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Summary

Objective C-type natriuretic peptide (CNP) and its aminotermi-

nal propeptide (NTproCNP) are potential biomarkers of recombi-

nant human growth hormone (rhGH) efficacy. The objective of

this study was to describe the pharmacodynamics of plasma CNP

and NTproCNP levels in response to rhGH treatment and to iden-

tify the optimal time of sampling after starting rhGH.

Design This was a prospective, observational study. Subjects

were treated with rhGH for 1 year, with blood sampled at regu-

lar intervals.

Patients Eighteen prepubertal children, eight with low levels of

GH on biochemical testing and ten with idiopathic short stature,

completed the study.

Measurements Blood levels of CNP, NTproCNP, GH, insulin-

like growth factor-I, leptin and bone-specific alkaline phos-

phatase were measured. Anthropometrics were obtained.

Results Plasma levels of both CNP and NTproCNP reached

peak levels 7–28 days after starting rhGH treatment and then

declined to intermediate levels through the first year. Plasma

NTproCNP levels after 14 days trended towards a correlation

with height velocity after 6 and 12 months of treatment. Unex-

pectedly, serum GH levels measured 2 and 28 days after starting

rhGH correlated strongly with height velocity after 6 and

12 months of treatment.

Conclusions This study identified 14 days after starting rhGH

treatment as the optimal time for assessing CNP and NTproCNP

levels as biomarkers of rhGH efficacy. Additionally, we identified

GH levels as a potential biomarker. Larger, prospective studies

are now needed to test the clinical utility of these biomarkers.

(Received 12 January 2016; returned for revision 6 May 2016;

finally revised 11 May 2016; accepted 11 May 2016)

Introduction

Treatment of short-statured children with recombinant human

growth hormone (rhGH) is now widespread practice. However,

the growth response to rhGH therapy shows high interindividual

variability. This is true in children with classic growth hormone

deficiency1,2 and even more so in children without growth hor-

mone deficiency, such as those with Turner syndrome3 and idio-

pathic short stature.4 Within every diagnostic category, there are

some children who do not show a significant growth response

to rhGH therapy. Growth hormone therapy imposes a burden

on treated children and their families, not the least of which is

the need for a daily injection. It is also costly both to the family

and the healthcare system. Hence, it would be of significant ben-

efit to the child/family and to the healthcare system to identify

those children who respond poorly to rhGH therapy as quickly

as possible, either to allow for dose adjustment, discontinuation

or for alternate therapy.5,6

Efforts to predict growth hormone responsiveness date back

to shortly after rhGH became available [reviewed in ref.5 and6].

A variety of auxological parameters (birth weight SD score,

height SD score, pretreatment height velocity, parental heights,

etc.) have been studied, but none alone or in combination pro-

vided a model with sufficient accuracy and precision to be clini-

cally useful. The addition of pretreatment biochemical

parameters, such as serum insulin-like growth factor-I (IGF-I)

and peak serum GH level after stimulation, improved the mod-

els, as did the addition of rhGH dose. A variety of other

biomarkers of growth response have shown promise7–9 but none

has been shown to correlate with height velocity in normal sta-

tured children. Moreover, none is specific to events in the endo-

chondral growth plate, and hence linear growth.

C-type natriuretic peptide (CNP) is a small peptide hor-

mone that plays a critical role in linear growth. It is pro-

duced in the growth plate and signals through a paracrine
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mechanism. Its bio-inactive aminoterminal propeptide

(NTproCNP) is easily measurable in plasma, and levels reflect

the rate of CNP biosynthesis. Previous studies in lambs10 and

children11 have shown that the plasma concentrations of

NTproCNP correlate with linear growth velocity at all phases

of skeletal growth and increase during rhGH therapy.12–14 In

GH-deficient rats, plasma NTproCNP levels correlate highly

with length velocity and growth plate expansion during

growth hormone treatment.15 Collectively these findings sug-

gest that changes in the plasma concentration of CNP pep-

tides may serve as biomarkers of growth plate responsivity in

children commencing rhGH treatment. However, before such

clinical utility can be determined, the pharmacodynamic

responses of blood levels of CNP and NTproCNP to rhGH

need to be defined. The objective of this study was to

describe the pharmacodynamics of CNP and NTproCNP in

response to rhGH in two cohorts of children with short sta-

ture, one with low levels of GH on biochemical testing and

another with idiopathic short stature. Based on previous

research, we hypothesized that plasma NTproCNP would

increase within days of starting rhGH treatment and fall to

pretreatment levels within days of stopping treatment. Further,

we postulated that the response profiles of NTproCNP

(sourced from responsive growth plates) would differ from

IGF-I (sourced from the liver) and from bone-specific alkaline

phosphatase (BSAP, sourced from new bone formation).

Because decreases in leptin is reported to reflect rhGH-stimu-

lated height velocity,16 the pattern of change in plasma leptin

was also studied.

Material and methods

Subjects

Subjects were prepubertal children older than 3 years of age

with short stature (height SDS <�2�0) and classified as either

having low levels of GH on biochemical testing (peak growth

hormone level after stimulation of <7 ng/ml) or as idiopathic

short stature (stimulated growth hormone level ≥7 ng/ml).

Growth hormone stimulation tests were sequential arginine

and insulin-induced hypoglycaemia and were not sex steroid-

primed. All subjects were free of any other conditions that

might impact growth. Subjects were na€ıve to rhGH treatment,

and children on oral glucocorticoids or medications to treat

attention deficit disorder were excluded. Children were free of

any acute illnesses or fractures at the start of rhGH

treatment.

Subjects were recruited and treated at the endocrinology clin-

ics at Nemours Children’s Specialty Care, Jacksonville, FL, or at

Children’s Hospital Los Angeles, Los Angeles, CA. This study

was approved by the Institutional Review Boards of Nemours

Children’s Clinic and the Children’s Hospital Los Angeles.

Signed parental permission and child assent (subjects 7 years or

older) were obtained for all subjects. This study was registered

on ClinicalTrials.gov, trial number NCT01504802.

Study procedures

Subjects were treated with Norditropin rhGH (Novo Nordisk,

Plainsboro, NJ, USA) at a dose of 0�05 mg/kg/day. Families were

instructed to give the injection at 9 pm. Dose adjustments were

made based on weight during the study. The rhGH was stopped

for 7 days after the 6-month visit to assess biomarker clearance.

Patients were seen at baseline (the day of starting rhGH, before

the first injection was given), and at 3, 6 and 12 months after

starting. Anthropometric measurements were performed at each

visit, along with an assessment for adverse effects. Blood for

biomarkers was drawn at baseline and at days 2, 4, 7, 14 and 28,

and at 3 months. At the 6-month visit, the rhGH was stopped

and blood was drawn that day, and then 2, 4 and 7 days later

while the subject was off the rhGH. The rhGH was then

restarted. A final blood sample was taken at the 12-month visit.

Blood was drawn at 9 am, about 12 h after the previous rhGH

injection. Blood samples were assayed for CNP, NTproCNP,

GH, IGF-I, BSAP and leptin.

Assays

Blood was drawn into plain top (serum) and EDTA (plasma)

collection tubes and stored at 4 °C until processed. Blood was

centrifuged at 4 °C, and serum and plasma aliquoted and fro-

zen at �80 °C until assayed. The radioimmunoassays used for

plasma CNP and NTproCNP were as previously described11,17.

Other assays (GH, IGF-I, BSAP and leptin) were run by

Quest Diagnostics, Inc. (Madison, NJ, USA), using commercial

assays. The GH assay used by Quest was the Siemens (Tarry-

town, NY, USA) Immulite 2000 GH assay, which detects both

the 20k and 22k isoforms.

Statistical analysis

Standard deviation scores (SDS) were calculated using the LMS

method.18 Height SDS were calculated using Center for Disease

Control 2000 LMS data.19 Standard deviation scores for

NTproCNP were calculated using reference LMS data from our

previous study of healthy children.11 For IGF-I, SDS were calcu-

lated using the mean and SD data of Brabant, et al.20. Bone ages

were determined using the method of Greulich and Pyle21 and

SDS calculated using the mean and SD data of the Brush Foun-

dation Study.22

Data are summarized as median and interquartile range

(25–75th percentiles). Anthropometric data of the subject groups

were compared using Mann–Whitney rank-Sum tests. Pharma-

cokinetic and pharmacodynamic data were analysed using ANOVA

with repeated measures with Holm-adjusted t-tests for post hoc

pairwise analysis. Correlations between NTproCNP level and

height velocity were performed by fitting a line by least squares

and performing linear regression analysis. Pearson product–mo-

ment correlation coefficients (r) are reported. Statistics were cal-

culated using PRIMER of Biostatistics software (version 7; The

McGraw-Hill Companies, Inc., New York, NY, USA). Signifi-

cance was assumed for P values less than 0�05.
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Results

Subjects

Twenty-two subjects were enrolled in the study, ten with low

levels of GH on biochemical testing and twelve with idiopathic

short stature. Each of the ten subjects classified as having low

levels of GH had head MRIs that showed a normal hypothala-

mus and pituitary gland. One subject was noted to have Chiari

1 malformation and another had a nonspecific finding of ‘mul-

tiple tiny loci of T2 and flair hyperintensity’. One subject (with

low levels of GH) was a screening failure and another

(idiopathic short stature) withdrew consent before starting

treatment. One subject (with low levels of GH) was lost to fol-

low-up after the 3-month visit and not included in the analysis.

One subject (idiopathic short stature) discontinued rhGH after

the 6-month visit due to behavioural changes felt by the family

to be medication-related. Pharmacokinetic and pharmacody-

namic data on this subject were included in the analysis, but

not in the correlation analysis involving height velocity. Hence,

for the pharmacokinetic and pharmacodynamic analysis, 19 sub-

jects (eight with low GH levels and 11 with idiopathic short sta-

ture) were studied. For the height velocity correlation analysis,

18 subjects (eight with low GH levels and 10 with idiopathic

short stature) were studied. Subject characteristics are presented

in Table 1. All subjects were prepubertal at baseline. By the 6-

month study visit, two subjects (one boy, one girl), and by the

12-month study, an additional four subjects (two boys, two

girls) had reached genitalia Tanner stage II. All subjects demon-

strated an increase in height velocity during the year of treat-

ment with a range of change in height velocity of 2�1–8�2 cm/

year and a range of change in height SDS of 0�3–1�2. No serious

adverse effects occurred during the study, although one family

discontinued treatment due to behaviour changes perceived to

be due the rhGH, but which were felt by the investigator to be

unrelated. The only significant differences between the subjects

with low levels of GH and those with idiopathic short stature

were the peak growth hormone levels after stimulation and a

higher height SDS in the low GH level group after 1 year of

treatment. Height velocity (both in cm/year and change in

height SDS) did not differ between the groups either before or

after treatment.

Pharmacokinetics

Serum GH levels were measured at 9 am, about 12 h after the

most recent rhGH dose. Comparison of the subjects with low

levels of GH and the idiopathic short stature subjects showed no

differences in GH level at any time point, nor in timing of maxi-

mum level of GH. The groups were then combined for subse-

quent analysis. Figure 1 (upper panel) shows the

pharmacokinetics of GH for the 12 months of treatment. Sum-

mary data are shown in Table 2. There is considerable variability

in the levels at each time point. The pharmacokinetic pattern is

one of a very rapid rise, levels having already reached a peak

2 days after starting daily dosing. Levels then fell to a steady

state by 14 days and stayed at this level for the remainder of the

first year of treatment.

Pharmacodynamics

The response of plasma levels of CNP to rhGH is shown in

Fig. 2 (upper panel). The pattern shows a rapid initial rise,

reaching peak values after 7 days and plateauing through

28 days (Table 2). Levels then remain at this level or fall slightly

through the rest of the year of treatment. Although ANOVA with

repeat measures was significant (P < 0�0005), no pairwise com-

parisons between any time points reached significance. Median

time interval to reach peak CNP concentration (Tmax) within

individuals was 28 days (Table 2).

Compared to levels of GH, IGF-I and CNP, there is less vari-

ability in NTproCNP levels (Fig. 2, lower panel). As with CNP,

plasma NTproCNP levels rise rapidly through 7 days. The med-

ian time interval to reach peak NTproCNP concentration (Tmax)

within individuals was 14 days (Table 2), although levels at days

7, 14 and 28 were not statistically different. Levels measured at

4, 7, 14 and 28 days underestimated the actual NTproCNP peak

by a mean of 22�3%, 11�6%, 8�9% and 10�2%, respectively. This

is followed by a gradual, but significant, decline through the first

Table 1. Subject Characteristics

Low GH level ISS

Number enrolled 10 12

Number completed 8 10

Age (year) 8�1 (7�2 to 9�4) 8�0 (6�6 to 10�2)
Sex (M:F) 5:4 7:4

Peak GH on testing

(ng/ml)

4�1 (3�1 to 5�3) 14�0 (11�0 to 14�6)*

Baseline ht SDS �2�6 (�2�8 to �2�2) �3�0 (�3�4 to �2�7)
Height SDS –
midparental

ht SDS

�1�3 (�1�6 to �0�9) �1�8 (�2�2 to �1�5)

Bone age SDS �2�7 (�3�0 to �2�5) �2�2 (�2�5 to �1�5)
Pretreatment

HV (cm/year)

6�0 (5�1 to 6�2) 4�1 (3�8 to 5�1)

Baseline IGF-I SDS �1�5 (�1�9 to �1�3) �0�9 (�1�9 to �0�6)
Baseline NTproCNP SDS �0�4 (�0�7 to 0�8) �0�6 (�1�0 to 0�7)
Post-treatment ht

SDS

�1�6 (�1�9 to �1�2) �2�2 (�2�7 to �1�9)*

Treatment HV (cm/year) 10�7 (10�1 to 12�2) 9�6 (8�7 to 10�6)
Treatment HV (D SDS) 1�0 (0�8 to 1�1) 0�8 (0�7 to 1�0)
12-month IGF-I SDS 1�0 (0�7 to 1�6) 0�7 (0�2 to 2�0)
12-month NTproCNP

SDS

0�8 (0�4 to 1�3) 0�6 (0�2 to 1�8)

Data are expressed as median (25 to 75th percentile).

Low GH level, short-statured children with low GH levels to biochemical

testing; ISS, children with idiopathic short stature; IGF-I, insulin-like

growth factor-I; NTproCNP, aminoterminal propeptide of C-type natri-

uretic peptide; ht, height; HV, height velocity.

*P < 0�05 between the treatment groups by Mann–Whitney rank-sum

test.
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year. Levels at all treatment time points were higher than pre-

treatment levels.

When rhGH was stopped for 7 days at the 6-month treatment

visit, levels of CNP and NTproCNP decreased (data not shown).

For NTproCNP, the levels dropped in a linear manner, and at 4

and 7 days after stopping rhGH, levels were not different from

baseline (pretreatment) levels.

The NTproCNP-to-CNP ratio is a measure of CNP clearance

and did not change in response to rhGH treatment (ANOVA with

repeated measures, P = 0�2).
The pharmacodynamic response of serum IGF-I levels to

rhGH is shown in Fig. 1 (lower panel). The pattern is one of a

rapid rise in levels after 2 days, followed by continued slow

increases through the first year of treatment. The peak level was

at the 12-month time point (Table 2). All points on treatment

were higher than baseline levels and all, except the 6-month time

points, were less than the peak at 12 months.

For BSAP, serum levels did not start to increase until 14 days

after starting treatment and peaked after 6 months (Fig. 3,

upper panel). Leptin levels (Fig. 3, lower panel) showed a great

deal of variability and no pairwise comparisons reached signifi-

cance. The trend was for an increase already by treatment day 2,

with levels falling back to baseline by day 28.

Correlations

Although this study was not powered to identify correlations

between biomarker level and height velocity during growth hor-

mone treatment, exploratory analysis identified an unexpected

correlation between growth hormone levels after 2 days of rhGH

treatment and height velocity after 6 months (n = 19, r = 0�575,
P < 0�05) and after 12 months (n = 18, r = 0�755, P < 0�0005)
(Fig. 4). Similarly, the GH level after 28 days of treatment corre-

lated with height velocity at 6 months (n = 19, r = 0�589,
P < 0�01) and 12 months (n = 18, r = 0�771, P < 0�0005).

Fig. 1 Pharmacokinetics of rhGH and pharmacodynamics of IGF-I. Recombinant human growth hormone was given at about 9 pm nightly, and serum

growth hormone levels were drawn at about 9 am. The low growth hormone level and idiopathic short stature groups were combined; n = 19 for all

points except for month 12 (n = 18). Points show the median and error bars the 25th and 75th percentiles. Upper panels, pharmacokinetics of rhGH.

The fitted curve is a power equation (excluding the baseline value). *, levels differed from baseline (P < 0�05); †, levels differed from the peak value at

treatment day two (P < 0�05, ANOVA with repeated measures with Holm adjust t-test pairwise comparison). After treatment day 14, the levels were not

statistically different. Lower panels, pharmacodynamics of IGF-I. The fitted curve is a power equation. *, levels differed from baseline (P < 0�05); †,
levels differed from the peak value at treatment month 12 (P < 0�05).

Table 2. Pharmacokinetics and pharmacodynamics

Concbaseline Concmax Tmax (days)

GH (ng/ml) 0�3 (0�1–1�7) 6�8 (4�3–9�3) 5�5 (2–28)
CNP (pM) 1�4 (1�2–1�8) 2�6 (2�3–2�8) 28 (7–123)
NTproCNP

(pM)

33�4 (29�9–36�4) 47�8 (43�1–60�6) 14 (14–28)

IGF-I

(ng/ml)

107�5 (75�3–133�5) 249�5 (219�3–327�8) 203 (182–366)

BSAP

(ng/ml)

63�1 (46�5–73�8) 97�8 (82�5–116�6) 182 (98–196)

Leptin

(ng/ml)

2�1 (1�4–2�8) 3�2 (2�3–3�8) 4 (2–7)

Data are expressed as median (25–75th percentile).

Concbaseline, analyte level measured before starting rhGH; Concmax, maxi-

mum blood concentration measured during the first year of rhGH treat-

ment; Tmax, time after starting rhGH that analyte reached its maximum

measured concentration; GH, growth hormone; IGF-I, insulin-like

growth factor-I; CNP, C-type natriuretic peptide; NTproCNP, aminoter-

minal propeptide of CNP; BSAP, bone-specific alkaline phosphatase.

© 2016 John Wiley & Sons Ltd
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Plasma levels of NTproCNP after 14 days of treatment trended

towards a correlation with height velocity after 6 months

(n = 19, r = 0�443, P = 0�06) and after 12 months (n = 18,

r = 0�446, P = 0�06).

Discussion

This was a small study, powered to evaluate the pharmacody-

namic responses of plasma levels of CNP and NTproCNP to

rhGH. This is the initial step in determining appropriate time

points at which to measure these biomarkers in relation to

rhGH administration. In this regard, we were able to ascertain

that CNP and NTproCNP rise to peak levels 14 days after

growth hormone initiation, suggesting that this is the best time

to obtain these biomarkers. Levels were not statistically differ-

ent between 7 and 28 days. However, levels drawn at 7 or

28 days were associated with an increased likelihood of under-

estimating that the actual NTproCNP peak level. Levels subse-

quently fall to intermediate levels through the first year of

treatment. In contrast, after an initial rapid rise, IGF-I slowly

increased to attain peak levels at 12 months. Blood BSAP levels

were later to rise than those of NTproCNP and increased to

peak levels at 6 months. While previous studies identified a

decrease in leptin levels is response to rhGH, we found that

leptin levels initially rose and then returned to pretreatment

levels by 28 days.

Fig. 2 Pharmacodynamics of CNP and NTproCNP

to rhGH. Points show the median and error bars

the 25th and 75th percentiles. The curves are

smoothed, two-point running average; reasonable

fits could not be obtained with traditional models.

Upper panels, pharmacodynamics of CNP. ANOVA

with repeated measures was significant

(P < 0�0005), but no pairwise comparisons reached

significance. Lower panels, pharmacodynamics of

NTproCNP. *, levels differed from baseline

(P < 0�05); †, levels differed from the peak value at

treatment day 14 (P < 0�05).

Fig. 3 Pharmacodynamics of bone-specific alkaline

phosphatase and leptin to rhGH. Points show the

median and error bars the 25th and 75th

percentiles. The curves are smoothed, two-point

running average; reasonable fits could not be

obtained with traditional models. Upper panel,

pharmacodynamics of bone-specific alkaline

phosphatase (BSAP). *, levels differed from

baseline (P < 0�05); †, levels differed from the peak

value at 6 months (P < 0�05). Lower panel,

pharmacodynamics of leptin. ANOVA with repeated

measures was significant (P < 0�0005), but no

pairwise comparisons reached significance.

© 2016 John Wiley & Sons Ltd
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We attempted to compare children with true growth hormone

deficiency with those with idiopathic short stature. However,

other than the peak GH response to biochemical testing, the two

groups were comparable in all other respects; the group with

low GH levels had few other features of true growth hormone

deficiency, such as low pretreatment height velocity or abnor-

malities on head MRI. Likely, many or most of the children in

the low GH level group were children with idiopathic short sta-

ture and had ‘false-positive’ results on GH stimulation testing.

For this reason, we have not designated this group as having

growth hormone deficiency, but rather as having low GH levels

on biochemical testing.

Previous work has clearly established a close link between

plasma NTproCNP concentrations and concurrent linear growth

velocity in rats,15 sheep10 and children.10–14 This is the first

report of the dynamic response in CNP peptides to rhGH initia-

tion in children with short stature, the effect of rhGH with-

drawal after 6 months treatment, and the response of CNP

peptides during a 1-year treatment period. In line with our

hypotheses, plasma NTproCNP increased rapidly after starting

rhGH and, after cessation of rhGH, returned to baseline values

within 7 days.

There is compelling evidence that CNP production within

mammalian growth plates (or closely related tissue) acts as a

driver of postnatal linear growth.23,24 As postnatal endochondral

bone growth is largely driven by GH, study of the time course

of changing CNP production should preferably be undertaken in

children with subnormal height velocity. We used conventional

criteria for selecting children warranting GH treatment. Overall,

the response in height velocity to rhGH in the combined group

was within the expected range of response for this age group25

using the dose employed in this study (0�05 mg/k/day). Earlier

observations in rodent pups with severe GH deficiency noted an

increase in plasma and growth plate tissue concentrations of

CNP peptides occurred within 24 h of starting daily GH

(0�3 mg/k/day).15 We describe here a similar rapid response in

children.

The molecular events linking GH actions to CNP production

in growth plate chondrocytes remain to be clarified but likely

involve IGF-I-mediated up-regulation of the CNP gene (NPPC)

within growth plate chondrocytes, with the consequent increase

in abundance of proCNP, CNP and NTproCNP. Increases in

CNP peptides in plasma likely reflect growth plate tissue expres-

sion of these secreted peptides. Within the growth plate, the

action of CNP is mediated through its receptor, natriuretic pep-

tide receptor B (NPR-B), which generates cGMP as the intracel-

lular second messenger. This signalling enhances extracellular

matrix formation and stimulates chondrocyte differentiation into

larger hypertrophic cells.26 The dynamic responses as observed

here are consistent with these cellular events. The present find-

ings clearly show the quite different blood profiles of IGF-I

(rapid increase, then increasing progressively during GH treat-

ment) and NTproCNP, which is likely to reflect changes in

growth plate activity. It is important to note that CNP is

expressed across a wide range of tissues27; extraskeletal sources

possibly responsive to GH also need to be considered. Similarly,

skeletal sources other than growth plates may contribute as

recent studies suggest that CNP participates in bone remod-

elling.28,29 The pattern of BSAP (a marker of new bone forma-

tion) is also quite different. As expected, rise in BSAP occurs

several days later than CNP and NTproCNP and then continues

to increase progressively in the next 6 months. This profile rep-

resents contributions made by new bone formation in the

growth plate, but also from skeletal remodelling. By comparison,

CNP is a regulatory factor of growth plate chondrocytes; the

two analytes are markers of distinct and separate processes

within the skeleton, confirming previous findings.30

We took this opportunity to study the pharmacokinetics of

rhGH with repeated daily dosing. We identified a complex pat-

tern that could not be modelled using traditional approaches.

Because IGF-I inhibits endogenous GH release, we explored

models that included IGF-I levels, but again were unable to

identify a reasonable fit for the data.

Although this study was not powered to look at correlations

between biomarker levels and height velocity, exploratory analy-

sis revealed some interesting findings. We observed a trend for a

positive correlation between peak NTproCNP levels and 6- and

12-month height velocities. Although many factors have the

potential to affect the linear growth response to exogenous GH,

evidence that CNP is critical to endochondral bone growth and

stimulates all zones of the growth plate23 makes it a good candi-

date for possible clinical applications in assessing responsivity.

Intuitively, a product of newly stimulated chondrocytes with

multiple actions downstream which expand long bones would

Fig. 4 Correlation between measured GH level and

height velocity. Growth hormone levels were

measured 2 days (left panel) and 28 days (right

panel) after starting rhGH treatment and compared

to height velocity after 1 year. Lines are the least

squares best fit lines. The correlation is significant

for the 2-day measurements (n = 18, r = 0�755,
P < 0�0005) and the 28-day measurements

(r = 0�771, P < 0�0005).

© 2016 John Wiley & Sons Ltd

Clinical Endocrinology (2016), 0, 1–8

6 R. C. Olney et al.



be expected to correlate with sustained increases in height

velocity.

An unexpected and novel observation of this study was the

strong correlations seen between serum GH levels at 2 and

28 days and height velocities after 6 and 12 months of rhGH

treatment. This was a post hoc finding and therefore needs to

be interpreted with caution. Bozzola, et al.31, also described a

significant positive correlation between peak GH level (within

12 h after the first rhGH injection) and change in height veloc-

ity SDS after 1 year of treatment (n = 8, r = 0�89, P < 0�01) in

prepubertal children with growth hormone deficiency. These

were also post hoc findings in a small number of children but

suggest that the absorption of the hormone from subcutaneous

tissue affects efficacy. Our observations linking GH concentra-

tions with height velocity are based on values at 12 h postinjec-

tion but may still be relevant to those of Bozzola as values at

12 h are likely to be related to peak values between 0 and 12 h

of injection. Previous studies32 show that the time interval to

achieve maximal concentration (tmax) of rhGH after subcuta-

neous injection in prepubertal boys with growth hormone defi-

ciency is 3�8 � 0�5 h (mean�SD) and is followed by a

disappearance half-life (t1/2) of 2�3 � 0�4 h (n = 12).32 Hence,

12 h after an injection, GH levels are expected to be roughly

between 5 and 15% of the peak GH level, depending on indi-

vidual variation in the rate and extent of rhGH absorption and

in rate of rhGH clearance. Once absorbed into the circulation,

growth hormone is cleared primarily through renal filtration

and through uptake by the growth hormone receptor.33 In nor-

mal subjects, up to 40% of circulating GH is bound to a high

affinity protein (growth hormone binding protein, GHBP)

which is the soluble form of the extracellular domain of the

GH receptor.34 Growth hormone binding to GHBP reduces the

renal filtration of GH, playing a significant role in GH clear-

ance and rhGH half-life. Measurements of plasma GHBP itself

have been shown to be positively associated with the height

velocity response to rhGH in GH-deficient children,35 although

rhGH did not affect GHBP levels. Individual differences in

GHBP levels and/or other factors that affect rhGH clearance

might result in higher GH levels 12 h after rhGH administra-

tion and by prolonging rhGH exposure might increase its effec-

tiveness. Collectively, these findings suggest that variability in

the absorption and metabolism of rhGH may be playing a

more significant role in growth responsiveness than previously

thought.

In conclusion, these findings are encouraging and larger,

prospective studies are now necessary to assess the value of using

GH and NTproCNP levels as biomarkers at these identified time

points to predict height velocity in children being treated with

rhGH.
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