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Abstract
Objective—C-type natriuretic peptide (CNP) is a paracrine regulatory factor of the growth plate
and plays a key role in endochondral growth. Its amino-terminal propeptide (NTproCNP) is an
equimolar product of CNP biosynthesis and is easily measured in plasma. Preliminary studies
suggest that NTproCNP levels correlate with height velocity in sheep and children. The objectives
of the study were to correlate NTproCNP levels with height velocity and to define the reference
range for plasma CNP and NTproCNP across childhood.

Design—This was a prospective, cross-sectional, observational study of healthy children.

Patients—Participants were 258 healthy children between 2 months and 20 years of age.

Measurements—Anthropometrics were obtained and CNP and NTproCNP levels were
determined by radioimmunoassay.

Results—For both sexes, CNP and NTproCNP levels were high in infancy, lower in early
childhood, rising during puberty, then falling to low adult levels. Levels of NTproCNP peaked at
14.1 years in boys and 11.9 years in girls, coincident with the age of peak height velocity. Levels
of NTproCNP varied with pubertal status, peaking at genital Tanner stage IV in boys and III in
girls. There was a highly significant correlation between NTproCNP and height velocity.

Conclusions—C-type natriuretic peptide plays an integral role in endochondral growth. We
show here that CNP synthesis (as measured by NTproCNP levels in plasma) is closely related to
linear growth in healthy children at all ages. We propose NTproCNP as a biomarker of linear
growth.
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Introduction
C-type natriuretic peptide (CNP) was first isolated in 1990, based on its structural similarity
to atrial and B-type natriuretic peptide (ANP and BNP). All three natriuretic peptides are
small, single-chain peptides that contain a 17-amino acid ring structure. The functions of
CNP are still being elucidated. Because of its association with ANP and BNP, many studies
have focused on a role for CNP in the cardiovascular system. However, genetically altered
mice experiments and genetic studies in humans have shown that the most obvious role of
the CNP system is the regulation of growth and bone metabolism.

Knock-out mice for CNP 1 or its cognate receptor natriuretic peptide receptor B (NPR-B) 2

are dwarfed, with the tail, legs, and paws being disproportionately affected. The CNP
transgeneic mouse is overgrown, with disproportionately long tails, legs, and paws 3. In
humans, homozygous loss of function mutations in the NPR-B gene cause acromesomelic
dysplasia, Maroteaux type (OMIM #602875), a severe form of short-limbed dwarfism 4.
Conversely, three patients have now been described with translocations involving
chromosome 2q37 (the location of the CNP gene) that result in overexpression of CNP and
elevated blood levels of CNP 5,6. These patients had overgrowth with a Marfanoid body
habitus, including disproportionately long limbs and arachnodactyly. A similar pattern of
abnormal growth has been recently described in a family with an activated mutation in
NPR-B 7.

In vitro studies using rat growth plate chondrocytes and mouse ATDC5 cells have shown
that CNP is expressed and found in conditioned medium 8. The addition of exogenous CNP
to these cells inhibits cell proliferation and enhances the hypertrophic chondrocyte
phenotype. The expression of both CNP and NPR-B in the growth plate demonstrates that
this peptide can act through a paracrine mechanism.

During CNP biosynthesis, an amino-terminal propeptide (NTproCNP) is released from cells
at an equimolar ratio with CNP 9. The biologically active forms of CNP are found in plasma
in low concentrations, due to several clearance mechanisms. The amino-terminal propeptide,
however, is not subject to these clearance pathways and it is found in the circulation at 20-
to 50-fold higher concentrations. This readily detectable level hence provides a window into
the study of CNP biosynthesis in vivo. Plasma NTproCNP concentrations are stable in
healthy adults and show no diurnal variation, nor change in response to eating 10. Because of
its key role in growth regulation, we hypothesized that levels would be increased in growing
children. This was first demonstrated in lambs and in a small heterogeneous group of
children attending hospital outpatient clinics 10. In that study, significant correlation was
noted between NTproCNP level and growth velocity, raising the possibility that NTproCNP
may be a biomarker of linear growth.

The purpose of this study was to prospectively study the relationship between NTproCNP
levels and height velocity throughout childhood as well as to describe the reference range of
CNP and NTproCNP in a healthy population.

Material and Methods
Subjects

Subjects were healthy children older than 2 months and less than 20 years of age and were
recruited through fliers, newspaper, and internet advertisements. Sibling enrollment was
encouraged. Subjects with chronic diseases or medications that might affect growth or bone
metabolism were excluded. Chronic diseases specifically not excluded were well-controlled
asthma and well-controlled hypothyroidism. For children with hypothyroidism, if the TSH
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level drawn at the time of the study visit was abnormal, study samples were discarded.
Children with attention deficit disorder not treated with amphetamine derivatives were
enrolled. Subjects on chronic antibiotics were excluded, except those on antibiotics for acne.
Use of vitamins, asthma medications, antihistamines, levothyroxine, and oral contraceptives
were allowed. Subjects with minor acute illnesses (upper respiratory infections,
streptococcal pharyngitis, gastroenteritis, urinary tract infection, etc.) had to be free of
symptoms and off antibiotics for at least one month prior to the study. Subjects with
significant acute illnesses (pneumonia, meningitis, pyelonephritis, any illness requiring
hospitalization, etc.), surgery for any reason, or who had a fracture had to be free of
symptoms for six months prior to the study. This study was approved by the Nemours
Florida Institutional Review Board. All subjects had written consent or parental permission
obtained. Written child assent was obtained for children between 7 and 18 years of age.

Results from 23 boys participating as healthy controls in a previous study 11 were also
included in this dataset.

Study procedures
Children were seen in the Pediatric Endocrinology clinic at Nemours Children’s Clinic,
Jacksonville, FL. Screening family and medical histories were obtained. Anthropometrics
were done, including length by recumbent stadiometer (for subjects less than two years) or
height by Harpendon stadiometer, seated height by Harpendon stadiometer, arm span,
standing lower segment measurement, and weight by electronic scale. A physical exam was
performed by one of two investigators (R.C.O or J.W.P.) and included Tanner staging.
Blood was drawn. A second visit was requested about six months after the first visit. An
interval medical history, anthropometrics and Tanner staging were repeated at this time. A
second blood draw was optional at this visit.

Assays
Blood was drawn into EDTA tubes and stored at 4 C until processed (generally less than one
hour). Blood was centrifuged at 4 C and plasma aliquoted and frozen at −80 C until assayed.

The radioimmunoassay used for CNP was as previously described 12, using a commercial
anti-CNP-22 antiserum (Phoenix Pharmaceuticals, Belmont, CA). Limit-of-detection for this
assay is 1.0 pM (0.2 pM after sample concentration). Within- and between-assay coefficients
of variation of the assay are 4.9% and 8.9% respectively, at 2.1 pM. Cross reactivity with
atrial natriuretic peptide (ANP) in this assay is <0.004%. Cross reactivity with human B-
type natriuretic peptide (BNP)(at 100 pM) is approximately 4%.

The radioimmunoassay used for NTproCNP was as previously described 13,14 with the
following alterations: 100 µl of standard or sample extract was preincubated with 50 µL
primary rabbit antiserum (J39) raised against synthetic human proCNP1–15 (diluted to
1:6,000) and incubated for 22–24 hours. The antiserum J39 epitope on proCNP spans amino
acid residues 3–15. Fifty microliters of radiolabeled tracer (1,500 cpm) was then added. The
detection limit of this assay is 1.2 pM (0.3 pM after sample concentration). Within- and
between-assay coefficients of variation are 6.8% and 8.4% respectively, at 14 pM. Cross
reactivity with ANP propeptide in this assay is <0.07% and with human BNP propeptide is
<0.4%.

A subset of samples was also assayed for NTproCNP using a commercially available
sandwich enzyme-linked immunosorbent assay (Biomedica Medizinprodukte GmbH & Co
KG, Vienna, Austria, distributed in the US by ALPCO Diagnostics, Salem, NH).
Manufacturer’s instructions were followed. Limit of detection for this assay was 0.55 pM.
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Statistical analysis
Height, weight, and BMI standard deviation scores (SDS) were calculated using Center for
Disease Control 2000 growth charts 15. Height velocity SDS were calculated using data
from the World Health Organization (children less than 2 years)16 or from Tanner and
Davies 17. Upper-to-lower segment ratio SDS were calculated from data from McKusick 18,
as reprinted by Hall, et al. 19. Reference range curves for CNP and NTproCNP were
estimated by the LMS procedure 20, using LmsChartMaker software (version 2.4, Harlow
Printing Limited, South Shields, UK). These reference range estimates were then used to
calculate CNP and NTproCNP SDS.

No assumptions of normal distribution of the data were made. Data are summarized as full
range or median and interquartile range (25th – 75th percentiles). Comparisons of
NTproCNP based on sex and Tanner stage were done using Kruskal-Wallis Tests with
Dunn’s Test post-hoc pairwise comparisons. Correlations between measurements were done
by fitting a line by least squares and performing linear regression analysis. Pearson product-
moment correlation coefficients (r) are reported. The above analyses were done using Primer
of Biostatistics software (version 5.0; McGraw Hill Professional, New York, NY).
Significance was assumed for p values less than 0.05.

Results
Subjects

The characteristics of the subject population are summarized in Table 1. The racial/ethnicity
makeup of the study population reflects that of the general population in Northeast Florida.
As a whole, the subjects were somewhat taller than the general population (median height
SDS of 0.3, p<0.005), and somewhat heavier (median BMI SDS of 0.2, p<0.05). Height
velocity data were available from 139 subjects and height velocity did not differ from the
general population (median height velocity SDS of 0.1), although the range was wider than
expected, likely due to short interval between height measurements.

CNP and NTproCNP levels by age
Plasma levels for CNP and NTproCNP measured by RIA varied by sex and age (Figure 1).
For both analytes, levels were high in infants and declined with age until puberty. Levels
were higher in pubertal subjects, then declined again to adult levels. For children less than
nine years of age, there was no difference between boys and girls (data not shown). For all
ages, there was no difference between Caucasian, African-American, or Hispanic subjects
(data not shown). During puberty, median NTproCNP levels peaked at 14.1 years in boys
and at 11.9 years in girls.

CNP and NTproCNP levels by Tanner stage
Levels of CNP differed in both boys and girls depending on genitalia Tanner stage (p<0.005
for both), although post-hoc pair-wise comparison reached significance only between boys
of Tanner stage III and IV (p<0.05)(Figure 2, upper panels). Differences were more
pronounced for levels of NTproCNP (Figure 2, lower panels). For both sexes, NTproCNP
differed by Tanner stage group (p<0.0005). For boys, levels were highest in boys at genitalia
Tanner stage IV (for IV vs. I, IV vs. II, and IV vs. V, p<0.05; for IV vs. III, p was not
significant). For girls, NTproCNP levels were highest for girls at breast Tanner stage III (for
III vs. IV, III vs. V, p<0.05; for III vs. I and III vs. II, p was not significant).
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Correlations with NTproCNP levels
For all subjects, plasma concentrations of NTproCNP were strongly correlated with CNP in
the same sample (r=0.566, p<0.0005)(Table 2). There was a linear correlation between CNP
level and annualized height velocity (n=138, r=0.314, p<0.0005). There was an even
stronger linear correlation between NTproCNP and height velocity (n=139, r=0.711,
p<0.0005)(Table 2 and Figure 3). For both CNP and NTproCNP, there were no differences
between the regression lines for boys and girls (data not shown) and the data were
combined. There were no differences based on race/ethnicity (data not shown). Using the
reference range defined here, NTproCNP SDS were calculated in order to quantify levels
relative to others of the same age. There were no significant correlations between
NTproCNP SDS and height SDS, weight SDS, or BMI SDS (p>0.2 for all). Secondary
analysis identified a modest, but significant correlation between NTproCNP SDS and height
velocity SDS (r=0.174, p<0.05), as well as a negative correlation between NTproCNP SDS
and upper-to-lower segment ratio SDS (r=−0.181, p<0.05)(Table 2).

Comparison of assays
A commercial ELISA kit is available for NTproCNP and a comparison was made with our
in house RIA. Plasma samples from forty subjects of widely varying ages (1.4 to 19.8 years;
21 boys, 19 girls) were evaluated by measuring NTproCNP in both assays. Results from one
sample were eliminated as a clear statistical outlier. The correlation between the assays was
significant (n=39, r=0.748, p<0.0005)(Figure 4). However, the commercial ELISA gave
values that were an average of 21% of the RIA values (range 11 – 52%). Running the
reference standard provided with the ELISA kit using the RIA demonstrated a disagreement
of 15% (stated concentration of 40 pM, measured concentration of 46 pM). A dilution curve
was parallel to the RIA standard curve.

Discussion
This study recruited healthy children in order to study the relationship between plasma
NTproCNP levels and height velocity across all phases of linear growth, as well as to define
the reference range of CNP and NTproCNP as measured by RIA. The subject population
accurately reflected the racial/ethnic distribution of Northeast Florida, including a low
representation of people of Asian descent. Since we found no differences between racial/
ethnic groups, this distribution should be comparable to other populations, with the
exception of Asians, for whom we did not have enough data. Compared to the US
population in general, our subjects were somewhat taller and heavier. However, within our
population, we found no differences in CNP or NTproCNP levels based on height, weight or
BMI, again suggesting the results should be comparable to the general population.

The results for both CNP and NTproCNP show a clear variation based on age. Levels from
birth to 2 months of age have been previously reported 21 and showed very high levels in
newborns that rise during the first week of life, then trend downward after six weeks of age.
We show here that levels fall rapidly in the first year of life, leveling off in prepubertal
children. At these ages, there is no difference between boys and girls. During the pubertal
years, levels rise again. This occurs at an earlier age in girls than boys. Later in puberty, the
levels drop again, eventually reaching the low adult levels. In adults, levels slowly decline
during the third decade of life (manuscript in preparation). This pattern parallels that of
height velocity, with the exception that, unlike height velocity, CNP and NTproCNP levels
do not drop to zero at the completion of puberty. Notably, the age of the median peak
NTproCNP (14.1 years for boys, 11.9 years for girls) is almost identical to the age of peak
height velocity [13.6±1.1 (mean±SD) in boys and 11.5±1.2 in girls] as reported by Berkey,
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et al. 22, for children in the US. These strong temporal links are consistent with a dominant
contribution to circulating levels of NTproCNP from tissues participating in linear growth.

During puberty, CNP and NTproCNP levels similarly varied by genitalia Tanner stage,
peaking in boys at Tanner stage III and IV and in girls at Tanner stage II and III. This agrees
with the data by Tanner and Davies 17 for the pubertal stage at the time of peak height
velocity in North American children.

A direct comparison of NTproCNP and height velocity demonstrated a strong, positive
linear relationship. We had previously identified this relationship in a smaller,
heterogeneous population (n=23, r=0.571, p=0.005)10. In this larger study population
studied prospectively, the correlation is even stronger (r=0.711). Based on this result, we
conclude that height velocity explains 51% of the variability of plasma NTproCNP levels in
healthy children.

We have previously reported that NTproCNP levels increase in children starting growth-
promoting therapy, either rhGH in children with growth hormone deficiency or idiopathic
short stature, or testosterone in boys with constitutional delay of growth and puberty 11.
Using pre- and post-treatment height velocities, we identified a similar significant
correlation with NTproCNP levels.

Secondary analysis identified a correlation between NTproCNP and height velocity SDS
(i.e. at any given age, children growing faster than the population had higher NTproCNP
levels), but no relationship between NTproCNP SDS and height SDS (i.e. children taller
than the population did not have higher NTproCNP levels). This confirms the clinical
dogma that tall children are not necessarily fast growing children at a given point in time.
We also identified a negative relationship between NTproCNP SDS and upper-to-lower
segment ratio SDS. Information from the genetically altered mice (CNP and NPR-B
knockout mice and CNP transgeneic mice) as well as from clinical genetic studies
(acromesomelic dysplasia, Maroteaux type, 2q37 translocations, and NPR-B activating
mutations) demonstrate that CNP plays a larger role in the regulation of growth of the
appendicular skeleton than the axial skeleton. Primary CNP growth disorders result in
skeletal disproportion; disruption results in shortened limbs, with the distal elements being
most affected, while CNP overexpression results in disproportionately long limbs, again
with the distal elements being most affected. Our data suggest a similar effect is operational
in healthy children. Those children with relatively high CNP production (as demonstrated by
higher NTproCNP levels) have relatively longer limbs and a lower upper-to-lower segment
ratio. This finding would require a prospective study for confirmation.

The results reported here for NTproCNP are from an in-house RIA. An ELISA kit is
commercially available. When the two assays are compared, the RIA gave values roughly
five times those of the ELISA. The values have a significant degree of correlation, however.
Cross-platform analysis showed the standards used in both assays are comparable and hence
not the source of the difference. High performance liquid chromatography analysis of
plasma shows that the NTproCNP peak is broad and contains degraded, lower molecular
weight forms 13. We also have evidence that the carboxy-terminal amino acid of the
predicted peptide is not present in circulating NTproCNP, suggesting that carboxy-terminal
degradation occurs in vivo. In addition, the first two residues from the amino-terminus of
circulating NTproCNP are removed by endogenous dipeptidyl peptidase-4 activity. The
ELISA utilizes antibodies raised against amino acids 1–19 and 30–50. Any amount of
terminal degradation would likely reduce the amount of product being measured by the
ELISA. The RIA utilizes a polyclonal antiserum raised to the synthetic peptide
proCNP1–15 13 which is the amino-terminus of the propeptide and is therefore not affected
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by carboxy-terminal degradation. The epitope of the antiserum used by the RIA requires
residues 3–15 of proCNP; loss of the two aminoterminal amino acids would not affect
binding. We believe this is the source of the difference between the assays. Given the
differences in the two platforms, it would not be appropriate to use the reference range we
present here for results obtained with the commercial ELISA.

Many peptides have been identified as potential biomarkers correlating with linear growth,
most of them products of bone metabolism. They include markers of bone synthesis 23,24

and bone resorption 25, all of which increase during puberty 25,26. Among these, bone
specific alkaline phosphatase (BsALP)23, urinary deoxypyridinoline cross-links (DPD)27

and the cartilage specific matrix protein (COMP)28 appeared to show the best correlation
with linear growth when assessed during periods characterized by rapid growth. However
longitudinal studies show little or no relation to height velocity in healthy children 29,30. In
contrast to products of bone metabolism, CNP is synthesized by chondrocytes and acts to
promote expansion within all zones of the growth plate 31. While it is rapidly degraded at its
source, the bio-inactive metabolite of the prohormone (NTproCNP) enters the circulation
and is therefore a logical candidate as a marker of skeletal growth. However, like classical
bone turnover markers, CNP synthesis is not limited to the skeleton; it is also expressed in a
range of mammalian tissues including osteoblasts 32, brain, reproductive tissues and
vascular endothelium 33. Contributions made by such tissues to circulating levels are
difficult to assess although in the adult, where plasma levels of NTproCNP are relatively
invariant 10, it is likely that constitutive production from the vasculature, bone, heart and
liver 34 all contribute to some degree. The much higher levels in children, the evidence of an
arterio–venous CNP gradient across bone dense tissues in growing lambs 35 and the marked
and concordant changes in NTproCNP accompanying changes in height velocity 10,11,21,36

indicate that the growing skeleton is a dominant source in children. This view is further
supported by our finding in the present study showing that in the context of normal growth
throughout childhood, 51% of the variance in NTproCNP concentration is determined by
variation in height velocity.

To our knowledge, NTproCNP is the first peptide described whose blood levels correlate
with height velocity in healthy children of all ages. As such, there is potential clinical utility
in assessing NTproCNP levels. In the evaluation of children with short stature, NTproCNP
levels might differentiate those with short stature, but normal height velocity from those
with poor current growth. Levels before and during growth-promoting therapy may provide
information about the efficacy of the therapy. And finally, levels may be useful in
identifying when growth is completed. The first step in evaluating these potential uses is the
development of a reference range for NTproCNP, as presented here. Future work should
establish the impact of renal function or other potentially confounding effects of drugs or
illness on plasma concentrations of NTproCNP, and their interpretation in children with
growth disorders.

In summary, CNP is expressed and acts in the epiphyseal growth plate, plays a key
regulatory role of the growth plate and hence in linear growth. NTproCNP, a marker of CNP
biosynthesis, strongly correlates with height velocity in healthy children and in children
receiving growth promoting therapies. This is strong evidence for NTproCNP being a
biomarker for linear growth.
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Figure 1.
CNP and NTproCNP levels vary by age. Plasma levels of CNP and NTproCNP were
determined by RIA for healthy children between the age of 2 months and 19.8 years of age.
Open circles, individual data points; heavy line, median; light lines, 5th and 95th percentiles.
Top left panel, NTproCNP levels for boys (n = 209), top right panel, CNP levels for boys (n
= 178). Bottom left panel, NTproCNP levels for girls (n = 143), bottom right panel, CNP
levels for girls (n = 140).
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Figure 2.
CNP and NTproCNP levels vary by Tanner stage. Bar, median; error bars, 25th and 75th

percentiles. For boys, penile Tanner stage was used, for girls, breast Tanner stage. Children
of Tanner stage I were older than 6 years of age; Children of Tanner stage V were less than
20 years of age. Top left panel, CNP levels for boys, top right panel, CNP levels for girls.
Bottom left panel, NTproCNP levels for boys, bottom right panel, NTproCNP levels for
girls. For all four panels, levels differed as group by Kruskal-Wallis Test (p<0.005 for all).
*, p<0.05 compared to boys of Tanner stage I, II, and V by Dunn’s Test post hoc pair-wise
comparison. †, p<0.05 compared to girls of Tanner stage IV and V.
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Figure 3.
Correlation between height velocity and NTproCNP levels. Plasma for NTproCNP was
taken at the first visit. Annualized height velocity was determined using the height at the
first visit and a follow up height taken between 2 and 12 months later. Line, least mean
squares linear regression line. The correlation is significant (n=139, r=0.711, p<0.0005).
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Figure 4.
Correlation between the NTproCNP measured by RIA and by ELISA. Plasma samples from
40 healthy children were assayed for NTproCNP both by the in house RIA and the
commercially available ELISA. Line, least mean squares linear regression line. A single data
point was discarded as a statistical outlier. The correlation is significant (n=39, r=0.748,
p<0.0005).
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Table 1

Subject Characteristics

Number 258

Gender (M:F) 155:103

Race/ethnicity (white:black:Hispanic:Asian) 181:57:14:3

Age at baseline, years (range) 0.2 – 19.8

Height SDS [median (interquartile range)] 0.3 (−0.5 – 0.8)*

BMI SDS [median (interquartile range)] 0.2 (−0.4 – 0.8)**

Number that returned for second visit 139

Time between visits, months (range) 2.4 – 11.9

Height velocity, cm/y (range) 0 – 26.9

Height velocity SDS [median (interquartile range)] 0.1 (−1.6 – 1.4)

Number that had second blood sample 94

Total number of blood samples 352

*
differs from general US population, p<0.005

**
differs from general US population, p<0.05
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Table 2

Correlations with NTproCNP levels

Comparison r p

NTproCNP vs. CNP 0.566 <0.0005

CNP vs. height velocity 0.314 <0.0005

NTproCNP vs. height velocity 0.711 <0.0005

NTproCNP SDS vs. height SDS 0.076 0.6

NTproCNP SDS vs. height velocity SDS 0.174 0.04

NTproCNP SDS vs. US:LS SDS −0.181 0.004
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