Of the remaining 40 subjects, 20 were monophalangeal and 20 were biphalangeal for the first digit. Subjects lacking the proximal phalanx (monophalangism) generally showed much more severe hallux valgus, whereas those with both phalanges (biphalangism; p1 and p2, proximal and distal phalanges, respectively) had less severe hallux valgus. At age 15 and older, all subjects who formed both phalanges (biphalangeal) in the first digits (6/6; 95% CI, 61.0–100.0%) showed complete fusion of the two phalanges (Figure 1D’ and Supplementary Figure 1). No subjects with biphalangeal hallux showed such fusion before age 15 (0/15; 95% CI 0.0–20.4%). Malformation of the first metatarsal presented as an asymmetric or jagged metatarsal head and/or a broad diaphysis lacking the characteristic taper from each end to the midshaft (examples shown in Supplementary Figure 1).



Digit 1, Secondary Ossification Centers

Phalangeal SOCs emerge on average between 10 months and 2.3 years of age in digit 1, and between 2.5 and 4.4 years of age in digits 2–5, with males lagging behind females by about 6 to 12 months. SOCs first appear as small, circular, radio-positive regions that expand into thickened, and curved lines over time before gradually fusing with their associated skeletal element (Sarrafian, 2011). In both monophalangeal and biphalangeal cases of FOP, SOCs of first digit phalanges were frequently dysmorphic in a variety of presentations, including expansion on the proximal-distal axis (Figure 1C’), an hourglass-like shape with varying degrees of asymmetry (Figure 1D), and delta phalanx (Figure 1E’; also detailed below and in Figure 2).
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FIGURE 2. Longitudinal epiphyseal bracket in subjects with FOP. (A) Radiograph showing longitudinal epiphyseal bracket (LEPB; ep) of the proximal phalanx (p) of the great toe in a subject with FOP. A phalanx affected by LEPB may be referred to as delta phalanx, here labeled as Δp1. An apparent ectopic ossification center (EOC) distal to the metatarsal (mt) head is present. (B) Radiograph showing compound LEPB of the proximal phalanx, with outlines for clarity in (B’). Dotted lines denote distinct osseous elements occurring in concentric hemi-circles. Age (in years) and sex (F, M) of each subject, bottom right of each panel.


Of note, 16/21 (76%) subjects who have both first digit phalanges also exhibited some degree of longitudinal epiphyseal bracket (LEPB) of the proximal phalanx (Figure 2). LEPB is a rare skeletal malformation in which one epiphysis of a bone extends longitudinally along the diaphysis and is continuous with the opposing epiphysis, often leading to mediolateral deviation of the associated anatomy (Choo and Mubarak, 2013). LEPB is extremely rare in the first digit, with only 9 cases reported outside of FOP (Neil and Conacher, 1984; Low et al., 2013; Verma et al., 2014). In 3 of the 21 FOP subjects (14%), we also identified a novel malformation in which a compound LEPB produces concentric, ossified hemi-circles (Figures 3B,B’).
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FIGURE 3. Progression of the FOP great toe malformation. Radiographs from a single FOP subject with monophalangeal hallux from birth to approximately 4 years of age illustrate the persistence of hallux valgus and the progression of the ectopic ossification center (EOC; black arrowheads). (A) At birth, the EOC is evident as a miniscule, radio-positive region distal and medial to the head of the first metatarsal. (B,C) Over time, the EOC increases in size and proximity to the metatarsal, with little to no growth distally relative to the phalanx. (D) The secondary ossification center of the remaining phalanx (white arrowheads D,E) forms immediately proximal to the phalanx, distinct from the EOC. (E) Finally, bone appears to fully bridge the EOC and the metatarsal (black arrowhead), fusing them together.


Nearly all subjects (39/41; 95%) had an EOC distal and medial to the metatarsal head, as previously described (Harrison et al., 2005). In all seven subjects for whom radiographs at multiple ages were available, including one with a series of five radiographs (Figure 3), the EOC expanded and ultimately fused with the head of the first metatarsal. This fusion occurred regardless of the presence or absence of the proximal phalanx of digit 1 (Figure 1), suggesting the EOC is not a misaligned or vestigial phalanx.



Digits 2–5, Primary and Secondary Ossification Centers

Previous radiographic studies of the post-axial digits (digits 2–5) of patients with FOP noted occasional distal interphalangeal fusion and absence of the fifth digit medial phalanx; however, such malformations are not uncommon in the general population (Ceynowa et al., 2018). To evaluate the effects of the FOP mutation on digits 2–5 of the feet, we assessed absence of phalanges, delayed appearance of epiphyses, and interphalangeal fusion (Table 2). Similar to observations of these features in the general population, phalanges of these digits were never absent in FOP except the middle phalanx of digit 5 (22%). Additionally, distal interphalangeal fusion occurred with increasing frequency from medial to lateral (digits 2–5) and epiphyses were either delayed or absent at increasing frequencies from medial to lateral. Based on reported studies, the frequencies of these digit variations in FOP are within the range of those within the general human population (Le Minor et al., 2016; Ceynowa et al., 2018).


TABLE 2. Frequency of anomalous radiographic features of the forefoot of individuals with FOP.

[image: Table 2]In contrast to metatarsals of the first digit, metatarsal malformations in digits 2–5 of subjects with the FOP ACVR1R206H mutation were extremely rare; however, osseous syndactyly (fusion) is more common in rare cases of FOP with a mutation other than ACVR1R206H (Kaplan et al., 2009; Gucev et al., 2019). Two of the 41 ACVR1R206H subjects examined showed metatarsal syndactyly, one with fusion of digits 3 and 4 (Figure 4A), and the other with fusions between digits 3 and 4 as well as between digits 4 and 5 (Figure 4B). Additionally, the latter subject showed clear extra-articular fusion of the fifth metatarsophalangeal joint (Figure 4B). Although metatarsals normally have distal but not proximal secondary ossification centers, two FOP subjects presented with apparent proximal secondary ossification centers of all metatarsals in digits 2–5 (Figure 4C).
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FIGURE 4. Uncommon forefoot phenotypes in FOP. (A,B) Radiographs from two patients reveal osseous syndactyly (black arrowheads) between metatarsals of digits 3 and 4 (A) and among digits 3, 4, and 5 (B). White arrowheads indicate the dysmorphic metatarsal heads (all panels), corresponding to the position of the ectopic ossification center noted in nearly all subjects with FOP. In B, extra-articular HO bridges the metatarsophalangeal joint of digit 5 (black asterisk) and HO is present in d2. (C) One of two identified patients presenting with atypical proximal metatarsal growth plates in digits 2–5 (white asterisks). Age (in years) and sex (F, M) of each subject, bottom right of each panel.




DISCUSSION

The great toe malformation of FOP has been an enigma since its first association with the disease (Rosenstirn, 1918) but has received little attention due to its benign nature relative to the extensive HO in FOP. Here, we examined the skeletal features of digit malformation in FOP patients with the ACVR1R206H mutation to provide a more detailed description of this skeletal phenotype and thus better determine its etiology and potential implications for the effects of the mutation on other aspects of skeletal and joint biology. The findings presented here identified altered patterns of growth and morphology along the proximal-distal axis of the forefoot including aberrant skeletal elements and ectopic ossification centers consistent with the malformed, short great toes that are a characteristic and diagnostic clinical feature of FOP. We further determined that the great toe malformations result from two distinct phenotypes, monophalangeal and biphalangeal.

Although the radiographic evidence in our cross-sectional study is insufficient to understand the full consequences of the FOP ACVR1 mutation on the skeleton and joints, expression of the common ACVR1-R206H mutation in mouse models induces similar bone and joint malformations in the digits to those observed in patients (Chakkalakal et al., 2016). FOP mouse models have digit 1 joints that are fused and diminished from birth, supporting that ACVR1 is important for the appropriate specification of joint structures in digit 1 and that increased BMP pathway signaling by the ACVR1 mutations in FOP alter the skeletal elements.

Further evidence that ACVR1 is important in specifying joint structures stems from the ectopic ossification center (EOC) in digit 1 that is present in the majority of human subjects with FOP (Table 1). As seen in Figure 3, this EOC appears to expand toward and then fuse with the metatarsal head. This fusion appears visually consistent with normal growth plate closure in other digits of unaffected individuals; that is, a “seam” between the EOC and metatarsal head is evident from childhood to early adolescence (Figures 1D–E; also Figure 3E) that becomes difficult or impossible to detect in late adolescence to adulthood. This progression suggests that the EOC is an ectopic secondary ossification center (SOC) that is connected to the metatarsal head via an ectopic growth plate. Such a phenotype is consistent with the aberrant morphology and growth of endogenous SOCs in subjects with FOP. In the absence of MRI data, which could help differentiate among fibrocartilage, tendon, and epiphyseal cartilage, as well as the absence of additional radiographic viewing planes, we cannot rule out the possibility that the EOC is an ectopic sesamoid that eventually fuses to the metatarsal along its associated tendinous tissue; however, our assessment is that the data better support that the EOC is connected to the metatarsal head by a growth plate, and thus constitutes an ectopic SOC.

As mentioned above, one possible etiology for the malformed great toe in FOP comes from considering sesamoids, which are small, ossified structures that support the mechanical function of certain joints, particularly at the knees, and digits. The sesamoids found in human feet most frequently are the tibial and fibular sesamoids (collectively referred to as the hallucal sesamoids), which articulate with the ventral groove of the first metatarsal head in the metatarsophalangeal joint. Rarely, sesamoids also arise singly in other digits (Bizarro, 1921). Our data concerning digits 2 through 5 are unable to conclusively show whether sesamoid development in the FOP population deviates from that in the general population; however, hallucal sesamoids in FOP subjects were often laterally deviated (possibly as a result of the malformed metatarsal head), a condition that leads to unbalanced mechanical forces resulting in hallux valgus (Boike et al., 2011).

One previously unrecognized finding from this study is the two distinct presentations of the great toe phenotype, one monophalangeal and one biphalangeal. This might at first seem likely to be explained by background genetics of individual subjects; however, one subject having both presentations, one in either foot, suggests that instead, the FOP mutation, and its resulting increased BMP pathway signaling, broadly dysregulates the signaling pathways that determine the proximal-distal pattern of ossification in the first digit. The number and positions of ossification centers is then determined stochastically from those altered parameters. Indeed, digit patterning is not dependent on a prescribed number of skeletal elements, but instead on complex reaction-diffusion gradients that incorporate BMP pathway activity as a major factor, the disruption of which can have a variety of outcomes on digit and phalanx number and growth (Badugu et al., 2012; Raspopovic et al., 2014; Huang et al., 2016).

Each of the phenotypes that we have noted in FOP patient digits—growth plate placement and alignment, sesamoid alignment, and phalanx number—are components of the broader and coordinated processes of embryonic joint development (Grüneberg and Lee, 1973; Ray et al., 2015; Huang et al., 2016), and are consistent with findings of generalized joint dysplasia, malformation, and susceptibility to degenerative arthropathy in the FOP population (Towler et al., 2019). Although causal relationships among the phenotypes reported here cannot yet be conclusively established, these data provide a more comprehensive and detailed view of the developmental phenotype of the great toe in patients with FOP and provide new insight into the roles of ACVR1 and BMP pathway signaling in human skeletal and joint development.
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Supplementary Figure 1 | Symphalangism of biphalangeal hallux in subjects with FOP. (A–D) Radiographs of four patients at various ages with biphalangeal hallux. (A,B) Subjects with both proximal and distal phalanges (p1, p2) appear to show separation of those phalanges throughout childhood and early adolescence. The phalanges are closely juxtaposed prior to age 15 and may already be fused (higher magnification, below), but show a clear demarcation between the two skeletal elements (arrowheads). (C,D) At ages 15 and older, proximal and distal phalanges are fused. The distinct shapes of the proximal extremities of the phalanges (asterisks) suggest that both phalanges were initially present although could not be verified in subjects lacking radiographs from younger ages. (E) An unaffected patient with clear separation of the proximal and distal phalanges of digit 1. ep, epiphysis; gp, growth plate; LEPB, lateral epiphyseal bracket; mt, metatarsal. Age (in years) and sex (F, M) of each subject, bottom right of each panel.
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Feature Prevalence in
subjects with FOP

Hallux valgus 38/41
(93%; 80.6-97.5%)

Deviated hallucal ~ 13/21*

sesamoids (62%; 49.9-79.2%)
Ectopic ossification 38/41
centers (93%; 80.6-97.5%)
Monophalangeal ~ 21/41
hallux (51%; 35.5-65.7%)

Lateral epiphyseal  16/21**
bracket, p1 of d1  (76%; 54.9-89.4%)

Prevalence in general population

7.8% < 18yo, 23% 18-65 yo
(Nix et al., 2010)
Data unavailable
Data unavailable

Unique to FOP

9 reported (Neil and Conacher, 1984;
Low et al., 2013; Verma et al., 2014)

Incidence of various malformations in first digits of 41 analyzed subjects. Data are
presented as fraction of total subjects, followed by percent and 95% confidence
interval calculated using the Wilson/Brown test.

*Of the 41 patients in the study, only 21 had fully visible hallucal sesamoids that

could be reasonably assessed.

**Only 21 of the 41 patients had a proximal phalanx of the first digit and therefore

could be evaluated for this feature.
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Absent phalanx
Absent/delayed phalanx SOC
Distaliner- phalangeal fusion

Malformed metatarsal

dt

51.2%"
(36.5-65.7%)
9.8%
(3.9-225%)
122%
(5.3-26.5%)
100%
(91.4-100.0%)

d2

0.0%
(0-8.6%)
19.5%
(10.2-34.0%)
24%
0.1-12.6%)
4.9%
(0.9-16.1%)

a3

0.0%
(©-86%)
26.8%
(15.7-41.9%)
98%
3.7-21.6%)
4.9%
(0.9-16.1%)

4

00%
(0-8.6%)
203%
(17.4-44.5%)
14.6%
(6.9-28.4%)
4.9%
(0.9-16.1%)

ds

22.0%
(12.0-36.7%)
43.9%
(29.9-69.0%)
24.4%
(13.8-39.3%)
49%
(0.9-16.1%)

Incidence of specific skeletal features n radlographs of the forefoot of FOP patients were based on comparisons to the expected features as described (Sarrafian, 2011).
All percentages are based on the total cohort of 41 subjects. Because this study was cross-sectional, “absent” vs. “celayed” radlographic appearance of secondry
ossiication centers (SOC) cannot be distinguished and are thus grouped together; however, because the medlal phalanges ossify extremely early in ife when present,
“absent"is a more certain dlagnosis in that category. A digit was scored as having distal interphalangeal fusion ifthe rectangular morphology of the medial phalanx was
both clearly present and continuous with the approximately trianguiar distal phalanx. All subjects showed a malformed first metatarsal with a dysmorphic head and/or
broad diaphysis lacking the usual tapering from head to midshaft. Two subjects (4.9%) accounted for all other metatarsal malformations in digits 2-5 (detai, Figure 4).

Data are presented as percentage of subjects and 95% confidence interval, calculated using the Wilsor/Brown analysis.

“The absent phalanx in digit 1 results in monophalangeal hallux. These data are also indicated in Table 1.
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