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Summary

Fibrodysplasia ossificans progressiva (FOP) is a disabling heritable disorder of connective
tissue characterized by progressive heterotopic ossification in various extraskeletal sites.
Early correct diagnosis of FOP is important to prevent additional iatrogenic harm or
trauma. Congenital malformation of the great toes is a well-known diagnostic clue, but
some patients show normal-appearing great toes. The thumb shortening and cervical
spine abnormalities are other skeletal features often observed in FOP. This study aimed to
address the quantitative assessment of these features in a cohort of patients with FOP, which
potentially helps early diagnosis of FOP. Radiographs of the hand and cervical spine were
retrospectively analyzed from a total of 18 FOP patients (9 males and 9 females) with an
average age of 13.9 years (range 0.7-39.3 years). The elevated ratio of the second metacarpal
bone to the distal phalanx of the thumb (> +1SD) was a consistent finding irrespective of the
patient's age and gender. Infant FOP patients, in addition, exhibited an extremely high ratio
of the second metacarpal bone to the first metacarpal bone (> +3SD). The height/depth
ratio of the C5 vertebra increased in patients over 4 years of age (> +2SD). Additionally, the
ratio of (height+depth) of the C5 spinous process to the C5 vertebral depth was markedly
elevated in young patients (> +2SD). We quantitatively demonstrated the hand and cervical
spine characteristics of FOP. These findings, which can be seen from early infancy, could be
useful for early diagnosis of FOP even in patients without great toe abnormalities.
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1. Introduction

Fibrodysplasia ossificans progressiva (FOP) is a
severely disabling genetic disorder of connective tissues
characterized by congenital malformations of the great
toes and progressive heterotopic ossification (HO) in
various extraskeletal sites including muscles, tendons,
ligaments, fascias, and aponeuroses. FOP is caused by
a recurrent activating mutation (c.617G > A, p.R206H)
in the gene encoding activin receptor IA/activin-like
kinase 2 (ACVR1/ALK?2), a bone morphogenetic
protein (BMP) type I receptor (7). HO typically begins
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to form during the first decade of life preceded by
painful soft tissue swelling and inflammation (flare-
ups), which are sometimes mistaken for aggressive
fibromatosis or musculoskeletal tumors. Surgical
resection of HO leads to explosive new bone formation
(2). Since there is no definitive treatment to prevent
progressive HO in FOP to date (3), early correct
diagnosis is necessary to maintain their mobility by
preventing additional iatrogenic harm (4).
Malformations of the great toes, such as hallux
valgus, deformed proximal phalanges and shortened
first metatarsal bones, are well-known pre-osseous
features of FOP (5). A reported incidence of these
deformities is 95%, suggesting that there exists rare
FOP cases without the great toe abnormalities (6). We
demonstrated additional early radiographic signs of
FOP including shortening of the first metacarpal bones
and hypertrophy of the posterior element of the cervical
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spine (7). Clinical awareness of these deformities can
aid clinicians in making early diagnosis of FOP, but
quantitative assessment of these deformities has not yet
been determined.

In this study, we retrospectively examined
radiographs of the hand and cervical spine in
FOP patients and demonstrated various abnormal
radiographic parameters helpful for early diagnosis of
this specific disorder.

2. Materials and Methods
2.1. Demographics

This study represents a retrospective case-control study
consisting of Japanese FOP patients followed up at health
care facilities where members of the Research Committee
on Japanese Fibrodysplasia Ossificans Progressiva
practiced. After approval from the Institutional Review
Board of the Nagoya University Hospital, we collected
the hand and/or cervical spine radiographs from 18
FOP patients (9 males and 9 females) with an average
age of 13.9 years (range 0.7-39.3 years) at the time
of this study. The patients were diagnosed clinically
and radiographically based on various characteristic
findings of FOP including deformities of the great toes,
extraskeletal HO, joint contractures, cervical fusions,
broad femoral necks, and osteochondroma-like lesions.
Molecular testing was performed on fourteen patients.
Thirteen showed the common ACVRI/ALK2 mutation
within the glycine/serine-rich regulatory (GS) domain
(c.617G > A, p.R206H), and one patient had an atypical
mutation within the protein kinase domain (¢.774G >
T, p.R2588S). Molecular studies were not conducted
for the remaining 4 patients who showed characteristic
skeletal features of FOP. We examined anteroposterior
(AP) radiographs of the hands and lateral radiographs of
the cervical spine in each individual. The earliest hands
and cervical spine films were analyzed using image
processing and analysis software Image]”.

2.2. Radiographic assessment of the hand

According to the measurement method by Poznanski et
al. (8), the length of each phalanx and metacarpal bone
was measured. In brief, the tangent lines were drawn
at both ends of each bone, which were perpendicular
to the bone axis, and a bone length was defined as
the distance between these two lines (Figure 1). We
measured a length of the distal (D1) and proximal (P1)
phalanges of the thumb as well as that of the first and
second metacarpal bones (MET1 and MET2), and
calculated the following bone length ratios, MET2/
MET!1, MET2/P1, MET2/D1, MET1/P1, MET1/
D1, and P1/D1. Radiographs of both hands from one
patient were separately analyzed to obtain the average
value of the measurements. Reference ranges of these
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Figure 1. A schematic diagram illustrating the measurement
method of bone length in the hand. Bone length was defined
as the distance between the tangents drawn to each end of the
bone, which were perpendicular to the bone axis. The entire
bone length was measured for adults (L1), children (L2), and
infants (L3).

Figure 2. A radiograph depicting the measurements of the
bone length in the cervical spine. The height (H) and depth
(D) of the C5 vertebral body was measured at the midportion
of the body. The height of the C5 spinous process (SH) was
defined as the distance from the cranial to the caudal rim at the
juxta-laminar zone. The depth of the spinous process (SD) was
measured from the midpoint of the anterior wall to that of the
posterior rim.

measurements in different ages and genders were
used based on the literature from Poznanski ef al. (8).
The control data of these measurements in infant (n =
21) were determined by the radiographic database in
Nagoya University Hospital.

2.3. Radiographic assessment of the cervical spine

According to the measurement method proposed by
Remes et al. (9), the height and depth of the C5 vertebral
body were measured. Briefly, vertebral body height
(H) was measured at the midpoint of the vertebra,
perpendicular to the lower end plate. The vertebral body
depth (D) was measured at the midpoint of the body
from the anterior wall to the posterior wall (Figure 2).
The H/D ratios of the CS vertebra were then calculated
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Table 1. Characteristics and quantitative indices for the study population

Age at X-ray (yrs)

Deviation of the bone length ratios (SD)

. ALK2 -
Patient Sex N - -
mutation Hand/Cervical spine MET2/D1 MET2/D1 H/D (SH+SD)/D
1 M R206H 0/0 1.0 1.0 0.6 0.1
2 M R206H 0/0 24 24 0.6 7.1
3 M R206H 173 3.1 3.1 0.9 2.8
4 F R206H 5/6 2.8 2.8 33 8.3
5 M R206H 877 6.2 6.2 2.8 3.7
6 M R206H 12/18 4.1 4.1 1.9 1.5
7 F R206H 17117 4.0 4.0 4.1 NA
8 F R206H 20/NA 2.2 2.2 NA NA
9 M R206H 29/NA 2.7 2.7 NA NA
10 M R206H 34/NA 3.5 3.5 NA NA
11 F R206H 36/NA 1.0 1.0 NA NA
12 M R206H 39/16 1.9 1.9 3.0 1.8
13 F R206H NA/18 NA NA 0.6 24
14 F R258S 14/14 1.7 1.7 49 NA
15 M ND NA/4 NA NA 32 8.8
16 F ND NA/8 NA NA 9.2 7.9
17 F ND NA/16 NA NA 4.4 NA
18 F ND 5/5 53 53 5.3 54
M denotes male; F, female; ND, not determined; NA, not applicable; SD, standard deviation.
and compared to normal reference values established by A4 B *
. . e I}
Remes et al. in different age and gender groups (9). In o
., . &
addition, we measured the height and depth of the C5 P o : G . g
spinous process. The height of the spinous process (SH) § B 8 S s °
was defined as the distance from the cranial to caudal 9 - 9 -
margin at the junction of the spinous process and lamina. Wasl 77 Was| 77
. = =
The depth of spinous process (SD) was measured from
the midportion of the anterior wall to that of the posterior 2y 2y
0

rim demarcating a thick cortex shadow (Figure 2). The
sum of SH and SD measurements was used for the
evaluation of spinous process size, then the (SH + SD)/
D ratio of the C5 vertebra was calculated. Reference
values of the (SH + SD)/D ratio were established from
the radiographic database of normal controls in Nagoya
University Hospital.

3. Results
3.1. Characteristics of the study cohort

Patients' characteristics and quantitative indices of the
measurements are shown in Table 1. Deviation of the
bone length ratios in the hand and cervical spine was
calculated based on age-matched reference values.

3.2. Radiographic characteristics of the hand

Mean and standard deviation of the MET2/D1 and
MET2/MET] ratio in control infants (n = 21) are 2.9
+ 0.29 and 1.64 + 0.08, respectively. Twenty-six hand
radiographs from 14 patients (8 males and 6 females)
were available. Regardless of age and gender, all FOP
patients showed a MET2/D1 ratio larger than +1SD of
normal controls (Figure 3A and 3B). In infant patients
without an epiphyseal ossification center of the first
metacarpal bone, the MET2/MET] ratio was extremely
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Age (year) Age (year)

Figure 3. Scatter plots showing the bone length ratio of the
second metacarpal bone (MET2) to the distal phalanx of
the thumb (D1) in male (A) and female (B) patients with
FOP. Solid and dash lines denote the normal value and the
standard deviation (SD) of the MET2/D1 ratio, respectively.
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Figure 4. Scatter plots showing the bone length ratio of the
second metacarpal bone (MET2) to the first metacarpal
bone (MET1) in male (A) and female (B) patients with FOP.
Solid and dash lines denote the normal value and the standard
deviation (SD) of the MET2/MET|1 ratio, respectively.

large (> +3SD of normal controls) (Figure 4A and 4B).
The MET2/P1 ratio was higher in infant patients, but it
scattered around the mean value with increasing age (data
not shown). There were no characteristic features in the
values of the MET1/P1, MET1/D1, and P1/D1 ratios
in FOP patients, although the MET1/P1 and MET1/D1
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Table 2. Mean and standard deviation of normal controls for the (SH+SD)/D ratio of the C5 vertebra

Agegroup <1 12 2-3 3-4 45 56 67 7-8 89 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21
Mean 1.05 1.10 1.09 1.20 121 143 137 147 133 147 1.50 153 151 1.57 1.69 1.86 176 173 171 1.78 1.86
SD 0.13 0.15 0.15 0.13 0.11 0.18 0.18 0.17 0.19 0.18 0.16 0.8 020 0.19 0.12 0.16 022 022 023 024 025
N o2t 17 13 6 13 25 19 20 17 16 17 4 20 16 21 23 31 28 38 20

SD denotes standard deviation; N, number of control subjects; SH, height of the spinous process; SD, depth of the spinous process; D, depth of

the vertebral body.
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Figure 5. Scatter plots showing the bone length ratio of the
C5 vertebral height (H) to depth (D) in male (A) and female
(B) patients with FOP. Solid and dashed lines denote the
normal value and the standard deviation (SD) of the H/D ratio,
respectively.

ratios were relatively small (< -1SD of normal controls)
in infant FOP patients (data not shown).

3.3. Radiographic characteristics of the cervical spine

Reference values of the (SH + SD)/D ratio of the C5
vertebra are shown in Table 2. There were 14 (7 males
and 7 females) cervical spine radiographs available for
analysis. Among them, three radiographs were excluded
from analysis of the (SH + SD)/D ratio for insufficient
resolution. The H/D ratio of the C5 vertebra exceeded
+2SD of normal controls in patients over 4 years of age
except one female adult patient (Figure SA and 5B).
Similarly, the (SH + SD)/D ratio of the C5 vertebra was
larger than +2SD of normal controls in young patients
except one male infant (Figure 6).

4, Discussion

In the present study, we quantitatively proved the hand

(SH+SDY/D ratio at C5
(4:1

01 2 3 4 5 6 7 8 910111213 14 15 16 17 18 19 20
Age (year)

Figure 6. Scatter plots showing the bone length ratio of
the C5 spinous process height (SH) + depth (SD) to the C5
vertebral depth (D). Solid and open circles indicate male and
female, respectively. Solid and dashed lines denote the normal
value and the standard deviation (SD) of the (SH+SD)/D ratio,
respectively.

and cervical spine abnormalities in FOP including
shortened thumbs as well as tall and narrow vertebral
bodies and hypertrophic posterior elements of the
cervical spine (7,10). Especially in young patients,
shortening of the first metacarpal bone and enlargement
of the cervical spinous processes were pathognomonic
findings useful for early diagnosis of FOP before the
appearance of HO.

Previous studies have reported that thumb
shortening was seen in 50% of FOP patients (6). In the
present study, all patients had a MET2/D1 ratio larger
than +1SD of normal controls, and 85% (11/13) of
the patients showed an increased MET2/MET1 ratio.
The thumb shortening, therefore, seems to be more
common than previous reports in FOP. Furthermore,
an extremely high MET2/MET1 ratio in infant patients
suggested that disproportionate shortening of the first
metacarpal bone was an important early radiographic
finding in FOP (Figure 7).

It is an intriguing feature of FOP that thumb
morphogenesis is exclusively disrupted in the
development of digit formation (/7). The thumb is
the last digit in the autopod to form, and it is different
from other digits in terms of its relative position, shape,
size, and number of phalanges. These unique thumb
identities may be attributed to the expression profile
of HoxD genes, which are pivotal transcriptional
factors regulating limb patterning and growth (72).
All four HoxD10 to DI3 genes are expressed in
the future digit [1-V area in the autopod during the
hand plate formation, whereas sole expression of the
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Figure 7. An anteroposterior radiograph of the right hand
of Patient 1 at the age of eight months showing marked
shortening of the first metacarpal bone. The MET2/
MET]1 ratio and the corresponding SD value is 2.9 and 16.3,
respectively. :

HoxD13 gene in the presumptive digit I area is of great
significance (/3). Mutations in the homeodomain of
the HoxDI3 gene cause brachydactyly type D that
is characterized by variable shortening of the distal
phalanx of the thumb. This mutated HoxD13 proteins
responsible for its decreased affinity for the double-
stranded DNA target containing a cognitive sequence
of the homeodomain (/4). Interestingly, previous
research has revealed that BMP signaling-dependent
Smadl/4 proteins prevented HoxD10 and HoxD13
from binding to DNA targets (/5). Constitutively-
activated BMP signaling in FOP thus is likely to
impair HoxD13-mediated transcriptional regulation by
direct interactions between BMP-induced Smads and
HoxD13. Mesenchymal condensation and chondrocyte
proliferation of the presumptive digit I area could
be suppressed by down-regulated HoxD13 function,
whereas in presumptive digits II to V areas, it could
be preserved by compensating expressions of other
HoxD genes (HoxD11 and HoxD12). Dysregulated
BMP signal transduction during embryogenesis seems
to cause relative shortening of the first metacarpals and
distal phalanges of the thumb in FOP.

More than 90% of adult FOP patients showed
fusion of the facet joints, which is a type of orthotopic
ossification (6). To our knowledge, however, there are
no reports delineating the precise prevalence of tall and
narrow vertebral bodies and enlarged posterior elements
of the cervical vertebrae. Here we demonstrated that
the H/D and (SH + SD)/D ratios in the C5 vertebrae
were larger than +2SD of normal values in 64% and
73% of patients, respectively (Figure 8). In addition to

Figure 8. A lateral radiograph of the cervical spine of
Patient 16 at the age of eight years showing enlarged
spinous process of the C5 vertebra. The (SH+SDY/D ratio
and the corresponding SD value is 2.8 and 7.9, respectively.

neck stiffness, which seemed to be an important early
clinical sign before the appearance of HO (6), tall and
narrow vertebrae and hypertrophic spinous processes
of the cervical spine are radiographic characteristics in
young FOP patients.

In a previous in vivo study, genetically-engineered
overexpression of BMP-2/4 both dorsally and laterally
to the neural tube manifested combined phenotypes of
hypertrophic spinous processes and large deletion of the
lateral and ventral parts of vertebral bodies (16). Thus,
mesenchymal condensations at the paraxial mesoderm
in FOP, where BMP-2 signaling is aberrantly activating,
could be responsible for both enlarged spinous
processes and relatively tall vertebral bodies.

The common ACVRI/ALK?2 mutation (c.617G > A,
p-R206H) shows a homogeneous phenotype including
congenital malformation of the great toes and the
skeletal features in the thumb and cervical spine (/7). In
contrast, several atypical mutations in the ALK2/ACVRI
gene, such as L196P, R258S, R375P, G328R, and
P197_F198 del insL, have been identified in patients
who showed normal-appearing great toes (/8). In this
study, one patient (Patient 14) with an atypical mutation
(c. 774G > C, p.R258S) showed normal-appearing great
toes. She also lacked the shortened thumb but exhibited
exceptionally tall and narrow vertebral bodies. Another
patient (Patient 4) who showed neither malformed great
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toes nor shortening of the first metacarpal bone also
manifested distinctive features of the cervical spine
in spite of the common ACVRI/ALK2 mutation. We
believe that radiographic characteristics of the cervical
spine are potent diagnostic clues for FOP especially in
cases without typical deformities of the great toes.
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® CHILDREN’S ORTHOPAEDICS

Early and late fracture following extensive
limb lengthening in patients with
achondroplasia and hypochondroplasia

Two types of fracture, early and late, have been reported following limb lengthening in
patients with achondroplasia (ACH) and hypochondroplasia (HCH).

We reviewed 25 patients with these conditions who underwent 72 segmental limb
lengthening procedures involving the femur and/or tibia, between 2003 and 2011. Gender,
age at surgery, lengthened segment, body mass index, the shape of the callus, the amount
and percentage of lengthening and the healing index were evaluated to determine
predictive factors for the occurrence of early (within three weeks after removal of the
fixation pins) and late fracture (> three weeks after removal of the pins). The Mann-Whitney
U test and Pearson’s chi-squared test for univariate analysis and stepwise regression model
for multivariate analysis were used to identify the predictive factor for each fracture. Only
one patient (two tibiae) was excluded from the analysis due to excessively slow formation
of the regenerate, which required supplementary measures. A total of 24 patients with

70 limbs were included in the study.

There were 11 early fractures in eight patients. The shape of the callus (lateral or central
callus) was the only statistical variable related to the occurrence of early fracture in
univariate and multivariate analyses. Late fracture was observed in six limbs and the mean
time between removal of the fixation pins and fracture was 18.3 weeks (3.3 to 38.4).
Lengthening of the tibia, larger healing index, and lateral or central callus were related to
the occurrence of a late fracture in univariate analysis. A multivariate analysis demonstrated
that the shape of the callus was the strongest predictor for late fracture (odds ratio: 19.3,
95% confidence interval: 2.91 to 128). Lateral or central callus had a significantly larger risk
of fracture than fusiform, cylindrical, or concave callus.

Radiological monitoring of the shape of the callus during distraction is important to -
prevent early and late fracture of lengthened limbs in patients with ACH or HCH. In patients
with thin callus formation, some measures to stimulate bone formation should be

considered as early as possible.

Cite this article: Bone Joint J 2014;96-B:1269-73.

Achondroplasia (ACH) and hypochondropla-
sia (HCH) are relatively common skeletal
dysplasias with disproportionate rhizomelic
shortening of the limbs caused by gain-of-
function mutations in the fibroblast growth
factor receptor 3 (FGFR3).""* Limb lengthen-
ing has been used for some patients with these
disorders to improve not only the psycholog-
ical and emotional state but also the quality of
life of the patient.>® However, this treatment
remains controversial.”$ Increasing the mag-
nitude of lengthening is associated with an
increase in complications such as premature
physeal closure, adjacent joint contractures
and fractures.®'° A fracture may lead to fur-
ther surgical intervention and prolonged
treatment. Despite careful assessment of heal-
ing at the time of removal of the fixation
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devices, the incidence of fracture remains
high, especially in patients undergoing pro-
gressive limb lengthening.!?

Simpson and Kenwright!!  reviewed
173 patients undergoing limb lengthening and
recorded that fractures were either early,
occurring within a few weeks of removal of the
fixator, or late, occurring with the develop-
ment of deformity several months after the fix-
ator had been removed. In deciding the timing
of removal of the fixator and subsequent man-
agement, it is important to determine the fac-
tors that predispose to these two types of
fracture. In this study, we retrospectively
reviewed the results of lower limb lengthening
for patients with ACH or HCH and analysed
the factors influencing the occurrence of early
and late fractures.
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Table 1. Categorical and continuous variables of 70 lengthened segments in

24 patients

Categorical variables”

Number of limbs (patients)

Gender {male/female)

Disease (ACH/HCH)

Bone (femurftibia)

BMI (< 25/= 25)

Healing index {« 50/z 50)

Continuous variables
Age at operation years
Amount of lengthening cm
Percentage lengthening

30/40 (11/13)

62/8 (21/3)

26/44

48/22 (15/9)

62/8

Mean (standard deviation)
14.6 (4.0) (8 1o 24)

9.2 (1.3)

44.7 (13.2)

*ACH, achondroplasia; HCH, hypochondroplasia; BMI, body mass index

Patients and Methods

Patients with ACH or HCH who underwent lengthening of
the lower limbs, with or without simultaneous correction of
deformity, at our hospital between 2003 and 2011 and were
followed-up for at least 12 months after removal of the fixa-
tion pins were included in this study. The diagnosis was made
by the characteristic clinical and radiological features and/or
FGFR3 genetic studies. We identified 72 lengthening proce-
dures in 25 patients. One patient (two tibiae) required bone
grafting and internal fixation due to extremely poor regener-
ates. As the healing index of this patient could not be evalu-
ated he was excluded, leaving 70 limbs in 24 patients for
evaluation, 21 with ACH and three with HCH.

All patients underwent bilateral tibial lengthening. Two
were initially treated elsewhere and their tibial analysis was
not included. A total of 13 patients (26 femora) underwent
bilateral sequential femoral lengthening. Genu varum of
> 10° was corrected during tibial lengthening in six patients
(12 tibiae). Categorical and continuous variables of the
patients are presented in Table 1.

All lengthening was done with a percutaneous osteotomy
and the use of a monolateral external fixator (DynaFix rail
deformity system, EBI LP, Parsippany, New Jersey). After an
initial delay of seven to 14 days, gradual distraction of
0.5 mm twice daily, with or without gradual correction of
the deformity, was commenced. The rate of distraction was
adjusted so that it did not impair the continuity of the callus
on the radiographs. No post-operative immobilisation was
used and weight-bearing was encouraged, as tolerated, with
the aid of crutches. Distraction was continued until distur-
bance of gait due to joint stiffness in the lower limbs had
become obvious. After distraction was completed, the device
was loosened to allow dynamisation of the regenerate as it
matured. The decision to remove the fixator was made as a
result of at least three paediatric orthopaedic surgeons’ con-
sensus (HK, KM, MM), based on the radiological principles
of Fischgrund, Paley and Suter'? which require three of four
continuous cortices to have become > 2 mm thick. Initially
the frame was removed, leaving the fixation pins in situ.
After a further one to two weeks, in the absence of fractures
or bending at the regenerate, the pins were also removed. All
operations and post-operative management were performed
by or under the direct supervision of the senior author (HK).

The fractures were described either as early, occurring either

during the period of fixation or within three weeks of the pins
being removed, or late, occurring > three weeks after the pins
had been removed. Gender, age at surgery, lengthened seg-
ment, body mass index (BMI), the shape of the regenerate cal-
lus, the amount and percentage of lengthening, and healing
index were evaluated to determine the predictive factor for the
occurrence of fractures. The BMI at the time of surgery was
documented, and patients were categorised as having normal
weight (BMI between 18.5 kg/m? and 25 kg m?), or being
overweight (BMI > 25 kg/m?). The shape of the callus was
classified into five groups; fusiform (regenerate wider than the
original bone), cylindrical (with the same width as the original
bone), concave (narrower than the original bone), lateral
(mainly on one side of the distraction gap), and central (a thin
pillar), based on the width of the callus at the time of removal
of the fixator."? The total length gained was determined from
radiographs taken before the distraction and immediately
after removal of the fixation pins, and adjusted for the effect of
magnification. The healing index was calculated by dividing
the duration of the external fixation (days) by the extent of
lengthening (cm) obtained. The distribution of fractures was
noted according to the Simpson and Kenwright classifica-
tion:'! type 1: fractures within the regenerate, type 2: fractures
of the bone/regenerate interface, type 3: fractures at a distance
from the callus in the same bone and type 4: fractures of
another segment of bone.
Statistical analysis. Continuous variables were compared
by the nonparametric Mann—Whitney U test and categori-
cal variables by the Pearson’s chi-squared test. Finally, inde-
pendent multivariate predictors for the occurrence of early
or late fractures were identified using logistic regression in
which all variables with a p-value of < 0.20 from the uni-
variate analysis were entered into a stepwise model for the
selection of the explanatory variables. The likelihood ratio,
using the chi-squared test, was used to determine the
significance of each predictor or possible two-way interac-
tions among variables. Significant predictors of outcome
were analysed by calculating the maximal likelihood odds
ratio (OR) with 95% confidence intervals (CI). A p-value of
< 0.05 was considered statistically significant. Data analy-
sis was performed using JMP version 9 software (SAS Insti-
tute, Cary, North Carolina).
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Table Il. Details of 11 early fractures in eight patients
Site of Days after Days after Healing index
Case Gender Age (yrs) Bone fracture frame removal screw removal Callus shape Length (cm) Length (%) (days/cm) Treatment
1 M 13 T Type 2 - 2 Central 10 48.5 233 Cast
2 M 20 F Type 1 1 - Cylindrical 8.8 39 21.6 Re-fixation
3 M 19 F Type 1 - Cylindrical 6.5 19.6 24,6 Traction
4 F 17 T Type 1 - 7 Lateral 9.2 46.3 50.3 Cast
5 F 1" T Type 1 4 Central 9.4 67.1 49.8 Re-fixation
11 T Type 2 3 - Concave 9.3 66.4 35.3 Re-fixation
13 F Type 2 - 1 Cylindrical 10 50 272 Cast
M 15 T Type 1 3 Concave 10 455 54 Re-fixation
7 M 10 T Type 2 - 3 Cylindrical 10 46.3 30.7 Cast
10 T Type 2 1 Lateral " 52.6 22.2 Op {irrigation,
re-fixation)
8 ™M 14 T Type 1 1 Lateral 85 354 53.1 Re-fixation
M, male; F, female; T, tibia; F, femur; Op, operation
Table lil. Details of six late fractures in six patients
Age Site of Days after screw Healing index
Case  Gender (yrs) Bone fracture’ removal Callus shape Length {cm) Length (%) (days/cm) Treatment
1 13 T Type 1 126 Central 10 48.5 23.3 Cast
2 M 1 T Type 1 167 Concave 8.8 46.8 317 Cast
3 F 13 T Type 1 23 Cylindrical 12 68.2 22.7 Brace
4 F 17 T Type 2 89 Lateral 9.2 46.3 50.3 Cast
5 M 15 T Type 1 269 Lateral 10 45.5 54 Crutches
6 F 15 T Type 1 92 Lateral 8.5 46.2 56.8 Crutches
M, male; F, female; T, tibia; F, femur
Results The shape of the callus was lateral in three and cylindrical,

The mean follow-up was 4.6 years (1.7 to 9), and the mean
lengthening was 9.2 cm (6 to 12), which resulted in a mean
proportional lengthening of 44.7% (19 to 68) of the origi-
nal bone length. The mean healing index was 34.7 days/cm
(18.2 to 117). A healing index of > 50 days/cm was
observed in eight bones (11%).

There were 11 early fractures (three femoral and eight tib-
ial) (16%) in eight patients (Table II). All but one fracture
occurred without significant trauma. There were six type 1
fractures and five type 2 fractures. A total of six occurred
while the pins were 7 situ and five of these were treated suc-
cessfully with further fixation using the frame. The other
patient sustained an open tibial fracture in a fall and was
treated with irrigation and re-application of the frame.

The fractures that appeared while the pins were in situ
occurred within four days of removal of the frame, and five
occurred after removal of the pins. The mean delay between
removal of the pins and the fracture was 3.6 days (1 to 7).
All were minimally displaced and conservatively treated
with traction or a cast.

The shape of the callus was cylindrical in four fractures,
concave in two, lateral in three, and central in two. All early
fractures healed without loss of the length gained or the
development of permanent deformity.

Late fracture was observed in six tibiae (Table III). The
mean time between removal of the frame and fracture was
18.3 weeks (3.3 to 38.4) There were five type 1 and one type
2 fractures and three had a healing index of > 50 days/cm.’
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concave and central in one each, respectively. A total of
four of the fractures were associated with unexpected
excessive loading on the affected limb during daily or sport-
ing activities. All were minimally displaced and successfully
treated with a cast or a brace. The remaining two patients
had an undisplaced stress fracture within the sclerotic
regenerate. Reduction of the stress at the fracture site by
walking on crutches lead to union.

The shape of the callus was the only variable associated
with the occurrence of early fracture in univariate
(p = 0.001) and multivariate (p = 0.005) analyses (Tables TV
and V). The rate of early fracture was six in 60 limbs (10%)
in fusiform, cylindrical, or concave shaped callus, and five in
ten limbs (50%) in either lateral or central shaped callus. The
estimated OR of early fracture was nine times higher in the
limbs with the latter pattern of callus than in those in the for-
mer group (OR 9.00, 95% CI 2.01 to 40.3). Tibial lengthen-
ing, healing index and the shape of the callus were related to
the occurrence of late fracture in univariate analysis
(p = 0.049, p = 0.002 and < 0.001, respectively). The rate of
late fracture was much higher in the bones with a healing
index of 2 50 days/cm (3/8 bones, 38 %) than in those with a
healing index of < 50 days/cm (3/62 bones, 5%). Multi-
variate logistic regression analysis demonstrated that the
shape of the callus was the strongest predictor for late frac-
ture (p = 0.002). A callus with a lateral or central shape had
a much higher risk of late fracture than other shapes
(OR 19.3,95% CI2.91 to 128).
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Table IV. Univariate predictive factors for early and late fractures. Continuous variables are expressed as the mean with standard deviation (sD)

Presence of an early Absence of an early

Presence of a late

Absence of a late

fracture (n = 11) fracture) (n = 59) p-value fracture {n = 6) fracture (n = 64)  p-value

Gender {male/female) 7/4 23/36 0.129 3/3 27/37 0.712
Age (yrs) 13.9 (sp 3.5) 14.7 (sp 4.10 0.55 14.0 (s 2.1) 14.7 {sp4.3) 0.817
Bone (femur/tibia) 3/8 23/36 0.461 0/6 26/38 0.049"
BMI (normal/high) 7/4 4118 0.701 3/3 45/19 0.305
Amount of lengthening (cm) 9.3 (sp 1.2) 9.2 (sp 1.3) 0.554 9.8 (sb 1.3) 9.2 (sp 1.3) 0.448
Amount of lengthening (%) 47.0 (sD 13.3) 44,3 (sb 13.3) 0.429 50.3 (sD 8.9) 44.2 (sD 13.5) 0.24
Healing index (< 50/z 50) 8/3 54/5 0.072 3/3 59/5 0.002"
Callus shape (F/Cy/Co/ L/Ce) 0/4/2/3/2 7/29/18/5/0 0,001 0/1/1/311 7132/19/51 <0.001"
BMI, body mass index; F, fusiform; Cy, cylindrical; Co, concave; L, lateral; Ce, central
*statistically significant

Table V. Multivariate logistic regression analysis for early and late fractures

Early fracture p-value Odds ratio 95% ClI

Callus shape (F Cy, Co vs L, Ce) 0.005 9.00 2.01t0 40.3

Cl, confidence interval; F, fusiform; Cy, cylindrical; Co, concave; L, lateral; Ce, central

Late fracture p-value Odds ratio 95% ClI

Callus shape (F, Cy, Co vs L, Ce) 0.002 19.3 2.91t0128

Cl, confidence interval; F, fusiform; Cy, cylindrical; Co, concave; L, lateral; Ce, central

Fig. 1a

Fig. 1b

Radiographs of the right tibia in a 16-year-old male with achondroplasia
with the pins in-situ showing a) a minimally displaced tibial fracture
{arrow) at the narrowest part of the regenerate. Following minor
trauma, this fracture occurred three days after removal of the frame.
Figure 2b - the fracture was successfully treated with re-application of
the frame for four weeks.

Discussion

Fracture after extensive limb lengthening in patients with
ACH or HCH is still a major complication. Several tech-
niques including CT scan, ultrasound, dual energy X-ray
absorptiometry (DEXA), and Orthometry, have been used
to evaluate the regenerate and determine when the external
fixator should be removed."*!? Plain radiographs are, how-
ever, usually used to decide when the external fixation
should be removed as this is simple and inexpensive. The
incidence of early fracture (16%) in our series suggested
difficulty in determining the timing of removal of the fixa-
tion by radiological appearances alone. Specific criteria for
removal of the fixation should be firmly established to pre-
vent fracture of the regenerate.

For fractures which occurred while the pins remained in
situ, re-application of the frame restored alignment and
uneventful healing without additional procedures (Fig. 1).
All of these fractures occurred within four days of removal
of the frame. Fractures after the subsequent removal of the
pins were also observed within a week in all patients.
Forriol et al?” reported in a series studying the radiographs
of 55 patients, that fracture occurred in the first two weeks
after removal of the fixator in 88% of cases. We thus rec-
ommend a period of observation of a few weeks with the
pins in situ before their final removal.

Bone regenerates are loaded not only in compression but
also with bending and torsional stresses after removal of
the fixator.21*? Since the latter stresses are not encountered
during dynamisation, unexpected bending or torsional
loads may cause an early fracture. The use of short-term
immobilisation by casts or braces after the final removal of
the pins could prevent excessive bending or torsional loads.

During a review of 34 lower limb lengthening procedures
in patients with ACH and associated conditions, Launay
et al*® reported that the rate of fracture was higher in those
aged < nine years. However, we did not find any association
between the age of the patient and occurrence of fracture.
This may be due to the relative older patients in our series.
Simpson and Kenwright!! reported considerable variation
in the location of the 17 fractures that occurred within the
regenerate in six, at the bone/regenerate junction in six, and
at distant sites in five. In contrast, in our series, most of the
early fractures (six, 5%) occurred within the regenerate and
there were no fractures at distant sites. Excessive lengthen-
ing was occasionally associated with decreased new bone
formation in the middle of the regenerate. Venkatesh et al’
demonstrated that half of the femora in patients with ACH
which are lengthened by > 50% of their initial length
tended to have a thin or concave shaped callus, some of
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Fig. 2

‘Lateral radiograph of the right tibia in a 16-year-old female with
achondroplasia showing an undisplaced stress fracture of the tibia
{arrow) within the hard callus. In the absence of trauma, this fracture
was noticed 13.1 weeks after the screws had been removed.

which resulted in fracture. In agreement with their findings,
we also observed that most fractures of the regenerate were
associated with lateral or central shaped callus. When thin
callus is recognised during distraction, attempts should be
made to improve the shape of the callus by changing the
rhythm of distraction, such as slowing down the rate of dis-
traction, or halting distraction and subsequent
compression.” Some additional measures to stimulate bone
formation should be considered, such as low-intensity
pulsed ultrasound or the use of bisphosphonates, osteo-
genic cytokines or growth factors.2*%”

There have been few reports describing late fractures
after limb lengthening. Faber et al?® reported seven late
fractures in 46 lengthenings, three femoral and four tibial,
including one spontaneous fracture in 23 patients. Simpson
and Kenwright!! reported three insidious late fractures
with deformities, out of 17 fractures in 180 lengthened seg-
ments. These papers, however, lacked a detailed description
of the predisposing factors and pattern of late fractures. We
clearly demonstrated that bone with a larger healing index
and with lateral or central thin callus had a greater risk of
late fracture. Delay in consolidation and maturation of the
distraction callus leads to prolonged remodelling and insuf-
ficient strength of the regenerate. Indeed, in our series, most
late fractures occurred in sclerotic regenerates (hard callus)
where the medullary cavity was poorly formed (Fig. 2). The
excessive loading of vulnerable hard callus should be
avoided. For the limbs with thin callus and a larger healing
index, careful management will be needed during the for-
mation of the medullary cavity throughout the regenerate,
as confirmed on radiographs.

No benefits in any form have been received or will be received from a commer
cial party related directly or indirectly to the subject of this article.

This article was primary edited by G. Scott and first proof edited by J. Scott.
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C-type natriuretic peptide (CNP) plasma levels are
elevated in subjects with achondroplasia,
hypochondroplasia, and thanatophoric dysplasia
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Context: C-type natriuretic peptide (CNP) is a crucial regulator of endochondral bone growth. In
a previous report of a child with acromesomelic dysplasia, Maroteaux type (AMDM), due to loss-
of-function of the CNP receptor (NPR-B), plasma levels of CNP were elevated. In vitro studies have
shown that activation of the MEK/ERK MAP kinase pathway causes functional inhibition of NPR-B.
Achondroplasia, hypochondroplasia, and thanatophoric dysplasia are syndromes of short-limbed
dwarfism caused by activating mutations of fibroblast growth factor receptor-3, which result in
over-activation of the MEK/ERK MAP kinase pathway.

THE JOURNAL OF ciNicAL

Objective: To determine if these syndromes exhibit evidence of CNP resistance as reflected by
increases of plasma CNP and its amino terminal propeptide (NTproCNP).

Design: This was a prospective, observational study.

=
U

Subjects: Participants were 63 children and 20 adults with achondroplasia, 6 children with hypo-
chondroplasia, 2 children with thanatophoric dysplasia, and 4 children and 1 adult with AMDM.

Results: Plasma levels of CNP and NTproCNP were higher in children with achondroplasia with CNP
SD scores (SDS) of 1.0 (0.3-1.4) [median (intraquartile range)] and NTproCNP SDS of 1.4 (0.4-1.8)
(p<<0.0005). NTproCNP levels correlated with height velocity. Levels were also elevated in adults
with achondroplasia, CNP SDS 1.5 (0.7-2.1) and NTproCNP SDS 0.5 (0.1-1.0), p<0.005. In children
with hypochondroplasia, CNP SDS were 1.3 (0.7-1.5)(p=0.08) and NTproCNP SDS were 1.9 (1.8~
2.3)(p<0.05). In children with AMDM, CNP SDS were 1.6 (1.4-3.3) and NTproCNP SDS were 4.2
(2.7-6.2) (p<0.01).

Conclusions: In these skeletal dysplasias, elevated plasma levels of proCNP products suggest the
presence of tissue resistance to CNP.

-type natriuretic peptide (CNP) is a member of the  peptide is produced in the growth plate and is a potent
C natriuretic peptide family that includes atrial natri-  positive regulator of linear growth (reviewed in 1). Ho-
uretic peptide and B-type natriuretic peptide. The cognate  mozygous or biallelic inactivating mutations of NPR2
receptor for CNP is natriuretic peptide receptor-B  cause acromesomelic dysplasia, Maroteaux type (MIM
(NPR-B, gene NPR2), a membrane receptor that generates 602 875, AMDM), a form of short-limbed dwarfism (2).
cyclic GMP as the second messenger. C-type natriuretic C-type natriuretic peptide levels can be measured in
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E2 CNP in skeletal dysplasias

plasma, although specific clearance pathways resultin low
levels. Biosynthetic processing of CNP generates an ami-
no-terminal propeptide (NTproCNP) that is released from
the cell in an equimolar ratio to CNP. This propeptide is
not subject to specific clearance pathways. As a result,
plasma NTproCNP levels reflect CNP production more
accurately than levels of the active peptide (3). In a pre-
vious report, we documented greatly elevated plasma con-
centrations of CNP and NTproCNP in a child with
AMDM (1), suggesting that reduced intracellular CNP
pathway activity may increase CNP production.

Achondroplasia (MIM 100 800) is the most common
skeletal dysplasia with incidence estimates ranging from 1
in 15000 to 1 in 26 000 births (4). Achondroplasia is
caused by a mutation in the fibroblast growth factor re-
ceptor-3 gene (FGFR3) (5). A single mutation (G380R)
accounts for greater than 98% of all reported cases of
achondroplasia and is a gain-of-function mutation. Hy-
pochondroplasia (MIM 146 000) is a related, but milder
skeletal dysplasia. Thanatophoric dysplasia (MIM
187 600) is a rarer syndrome of skeletal dysplasia, with
phenotypic features more severe than in achondroplasia
and is often lethal in the neonatal period. Both hypochon-
droplasia and thanatophoric dysplasia are also caused by
gain-of-function mutations in FGFR3 (6, 7).

In the growth plate, FGFR-3 activates a number of sig-
naling cascades, the most important of which appear to be
the signal transducers and activators of transcription
(STAT1) pathway, which inhibits chondrocyte prolifera-
tion, and the MEK/ERK mitogen-activated protein kinase
(MAP kinase) pathway, which inhibits chondrocytic dif-
ferentiation and increases matrix degradation. The net re-
sult is poor bone growth (reviewed in 8). The MEK/ERK
MAP kinase pathway and the CNP intracellular signaling
pathway interact and are mutually inhibitory (9). Evi-
dence of functional inhibition of NPR-B by FGFR-3 over-
activity, and our finding of raised plasma CNP peptides in
a patient with a homozygous loss-of-function mutation in
NPR2, lead us to postulate that plasma levels will also be
raised in disorders associated with constitutive activation
of FGFR-3.

Materials and Methods

Subjects

Subjects were healthy people with the clinical diagnosis of
achondroplasia (63 children, 20 adults), hypochondroplasia (6
children), thanatophoric dysplasia (2 children), or AMDM (4
children and 1 adult). This study was approved by the Nemours
Florida Institutional Review Board. All children had written pa-
rental permission obtained. All adult subjects had written in-
formed consent obtained.

J Clin Endocrinol Metab

Study procedures

With the exception of AMDM, this was a prospective study.
All subjects with achondroplasia, hypochondroplasia, or than-
atophoric dysplasia were seen in the Skeletal Dysplasia Clinic at
Nemours/Alfred I. duPont Hospital for Children in Wilmington,
DE. Anthropometrics were done, including standing height by
wall-mounted tape measure or recumbent length by measuring
table and weight by electronic scale. If the subject was an estab-
lished patient, heights from previous visits were obtained from
the medical record for determination of annualized height
velocity.

Subjects with AMDM were seen by a variety of geneticists
around the world. Blood was drawn locally and plasma was
frozen and shipped for analysis.

Assays

Blood was drawn into EDTA tubes and stored at 4 C until
processed. Blood was centrifuged at 4 C and plasma aliquoted
and frozen at —80 C until assayed.

The radioimmunoassays used for CNP and NTproCNP were
as previously described (10, 11).

Statistical analysis

Standard deviation scores (SDS) were calculated using the
LMS method (12). Height SDS were calculated using Center for
Disease Control 2000 data (13). For the subjects with AMDM
residing outside the US, country specific height data were used.
Standard deviation scores for CNP, NTproCNP, and CNP-to-
NTproCNP ratio were calculated using reference data from our
previous studies of healthy children (10) and adults (11). Achon-
droplasia-specific height SDS were calculated using estimates of
age-specific mean and SD from height charts reported by Hor-
ton, et al (14).

Data are summarized as median and interquartile range (25th
- 75th percentiles). For height SDS data, one sample Student’s
t-tests were used to compare groups to the general population.
For the peptide assay data, because of the widely differing ranges
of variance in the sample groups, nonparametric tests were used.
For the children, comparison between the reference population,
and subjects with achondroplasia, hypochondroplasia, or
AMDM were made using Kruskal-Wallis tests, with Holm-ad-
justed Mann-Whitney rank sum tests for post hoc pairwise com-
parisons. For the adults, comparison of SDS data were made
using Mann-Whitney rank sum tests. Correlation between NT-
proCNP level and height velocity were done by fitting a line by
least squares and performing linear regression analysis. Pearson
product-moment correlation coefficients (r) are reported. Sta-
tistics where calculated using Primer of Biostatistics software
(version 7; The McGraw-Hill Companies, Inc., New York, NY).
Significance was assumed for p values less than 0.05.

Results

Achondroplasia

The characteristics of the subjects with achondroplasia
are shown in Table 1. In children with achondroplasia,
plasma concentration of both CNP and NTproCNP (Fig-
ure 1) were higher than in the reference population (P <
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Table 1. Subjects with Achondroplasia or Hypochondroplasia
Achondroplasia Hypochondroplasia
children adults children
number 63 20 6
sex (F:M) 31:32 11:9 3:3
age (y) 4.7 (2.9-7.5) 41 (36-45) 8.6 (6.6-10.9)
height so score® —4.8 (-5.6- —4.2)** ND —3.1(-3.7- —=2.2)*"
height sp score” -0.1 (-0.8-0.5) ND 1.9 (1.3-3.0)"
CNP (pM) 2.1(1.7-2.4) 0.90.7-1.1) 2.3(1.9-2.5)
CNP sp score 1.0(0.3-1.4)** 1.5(0.7-2.1)* 1.3 (0.7-1.5)*
NTproCNP (pM) 53.0 (47.3-63.0) 17.0(16.0-19.3) 55.2 (52.1-58.7)
NTproCNP sp score 1.4 (0.4-1.8)%* 0.5 (0.1-1.0)% 1.9(1.8-2.3)%
NTproCNP:CNP ratio 26 (31-22) 21 (16-36) 23 (25-22)
NTproCNP:CNP sp score —-0.1(-0.7-0.4) —0.9(-1.6-0.4) 0.2 (-0.4-0.2)

Data are median (intraquartile range)

ND, not determined

aUsing general population reference standards
bUsing achondroplasia-specific reference standards
*P < 0.01 compared to the reference population
**P < 0.0005 compared to the reference population
TP < 0.01, compared to subjects with achondroplasia

.0005 for both), despite markedly reduced height. Simi-
larly, adults with achondroplasia also had higher levels of
CNP and NTproCNP (P < .005 for both)(Table 1). The
NTproCNP-to-CNP ratio is a measure of CNP clearance
and did not differ from the reference population (Table 1).

Linear regression analysis showed that in children with
achondroplasia, NTproCNP level had a significant posi-
tive correlation with height velocity (n = 62, r*=0.42, P <
.0005)(Figure 1, panel C). A similar relationship was
found in the reference population (n = 139, 1r*=0.51, P <
.0005) (10). The regression line for children with achon-
droplasia differed from that of the reference population
both for slope (1.76 = 0.27 vs. 2.41 = 0.20 pM/cm/y
respectively, mean=SE, P < .05) and for intercept (46.7 =
2.3 vs.24.1 = 1.3 pM, P < .000)5).

Hypochondroplasia

Table 1 shows the characteristics of the subjects with
hypochondroplasia, all of whom were children. Com-
pared to the reference population, these subjects had ele-
vated plasma CNP and NTproCNP levels (Figure 1)(P <
.05 for both). Compared to subjects with achondroplasia,
the CNP and NTproCNP SDS were not different (Figure
1).

Thanatophoric dysplasia

We studied two young children with thanatophoric
dysplasia. One subject was a 2.3 year old boy with a height
SDS of —11.5. His plasma CNP level was 3.0 pM (SDS of
3.0) and his NTproCNP level was 67.3 (SDS of 1.1). The
second subject was a 2.7 year old boy with a height SDS of

~11.1. His plasma CNP level was 1.0 pM (SDS of 0.0) and
his NTproCNP level was 72.2 (SDS of 1.8).

Acromesomelic dysplasia, Maroteaux type

Table 2 shows the characteristics of subjects with
AMDM. In the children, CNP SDS (n = 3, P < .01) and
NTproCNP SDS (n = 4, P < .005) were significantly
higher than in the reference population and were also
higher than values in achondroplasia (CNP SDS, P < .05;
NTproCNP SDS, P < .005, Figure 1). In the adult with
AMDM, both plasma CNP and NTproCNP were mark-
edly elevated.

Discussion

The finding that CNP products in plasma were greatly
elevated in a subject with profound short stature due to a
disruption of the CNP receptor (NPR-B) and reports from
others that activation of the MEK/ERK MAP kinase path-
way inhibits NPR-B signaling, lead us to postulate that
plasma levels would also be elevated in people with FGFR-
3-related skeletal dysplasias such as achondroplasia. The
current findings clearly show that circulating products of
proCNP are raised not only in children and adults with
achondroplasia, but also in children with related condi-
tions of FGFR-3 overactivity.

People with AMDM have absent or disrupted CNP re-
ceptors. Since CNP is a growth promoting factor and peo-
ple with AMDM have profound growth failure, this is a
classic instance of hormone resistance. We have shown
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Table 2. Subjects with Acromesomelic Dysplasia, Maroteaux Type
Age height CNP CNP NTproCNP NTproCNP NT:CNP
(v) Genotype Sex SDS (pM) SDS (pvi) SDS NT:CNP SDS
2.5 G413E/G413E M =51 2.7 1.6 86.3 2.8 32.0 -0.5
4.9 del/del M -53 ND ND 110.2 5.6
7.5 R668stop/R218C F —-2.3 2.1 1.1 58.0 2.4 27.6 -0.6
7.9 [364fs/1364fs F —-8.5 7.6 5.0 172.0 7.9 22.6 0.1
30 Q853stop/RI8I liter M —-8.6 7.8 46.6 144.0 8.0 18.5 -1.7

ND, not determined

here that CNP and NTproCNP levels are markedly ele-
vated in people with AMDM, suggesting that CNP, as in
virtually all other hormone axes, is regulated by a negative
feedback loop. Supporting this conclusion are two reports
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Figure 1. C-type natriuretic peptide and NTproCNP levels in children.
Panels A & B, comparison between different skeletal dysplasias.
Standard deviation scores are shown for CNP (Panel A) and NTproCNP
(Panel B) for children from the reference population (n = 318),
children with achondroplasia (n = 63, Ach), hypochondroplasia (n = 6,
Hyp), and acromesomelic dysplasia, Maroteaux-type (n = 4, AMDM).
Diamonds show the median for each group and error bars the 25th
and 75th percentile. ns, difference is not significant. *P < .05; **P <
.01; ***P < 0005. Panel C shows the correlation between height
velocity and NTproCNP levels in children with achondroplasia.
Annualized height velocity was determined using the height at a
previous clinic visit and the height from the study visit. Solid line, least
mean squares linear regression line. The correlation is significant (n =
62, r’=0.416, P < .0005). Dashed line, previously published regression
line from children from the general population (n = 139, r = 0.711,

P < .0005) (10). The two regression lines differ both in intercept (P <
.05) and in slope (P < .0005).

of subjects with activating mutations of NPR-B causing
skeletal overgrowth (15, 16), in whom plasma NT-
proCNP concentrations were profoundly reduced. Little is
known about the factors that regulate CNP expression
and translation; the details of this feedback loop require
further study.

The interaction between the MEK/ERK MAP kinase
and CNP/cGMP pathways has been defined in vitro in
chondrogenic cell systems and in organ culture. Phosphor-
ylated MEK1/2 and/or ERK1/2 directly or indirectly in-
hibit cGMP generation by NPR-B (9). Meanwhile, NPR-
B-generated cGMP, in a pathway that involves cGMP-
dependent protein kinase IT (PRKG2) and the MKK/p38
MAP kinase pathway, inhibits MEK/ERK activation by
inhibiting RAF1 (17, 9, 18, 19). Hence in vitro data de-
scribe a potential mechanism in which overactivation of
the MEK/ERK MAP kinase pathway can result in resis-
tance to CNP.

In this study, we observed a clear increase in CNP and
NTproCNP levels in subjects with achondroplasia and
hypochondroplasia. We also provide evidence for in-
creased levels in two children with thanatophoric dyspla-
sia, although the sample size was too small for statistical
confirmation. Assuming the presence of CNP regulatory
feedback loop as suggested by the data from subjects with
AMDM, the finding of elevated CNP levels in a popula-
tion with severe short stature suggests that these individ-
uals may also have resistance to CNP. This is further dem-
onstrated by Figure 1 (panel C), which shows that the
slope of the regression line linking NTproCNP and height
velocity is significantly reduced in children with achon-
droplasia compared to the reference population.

There are other potential explanations for our findings.
It may be that another branch of the FGFR-3 signaling
cascade up-regulates CNP expression and that the MAP
kinase inhibition of NPR-B signaling is not occurring or is
not relevantin vivo. Another possibility is that the elevated
blood levels of CNP are arising from other tissues and not
the growth plate and hence not relevant to the growth
failure. Now that the observation has been made, further
definition is needed to provide clarity. Of interest, prod-
ucts of proCNP in plasma are also elevated in adults with
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achondroplasia or AMDM. The tissues that contribute to
plasma levels of CNP and NTproCNP after growth plates
have closed have not been clearly defined, but are likely to
include skeletal, vascular, and cardiac (11, 20) tissue. C-
type natriuretic peptide, NPR-B, and FGFR-3 are all ex-
pressed in these tissues. The finding of elevated plasma
levels of CNP in adults with achondroplasia suggests that
alteration of the CNP pathway by activating FGFR3 mu-
tations is not limited to the growth plate.
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