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Abstract

Background
Vosoritide is an FDA-approved bone-lengthening treatment for children with achondroplasia, the most
common form of disproportionate short stature. Whether this bone-lengthening treatment provides
commensurate changes in cross-sectional morphology, to ensure bone strength is not deleteriously
affected, is unknown. Thus, we sought to characterize the bone morphological parameters of children
with achondroplasia on vosoritide using measurements of the second metacarpal.

Methods
This study included deidentified anteroposterior hand/wrist radiographs from 30 children with
achondroplasia (13 males, 17 females; age 5.8 − 11.1 years). Proprietary hand films were collected at
screening (pre-treatment) and at 5 years on treatment. Measurements included second metacarpal
length and midshaft width, cortical thickness, robustness (total area/length) and cortical area, which
correlates with strength. Measurements were compared between the two time-points via non-parametric
Wilcoxon tests, and with 378 radiographs from 114 average-statured controls who did not receive
vosoritide treatment (61 males, 53 females; age 6 − 16 years) via Kruskal-Wallis tests (p < 0.05).

Results
Compared to average-stature controls, children with achondroplasia exhibited a more robust bone
phenotype (p < 0.001). After 5 years of vosoritide treatment, children with achondroplasia demonstrated
increased metacarpal length and cortical area compared to their own baseline values (all p < 0.05). No
sex differences were observed.

Conclusions
Altogether, increases in metacarpal total area and cortical area kept up with increases in metacarpal
length over the course of 5 years of vosoritide treatment. As the bones lengthened, subperiosteal
expansion continued at a pace which maintained robustness, allowing the bone to remain strong. This
preliminary data suggests that vosoritide did not alter the naturally robust bone phenotype of children
with achondroplasia.

Clinical trial registration
Clinical trial registry: ClinicalTrials.gov. Clinical trial numbers: NCT02055157 (registered January 13,
2014) and NCT02724228 (registered January 26, 2016).
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BACKGROUND
Achondroplasia is an autosomal dominant disorder of endochondral bone formation caused by gain-of-
function variants in the fibroblast growth factor receptor 3 gene (FGFR3) [1, 2]. Achondroplasia is one of
the most common types of non-lethal skeletal dysplasia, with an estimated prevalence of 1 in 10,000 to
30,000 live births [2]. Constitutive activation of FGFR3 inhibiting endochondral bone formation leads to a
characteristic pattern of skeletal features [2, 3] including disproportionate short stature and
macrocephaly [3–5]. The abnormalities in bone growth and development can cause a spectrum of
clinical symptoms and complications, including hydrocephalus, foramen magnum stenosis, spinal
stenosis, bowing of the legs, midface hypoplasia, obstructive sleep apnea, and recurrent otitis media [4,
6, 7], which require early monitoring and a multidisciplinary approach to reduce morbidity and mortality
[2, 3]. Furthermore, children with achondroplasia tend to have altered bone phenotype, specifically
changes in cortical thickness, robustness, and length.

C-type natriuretic peptide, encoded by the NPPC gene, stimulates endochondral ossification through
binding to its receptor, natriuretic peptide receptor 2 (NPR2), thus playing a direct role in regulating
chondrocytes in the growth plate [8, 9]. In murine models of achondroplasia, subcutaneous
administration of vosoritide, a recombinant analogue of C-type natriuretic peptide [10], showed
increased long-bone and craniofacial growth [10, 11], indicating that vosoritide may benefit individuals
with achondroplasia. Based on clinical trial evidence that vosoritide is safe and has persistent growth-
promoting effects in children [9, 12–14], it has been the first and only pharmacological therapy approved
thus far for the treatment of children with achondroplasia and open physes from birth in the USA, Japan
and Australia, and from age ≥ 4 months in the European Union and ≥ 6 months in Brazil. However,
although vosoritide has been shown to successfully increase the annual growth velocity in children with
achondroplasia, our understanding of how this treatment affects bone morphological traits and whether
it may alter the bone phenotype of children with achondroplasia remains very limited.

Healthy bones need to be stiff to resist deformation, flexible enough that they do not crack under load,
and light enough to enable movement [15]. Changes in the material and structure of bones, due to aging,
disease or drug treatment, can lead to fragility and risk of fracture [16]. Morphological parameters such
as cortical thickness and cross-sectional geometry influence skeletal stiffness and strength. Clinically,
bone health in children is typically assessed using bone mineral density measurements obtained via
dual-energy X-ray absorptiometry (DXA) or peripheral quantitative computed tomography (pQCT), which
provide quantitative assessments of bone quality beyond linear dimensions. In this study, we use
metacarpal length and width as morphological indicators to examine changes over time, recognizing
these are research markers rather than clinical diagnostic measures. The second metacarpal is an
indicator of overall bone health [15] and robustness (total cross-sectional area/length) [17, 18] and can
predict risk of vertebral fracture in women [19]. While metacarpal morphology is not used clinically to
assess fracture risk in children, it provides a consistent anatomical region for studying bone morphology
in growth disorders. Additionally, cortical area (Ct.Ar) of the second metacarpal measured from hand
radiographs has been shown to be a key indicator of bone strength in both males and females [20].
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Robustness, defined as total metacarpal cross-sectional area divided by bone length, is a heritable trait
which is used to determine the amount of transverse expansion relative to longitudinal growth in long
bones (i.e. the relation between periosteal growth and expansion at the growth plate) [21, 22]. Multiple
studies have assessed metacarpal robustness using the Bolton-Brush collection of longitudinal hand
radiographs from 37 white girls and 32 white boys aged 0–8 years old unaffected by skeletal dysplasia.
These studies have shown that bone growth patterns in children in the general population vary across a
wide spectrum, from more slender to more robust [18, 23]. Furthermore, genetic and environmental
factors have been shown to define the variation in robustness by the age of 2 years old in the general
population [23]. Thus, individuals obtain a unique trait set, either a slender or robust phenotype, which in
turn may dictate the mechanism of treatment that would optimize their bone strength [24]. For example,
individuals with a slender bone phenotype may benefit from therapies meant to increase periosteal
expansion, while those with robust bones may benefit from treatments that focus on increasing cortical
thickness given their already greater size [24].

In a retrospective study published by our group in 2017, individuals with achondroplasia (n = 20; age 5
months to 58 years) had more robust bones than age- and sex-matched controls from the Bolton-Brush
collection, likely due to suppressed longitudinal growth [22]. Relative cortical area (RCA) was lower than
expected for the increased robustness, suggesting that individuals with achondroplasia do not develop
sufficient bone mass (cortical area), likely due to expansion of the marrow space [22]. The study also
showed sexual dimorphism in bone morphological traits similar to that of the general population.

The primary objective of the present study is to characterize specific bone morphological traits -
specifically, length, width, cortical thickness, and robustness - of the second metacarpal in children with
achondroplasia treated with vosoritide. We compare these measurements at baseline and after five
years of treatment, as well as to age- and sex-matched controls from the Bolton-Brush collection. By
focusing on these defined metacarpal parameters, this study aims to assess whether bone robustness is
maintained during vosoritide treatment. Evaluating these targeted morphological traits may provide
valuable insights to clinicians considering new therapeutic options for this population.

METHODS
This was an IRB-approved retrospective review of bone age films (anteroposterior hand/wrist) collected
during the multinational, phase 2, dose-finding study (Study 111–202, ClinicalTrials.gov number,
NCT02055157) and extension study (Study 111–205, NCT02724228). The trial methods and results have
been reported elsewhere [12]. As the data presented here was from the initial dose-finding study, it was
not designed to have an untreated control arm.

In brief, Study 111–202 was conducted from January 2014 to October 2017 at nine sites in the United
States, Australia, France and the United Kingdom. Eligible children were aged 5 − 14 years at screening,
had achondroplasia confirmed by genetic testing, and had completed ≥ 6 months of a run-in
observational growth study (Study 901, NCT01603095) to establish their baseline annualized growth
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velocity. Children who completed the Study 111–202 were eligible to enroll in a long-term extension
study (Study 111–205) in which they received daily vosoritide doses of 15.0 µg/kg or 30.0 µg/kg. Written
informed consent from a parent or legal guardian of each patient was obtained, and assent was
obtained from the patient, if appropriate. Studies were performed in accordance with the provisions of
the Declaration of Helsinki. The study protocols were approved by the relevant ethics boards.

The safety results for Study 111–202 have been reported on ClinicalTrials.gov. The full adverse event
profile for the first year of this phase 2, dose-finding study has been previously reported [12]. The most
commonly-occurring adverse events were transient injection-site reactions and injection-site erythema,
followed by pyrexia, vomiting, and upper respiratory tract infection [12]. The long-term extension study
remains ongoing. Under the current protocol, participants receive vosoritide until they reach near final
adult height (NFAH) and continue to participate until reaching NFAH and at least 16 years of age for
females and 18 years of age for males; adverse events are being reported and monitored on a continuing
basis.

Outcome measures
Deidentified anteroposterior (AP) hand/wrist radiographs from children with achondroplasia were
reviewed and measured using MicroDicom DICOM Viewer (MicroDicom, Sofia, Bulgaria) at two time-
points: screening (pre-treatment) and five years on treatment. X-rays were performed at separate
facilities following a standard procedure. A vertical beam was directed at the midway of the subject’s
hand, perpendicular to the third metacarpal phalangeal joint, and participants’ hands were positioned 40
inches from the imaging cassette. A marker was present and calibration bars were visible on all images
in order to calibrate pixel dimensions and thus address any variation in the acquisition of the digitized
images across sites. All images were evaluated to ensure that the exposure was adequate in order to
view the bony detail and soft tissue and that the hand was in correct neutral anatomical position (no
rotation), with the back of the hand symmetrical. All images included in the study were of high quality,
and none showed concerns related to motion or movement artifacts that may have compromised
obtaining image measurements.

Metacarpal length and diaphyseal widths (diameters) were measured directly from the digitized hand X-
rays. Dimensional markers included in the hand radiograph were used to calibrate the digitized images,
thereby accommodating variation in image acquisition protocols. Metacarpal length (Le) was measured
as the distance between the proximal end to the distal surface of the secondary center of ossification.
Marrow diameters (Ma.Dm, distance between inner cortices) and outer bone diameters (B.Dm, distance
between outer cortices) were measured at 50% and 60% of the total metacarpal length and then
averaged. Morphological measures were derived from the average marrow and outer diameters and
assuming a circular cross-sectional shape. Morphological measures included total cross-sectional area
(πR2, R = outer bone diameter/2), marrow area (πr2 (r = inner bone diameter/2), and cortical area (total
area − marrow area). Cortical area served as a measure of bone mass and has been shown to correlate
with bone strength measured directly in human adult cadavers without a sex-specific difference [20].
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Relative cortical area (RCA, cortical area/total area) and robustness (total area/bone length) were also
analysed in order to better understand changes in the bone phenotype and estimate metacarpal size and
strength [22].

Measurements were also compared to the second metacarpal morphology reported previously for
healthy, ambulatory girls and boys enrolled in the Bolton-Brush study. All radiographs were measured by
a single trained investigator (C.D.) using a standardized measurement protocol applied consistently
across all images and time points. Details of the imaging protocols for this control group can be found in
Pandey et al, JBMR 2009 and Bhola et al, Bone 2011 [18, 23]. Briefly, hand radiographs with calibration
markers were digitized for 53 white girls and 61 white boys. Hand radiographs from children in the
Bolton-Brush study younger than six years-old and older than sixteen years-old were excluded in order to
better match the age range of the treated cohort. Bone length and metacarpal inner and outer diameters
of controls were measured at 40, 50, and 60% of bone length, then averaged. Derived morphological
traits (Tt.Ar, Ma.Ar, Ct.Ar) were calculated using the formulas described above. Cortical area, Ct.Ar,
serves as a dual measure of bone mass and bone strength and does so without a sex-specific
discrepancy [20].

Statistical analysis
Statistical analyses included descriptive statistics used to describe the demographics of the study and
control populations. Radiograph measurements were compared with radiographs from the Bolton-Brush
collection [22] via non-parametric Kruskal-Wallis tests (two-sided). Baseline measurements for children
with an x-ray at 5 years on treatment were compared to their treated 5-year measure using a one sample
Wilcoxon signed-rank test (two-sided). Testing was descriptive and hypotheses were generated for p
values < 0.05. All statistical analyses were conducted using SPSS 29 for Windows (IBM SPSS Statistics,
NY, USA). Figures were created using GraphPad Prism 10.2.2.

RESULTS
Deidentified AP hand/wrist radiographs from 30 children with achondroplasia (13 boys, 17 girls; age 5.8 
− 11.1 years) were reviewed and measured. Baseline screening x-rays were available for 27 children (13
boys, 14 girls). In addition, 16 children (9 boys, 7 girls) with a baseline x-ray also had an x-ray available to
measure at 5 years on treatment. Measurements were compared with 378 hand/wrist radiographs from
114 controls (61 boys, 53 girls; age 6 − 16 years). The baseline characteristics of the study populations
are detailed in Table 1.
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Table 1
Characteristics of participants with achondroplasia and Bolton-Brush controls at screening.

Average age (years), at screening Study 202/205 Participants
(n = 30)

Bolton–Brush Controls
(n = 114)

8.16 (1.57) 11.31 (3.01)

Age range (years) 5.8–11 6–16

Sex    

Male 13 (43.3) 61 (54)

Female 17 (56.7) 53 (46)

Number of radiographs (total) 130 378

Race    

White 21 (70.0) 114 (100.0)

Asian 6 (20.0) -

Other 1 (3.3) -

Unknown 2 (6.7)  

Hispanic or Latino ethnicity 2 (6.7) -

Weight, kg 21.61 (4.91) -

Weight Z-score

Height, cm

Height Z-score

−1.56 (1.07)

100.16 (8.03)

-5.12 (1.00)

-

Body mass index, kg/m2 20.31 (2.33) -

Body mass index Z-score 1.73 (0.42) -

Annualized growth velocity (cm/yr), 12-
month intervals

3.75 (1.28) -

Characteristics of participants with achondroplasia from study 202/205 and controls from the
Bolton−Brush collection at screening. Z-scores were calculated using CDC references. Z-scores were
calculated using CDC references. Data are n (%) or mean (SD). SD, standard deviation.

Compared with screening (pre-treatment), participants with achondroplasia demonstrated longer
metacarpals at year 5 of treatment with vosoritide (45.03 ± 5.14 mm versus 36.28 ± 4.76 mm; p < 0.05)
with increased cortical area (35.42 ± 9.87 mm2 versus 11.58 ± 6.89 mm2; p < 0.05) (Table 2, Fig. 1A, 1B).
Participants on five years of treatment also displayed increased cortical thickness (1.76 ± 0.42 versus
1.22 ± 0.25; p < 0.05) (Fig. 2A). Metacarpal robustness was high at screening and there was significant
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increase in robustness after five years on treatment (1.10 ± 0.30 mm to 1.20 ± 0.38 mm; p < 0.05)
(Fig. 1D). Metacarpal RCA also significantly increased from screening to 5 years on treatment (0.57 ± 
0.10 to 0.67 ± 0.12; p < 0.05) (Fig. 2C). Changes to all metacarpal parameters from screening to five
years of treatment are shown in Figs. 1 and 2. No differences in metacarpal parameters were seen
between males and females with achondroplasia at screening or at five years on treatment (Table 3).

Comparison of metacarpal (A) length, (B) cortical area (C) robustness and (D) total area for 16 children
with achondroplasia at screening and at five years on vosoritide treatment. Box and horizontal line
indicate the median with quartile 1 and quartile 3; plus (+) indicates mean, whiskers indicate the 2.5 and
97.5 percentiles.

Comparison of metacarpal (A) cortical thickness, (B) marrow area and (C) relative cortical area (RCA) for
16 children with achondroplasia at screening and at five years on vosoritide treatment. Box and
horizontal line indicate the median with quartile 1 and quartile 3; plus (+) indicates mean, whiskers
indicate the 2.5 and 97.5 percentiles.

Table 2
Second metacarpal measurements before and after 5 years of vosoritide and in controls.

Measure Participants with achondroplasia Bolton–Brush
controls

(n = 378
radiographs
from 114
unaffected
children)

Full
Baseline

(n = 27)

Baseline for
Children with an
Assessment at 5
Years (n = 16)

5 Years on
Treatment
(n = 16)

Change
from
Baseline

(n = 16)

Second
metacarpal
length (mm)

35.71 ± 
4.51a

36.28 ± 4.76 45.03 ± 
5.14b

8.75 ± 
3.38d

56.83 ± 9.40

Total area
(mm2)

39.30 ± 
12.04

40.65 ± 14.57 54.27 ± 
18.2b

13.63 ± 
7.68d

39.01 ± 11.7

Cortical area
(mm2)

21.80 ± 
6.29a

22.58 ± 6.89 35.42 ± 
9.87b

12.84 ± 
6.26d

29.64 ± 9.57

Marrow area
(mm2)

17.50 ± 
7.84a

18.07 ± 9.04 18.85 ± 
12.44b

0.78 ± 
6.53

9.37 ± 4.81

Cortical
thickness
(mm)

1.20 ± 
0.27a

1.22 ± 0.25 1.76 ± 0.42b 0.54 ± 
0.31d

1.10 ± 0.35

Relative
cortical area

0.57 ± 
0.10a

0.57 ± 0.10 0.67 ± 0.12b 0.10 ± 
0.08c

0.76 ± 0.10

Robustness
(mm)

1.10 ± 
0.30a

1.12 ± 0.36 1.20 ± 0.38b 0.08 ± 
0.13c

0.68 ± 0.13
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Measurements of the second metacarpal (mean ± standard deviation) in participants with
achondroplasia before and after 5 years on treatment with vosoritide and in controls from the
Bolton−Brush collection. Control population vs. ascreening, b5 years on treatment (Kruskal-Wallis test), p 
< 0.05. Baseline for children with assessment at 5 years vs. 5 years on treatment (Wilcoxon paired test),
cp<0.05, dp<0.001. Le, second metacarpal length; T.Ar, total area; Ct. Ar, cortical area; M.Ar., marrow area;
Ct.Th., cortical thickness; RCA, relative cortical area; T.Ar/Le, robustness.

Table 3
Second metacarpal measurements by sex at screening and after 5 years of vosoritide.

  At Screening 5 Years on Treatment

Female

(n = 14)

Male

(n = 13)

Female

(n = 7)

Male

(n = 9)

Second metacarpal length (mm) 35.90 ± 3.59 35.50 ± 5.57 43.56 ± 4.73 46.17 ± 5.42

Total area (mm2) 37.97 ± 11.83 40.73 ± 12.97 54.75 ± 20.22 53.90 ± 17.75

Cortical area (mm2) 22.39 ± 5.74 21.16 ± 7.16 35.67 ± 8.07 35.21 ± 11.57

Marrow area (mm2) 15.57 ± 7.81 19.57 ± 7.94 19.08 ± 16.82 18.68 ± 8.82

Cortical thickness (mm) 1.27 ± 0.27 1.12 ± 0.27 1.82 ± 0.49 1.72 ± 0.39

Relative cortical area 0.60 ± 0.10 0.53 ± 0.11 0.69 ± 0.15 0.66 ± 0.10

Robustness (mm) 1.07 ± 0.35 1.14 ± 0.27 1.27 ± 0.48 1.15 ± 0.30

Measurements of the second metacarpal (mean ± standard deviation). All comparisons between sexes
were non-significant. Le, second metacarpal length; Tt.Ar, total area; Ct.Ar, cortical area; Ma.Ar, marrow
area; Ct.Th, cortical thickness; RCA, relative cortical area; robustness, total area/length.

Comparison with Bolton-Brush control population
At screening, participants with achondroplasia had shorter metacarpals than the Bolton-Brush control
population (35.71 ± 4.51 mm versus 56.83 ± 9.40 mm; p < 0.05), smaller RCA (0.57 ± 0.10 versus 0.76 ± 
0.10; p < 0.05) and higher robustness (1.10 ± 0.30 versus 0.68 ± 0.13 mm; p < 0.05) (Table 2). Robustness
remained higher and RCA lower than that of the control population at 5 years on treatment (all p < 0.001)
(Table 2). Cortical area of the treated children with achondroplasia exceeded that of the Bolton-Brush
cohort after 5 years of treatment.

DISCUSSION
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To the best of the authors’ knowledge, this is the first study that offers important insight into how
vosoritide, a newly FDA-approved treatment for bone lengthening in children with achondroplasia, may
affect their bone phenotype and morphology. As expected to see in growing children, we found that the
second metacarpal length, cortical thickness, and cortical area, which correlates with experimentally-
determined metacarpal strength [20], increased over the course of five years. The growth-promoting,
bone-lengthening effect of vosoritide in children with achondroplasia, relative to placebo-treated
controls, has been established in the randomized, placebo-controlled phase 2 and phase 3 trials [12–14].
Most importantly, children with achondroplasia did not change their naturally robust bone phenotype
over the course of five years of treatment designed to increase growth velocity, suggesting that
periosteal expansion continued outward at a pace that maintained or even increased robustness. Overall,
we observed that increases in total cross-sectional area occurred proportionally with increases in bone
length resulting from growth and treatment, such that the robusticity values remained stable over time.
This finding is clinically meaningful, as it suggests that bone modeling during vosoritide treatment
maintained proportional structural adaptation, rather than resulting in disproportionate elongation or
compromised morphology. These preliminary findings suggest that vosoritide treatment does not lead to
unfavorable changes in bone structure in children with achondroplasia, though further research is
needed to assess functional outcomes such as bone strength or fracture risk.

The present study found no sexual dimorphism in metacarpal parameters at screening or at five years on
treatment, in contrast with the general population. Previous work by Pandey and colleagues has shown
that prepubertal girls tended to have more slender metacarpals with higher RCA compared to
prepubertal boys [23]. This lack of sex-specific differences in metacarpal parameters also contradicts
our earlier-reported findings in a smaller cohort of untreated individuals with achondroplasia (n = 20; 5
months − 58 years) [22]. The cohort of participants presented here larger than what has been previously
published, with a current cohort of n = 30 participants compared to n = 20 participants [22]. Importantly,
the age ranges of the boys and girls are similar at both time-points we investigated, strengthening the
comparisons made between sexes. One potential explanation for our observed results may be that the
genetically-driven impaired longitudinal growth of the bones due to the FGFR3 constitutive activation in
children with achondroplasia has a more persistent effect on the overall bone morphology compared to
the underlying sex-driven trends seen in the general population. Our findings that children with
achondroplasia have a pattern of more robust bones with lower RCA compared to the general population
does parallel those reported by our group previously in 2017 [22].

Altogether, this study may have important clinical implications in terms of treatment choices for children
with achondroplasia. However, this work is not without its limitations. Future work comparing treated
and untreated children with achondroplasia over time is necessary to understand the long-term effect of
treatment with vosoritide on the development of bone strength. Furthermore, we cannot rule out possible
attrition bias within our data as x-rays were not available for review from the full cohort of participants at
year 5 on treatment. Moreover, because these radiographs were collected retrospectively within a single-
arm, dose-finding clinical trial that did not include an untreated achondroplasia control arm, we cannot
exclude bias related to the source of the data. In addition, a larger sample size of children with
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achondroplasia on treatment would allow us to ensure the reliability of these findings and validate our
initial observations regarding the bone phenotype and morphology of those on vosoritide, as well as
whether the lack of sex-specific differences in bone morphological traits holds in this population.

CONCLUSIONS
In this cohort of children with achondroplasia, five years of vosoritide treatment increased second
metacarpal length, cortical thickness, and cortical area without altering the naturally robust bone
phenotype characteristic of achondroplasia. Increases in total cross-sectional area and cortical area
kept pace with gains in metacarpal length, indicating that subperiosteal expansion continued
proportionally and that morphological robustness was preserved during treatment. These preliminary
findings suggest that vosoritide does not adversely affect bone structure in children with
achondroplasia. Further studies comparing treated and untreated children over time, with larger cohorts
and direct measures of bone strength, are needed to confirm these observations and to determine the
long-term functional implications for fracture risk.
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Figure 1

Second metacarpal size parameters at screening and after 5 years of vosoritide

Comparison of metacarpal (A) length, (B) cortical area (C) robustness and (D) total area for 16 children
with achondroplasia at screening and at five years on vosoritide treatment. Box and horizontal line
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indicate the median with quartile 1 and quartile 3; plus (+) indicates mean, whiskers indicate the 2.5 and
97.5 percentiles.

Figure 2

Second metacarpal cortical parameters at screening and after 5 years of vosoritide.

Comparison of metacarpal (A) cortical thickness, (B) marrow area and (C) relative cortical area (RCA) for
16 children with achondroplasia at screening and at five years on vosoritide treatment. Box and
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horizontal line indicate the median with quartile 1 and quartile 3; plus (+) indicates mean, whiskers
indicate the 2.5 and 97.5 percentiles.
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