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Summary
Background—Puberty is characterized by increases in growth hormone (GH) and insulin-like
growth factor-1 (IGF-1) and the pubertal growth spurt. Bone formation and resorption also
increase, consistent with increased bone metabolism.

Objective—To determine the relationship between pubertal bone metabolism, GH and IGF-1.
We hypothesized that bone turnover peaks at the time of greatest pubertal GH secretion.

Design and Subjects—Subjects included 86 girls and boys, 9–17 years-old (BMI 10th–90th
percentiles). Because higher endogenous GH secretion is associated with a higher nadir following
oral glucose, we used the GH nadir following a 2-h OGTT as indicative of GH status. Fasting
serum IGF-1, aminoterminal propeptide of type 1 procollagen (P1NP) and carboxy-terminal
collagen cross-links (CTX) were obtained. Subjects were grouped per expected timing of peak
growth. Group 1: Tanner 1 girls and Tanner 1–2 boys (period preceding peak growth), Group 2:
Tanner 2–3 girls and Tanner 3–4 boys (period of peak growth) and Group 3: Tanner 4–5 girls and
Tanner 5 boys (period following peak growth).

Results—GH peaked at mid-puberty (Group 2) and IGF-1 in late puberty (Group 3). P1NP and
CTX were highest in mid-puberty compared with early and late puberty (P = 0·0009 and 0·006 in
girls and P = 0·005 and 0·04 in boys). GH, but not IGF-1, correlated with P1NP (r = 0·46 in both
genders, P ≤ 0·008) and CTX (r = 0·37 and 0·38, P = 0·04 and 0·02 in girls and boys, respectively).
Similarly, on regression modelling, GH (but not IGF-1) predicted both bone turnover markers in
both genders.

Conclusion—GH is strongly associated with pubertal bone metabolism, independent of systemic
IGF-1 in girls and boys.

Introduction
Puberty is characterized by marked hormonal changes and rapid growth. Early pubertal
increases in testosterone and oestrogen secretion are followed by increases in growth
hormone (GH) secretion and production of insulin-like growth factor-1 (IGF-1), factors
important for skeletal growth and maturation.1–5 Following increases in levels of GH and
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IGF-1, rapid increases in height velocity and the pubertal growth spurt occur. During this
growth phase, the skeleton undergoes marked linear growth at the epiphyses and increased
bone mineral deposition. Puberty is characterized by bone modelling, which produces new
bone formation at sites not undergoing resorption, and this occurs in conjunction with bone
remodelling, a process characterized by new bone formation and resorption occurring at the
same bone site. Both processes together lead to pubertal alterations in bone shape and in net
increases in height and bone mass accrual.6 However, it is unknown whether GH or IGF-1
levels are stronger determinants of pubertal bone mass accrual.

Serum surrogate markers of collagen synthesis and collagen degradation products enable the
assessment of bone turnover in vivo.7–9 Although it is generally assumed that increases in
levels of surrogate markers of bone turnover (or bone metabolism) during puberty are
consequent to changes in GH and IGF-1 secretion, recent studies have demonstrated
relatively weak associations of IGF-1 levels and markers of bone turnover in puberty.3

Importantly, there are no reported studies at this time evaluating pubertal associations of GH
with markers of bone turnover, particularly in relation to pubertal stages corresponding with
peak growth. Because of the pulsatile nature of GH secretion, assessment of GH status
entails either a stimulatory dynamic test of GH secretion (most useful in states of low
endogenous GH secretion), frequent sampling to assess secretory characteristics, or
assessment of the GH nadir following an oral glucose load (most useful in states of high
endogenous GH secretion). Puberty is characterized by high levels of endogenous GH
secretion, and we have previously demonstrated strong associations of the GH nadir
following an oral glucose load in normal puberty with GH secretory characteristics.10,11

Girls and boys have similar levels of bone turnover markers at a given age before the onset
of puberty.12 Increases in bone turnover markers coincide with increases in linear growth
velocity.13–15 Because the timing of peak pubertal growth differs in boys versus girls, levels
of bone turnover markers differ at any given age. Bone turnover markers in boys rise later,
are greater and last longer compared with girls.14–16 GH levels and growth velocity increase
during puberty in both boys and girls; however, in addition to differing in age of onset, these
also differ in the phase of puberty during which the increase occurs. Girls typically have an
earlier peak pubertal growth velocity than boys, occurring at Tanner stages 2–3 (mean age
11·5 years),17 and peak GH secretion occurs at Tanner stage 3.18 In contrast, peak pubertal
growth occurs later in boys, during Tanner stages 3–4 (mean age 13·5 years), and highest
levels of GH also occur at Tanner stage 4.17,19

Although many studies have demonstrated an association of increased bone turnover
markers and peak pubertal growth, studies evaluating associations of GH, IGF-1 and bone
turnover markers are limited, particularly in relation to gender. We hypothesized that bone
modelling, as evidenced by increased levels bone turnover markers, increases during peak
pubertal growth and is associated with increases in GH and IGF-1 secretion in both boys and
girls.

Subjects and methods
Subject selection

Subjects were recruited between 9 and 17 years of age at various pubertal stages (Tanner
stages) with a body mass index (BMI) between the 10th and 90th percentiles for age. A total
of 107 subjects were initially recruited, 64 girls and 43 boys. Twenty-three girls and six boys
were excluded because of incomplete data. Analyses were performed on 86 subjects; 45
boys and 41 girls as follows: Tanner stage 1 (n = 13) seven girls and six boys, Tanner stage
2 (n = 18) seven girls and eleven boys, Tanner stage 3 (n = 13) seven girls and six boys,
Tanner stage 4 (n = 12) five girls and seven boys and Tanner stage 5 (n = 30) 15 girls and 15
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boys. Ethnicity included 74% non-Hispanics, 24% Hispanics and 2% unknown. Self-
reported racial make-up included 72% white subjects, 12% black subjects, 9% more than
one race, 5% Asian and 2% unknown. Subjects were excluded if they had a medical
condition or were taking medications within the preceding three months that affect the
metabolism of glucose or GH (such as disorders of the thyroid or pituitary glands, Cushing’s
syndrome, diabetes mellitus and renal failure) or were taking oestrogen. Subjects were
recruited from paediatric practices and health care centres affiliated with Massachusetts
General Hospital (MGH) paediatric practices using mass mailing and fliers. The institutional
review board approved this study, and informed written consent and assent were obtained
from all parents and subjects.

Experimental protocol
All subjects underwent a history and physical examination, including Tanner staging. Breast
staging for girls and genital staging for boys were performed, and subjects were placed into
three different groups based on stage of puberty, as previously reported.10 Tanner staging
was performed by two paediatric endocrinologists who established agreement between their
findings in 30 children before study initiation. This grouping was based on expected timing
of peak height velocity, such that group 1 indicated the stage preceding peak growth (Tanner
stage 1 in girls and stages 1–2 in boys), group 2 included subjects in Tanner stages
associated with peak growth (Tanner stages 2–3 in girls and stages 3–4 in boys), and group 3
included subjects in Tanner stages following peak growth (Tanner stages 4–5 in girls and
stage 5 in boys).10,14 Eligible subjects were studied at a single outpatient visit to the MGH
Clinical Research Center. Post-menarchal girls were evaluated during the follicular phase
(days 1–10) of their menstrual cycle.

Subjects came fasting for the study visit between 8:00 and 10:00 AM. A fasting blood
sample was obtained for levels of IGF-1, aminoterminal propeptide of type 1 procollagen
(P1NP) (a marker of bone formation), carboxy-terminal collagen crosslinks (CTX) (a
marker of bone resorption) and 25(OH) vitamin D. An oral glucose tolerance test was
performed (2·35 g/kg, with a maximum dose 100 g). Blood samples were drawn fasting at
baseline and 30, 60, 90 and 120 min after oral glucose administration for GH levels.
Pregnancy was ruled out in all girls. Data regarding GH levels, but not IGF-1 levels or levels
of bone turnover markers, have been previously published.10

Biochemical assays
GH was measured with IRMA (Immulite 2000 Analyzer; Diagnostic Products Corp., Los
Angeles, CA) (detection limit 0·01 ng/ml, intra-assay coefficient of variation (CV) 5·7%,
inter-assay CV 8·2%). In addition to determining the nadir of GH over the two hours
following oral glucose administration, we used Cluster analysis to determine area under the
curve 12 for GH. IGF-1 was measured by the ISYS Analyzer (Immunodiagnostic Systems
Inc., Scottsdale, AZ; detection limit 4·4 ng/ml, intra-assay CV 2·2% and inter-assay CV of
5·1%). PINP was measured using a RIA (Orion Diagnostica, Espoo, Finland), with a
detection limit of 1·0 ng/ml, intra-assay CV of 2·9% and inter-assay CV of 4·6%. CTX was
measured by the ISYS Analyzer (Immunodiagnostic Systems Inc., Scottsdale, AZ; detection
limit 0·023 ng/ml, intra-assay CV 3·2% and inter-assay CV 6·2%). 25(OH) vitamin D was
assessed using the ISYS Autoanalyzer (Immunodiagnostic Systems Inc., Scottsdale, AZ;
limit of detection 1·5 ng/ml, intra-assay CV 4·4–8·3% and inter-assay CV 6·2–12·5%).
Samples were stored at −80 °C until analysis and run in duplicate.

Statistical methods
Data are described as means ± SD. Version 5 of JMP (SAS Institute, Inc., Cary, NC) was
used for data analysis. Natural log transformations were performed for data not normally
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distributed. Two-group comparisons of means were evaluated with the Student’s t-test. We
used ANOVA, followed by the Tukey–Kramer test to adjust for multiple comparisons, for
three-group comparisons. Levels of markers of bone turnover were compared across groups
to determine whether the highest levels of these markers corresponded to pubertal stages
known to be associated with peak pubertal growth. Nontransformed values for the mean and
range are reported for values when logarithmic conversions were used, for ease of
interpretation. Simple correlational analyses were used to determine parameters associated
with P1NP and CTX for the group as a whole, and within girls and boys. For data not
normally distributed, we used Spearman’s correlation. Finally, stepwise regression
modelling was performed to determine independent predictors of P1NP and CTX. We used
a P value of 0·10 to enter and to leave the model.

Results
Table 1 shows the clinical and biochemical characteristics of all subjects separated by
gender. Overall, there was no difference in mean age. However, when subjects were
separated into groups based on the timing of expected peak pubertal growth, there was a
significant difference between the ages of boys and girls as expected, given that boys have
their peak growth velocity later in puberty compared with girls. The genders did not differ
for GH parameters, IGF-1, P1NP, CTX or 25(OH) vitamin D levels. Vitamin D levels were
normal in the majority of our subjects. Only 17% had vitamin D levels in the insufficient
range (<20 ng/ml; <50 nmol/l) and 6% in the deficient range (<15 ng/ml; <37·5 nmol/l).

When subjects were separated based on timing of peak growth and gender, in girls (Table 2),
GH nadir was higher in Group 2 compared with Groups 1 and 3 (Table 3). IGF-1 was the
highest in Group 3. Similar to GH nadir, both P1NP and CTX were highest in Group 2. In
boys (Table 3), both GH nadir and GH AUC were significantly higher in Group 2 compared
with Groups 1 and 3. IGF-1 followed the trend seen in the girls with the highest levels in
Group 3. Similar to GH, both P1NP and CTX were higher in Group 2 than in Groups 1 and
3. Vitamin D levels did not differ between the groups in either gender.

Table 4 shows correlations of P1NP and CTX with clinical and biochemical parameters. GH
nadir and GH AUC were positively associated with P1NP and CTX (Fig. 1), whereas age
was negatively associated with P1NP in boys. BMI-SDS and IGF-1 were not significantly
associated with P1NP or CTX overall. However, we did find a positive association of P1NP
with IGF-1 in Group 3 girls (r = 0·54, P = 0·05). We also examined associations of season of
blood draw and vitamin D with levels of P1NP and CTX and found no associations in either
group (data not reported). Of interest, GH levels did not correlate with IGF-1 levels.

On regression modelling with age, BMI-SDS, IGF-1 and either GH nadir (Table 5a) or GH
AUC (Table 5b) entered into the model, GH nadir and GH AUC were independent and
positive determinants of both P1NP and CTX. These findings did not change when IGF-1
was removed from the model. IGF-1 levels did not determine P1NP levels in these
regression models and were found to be a significant determinant of CTX only in boys when
GH parameters were not added to the model (r2 = 0·25; P = 0·04).

Discussion
We show that during puberty, GH status, but not IGF-1, is positively associated with
markers of both bone formation and resorption, which peak at the pubertal stages associated
with peak growth in both boys and girls. Our data suggest that rising levels of GH in puberty
(independent of systemic IGF-1) are likely responsible for the increase in bone turnover
associated with puberty.
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Previous studies have shown that bone turnover markers are higher at times of rapid growth,
such as in infancy and puberty.16,20,21 Our study evaluated the associations of GH and
IGF-1 with levels of bone turnover markers at different stages of puberty based on the
timing of peak growth. GH, P1NP and CTX were highest at the pubertal stages that
correspond with peak pubertal growth for both genders. Our data are consistent with those of
other studies showing that boys have the highest GH levels at Tanner stage 4 of puberty 17,19

and also have the highest P1NP and CTX levels at Tanner stage 4.14,22 In girls, we found
that GH, PINP and CTX were highest in Tanner stages 2–3 of puberty, similar to findings in
other studies.14,23,24 However, these earlier studies examined either markers of bone
turnover or GH status, and none reported levels of bone turnover markers in relation to GH.

We found a significant positive correlation of markers of both bone formation and resorption
with GH parameters in boys and girls. In addition, GH remained a positive predictor of bone
turnover markers even after controlling for age, BMI-SDS and IGF-1 in a regression model.
In contrast to findings reported by Blumsohn et al.,24 we did not find a significant
correlation of IGF-1 levels with bone turnover markers. IGF-1 was a significant predictor of
CTX only in boys in the regression model that did not include GH parameters (data not
shown). Although GH and IGF-1 levels were not significantly associated in this study,
regression models were also run both with and without IGF-1 to determine whether bone
trophic effects of IGF-1 may affect the significance of GH associations with bone turnover
markers. GH remained a positive and independent predictor of P1NP and CTX in both
models. The limited variability in vitamin D levels within our subjects may explain the lack
of association of vitamin D levels or season of blood draw with markers of bone turnover.

Based on our data, we conclude that the rise in GH during peak pubertal growth may be a
stronger determinant for increasing bone turnover than systemic IGF-1. We did not find
significant associations of IGF-1 with bone turnover markers, and this may indicate that
direct GH effects, or autocrine–paracrine effects of tissue IGF-1 (which could not be
assessed in this study), are more important for bone modelling and statural growth than is
systemic IGF-1 (which was assessed in this study). Animal studies have shown that tissue
IGF-1 is more important for statural growth than is systemic IGF-1, whereas systemic IGF-1
is an important determinant of structure and density of bone.25,26 Markers of bone turnover
peaked in our study at the stage of puberty associated with peak growth and peak GH
secretion, suggesting that our findings primarily reflect the impact of GH on statural growth,
mediated by direct GH effects or autocrine–paracrine effects of tissue IGF-1, and not
systemic IGF-1.

Previous studies have shown that following peak pubertal growth, bone turnover markers
decrease but bone mass accrual continues and that peak bone mass accumulation occurs
approximately 0·7 years after peak height velocity.14,27 This suggests that IGF-1 along with
sex steroids, both of which remain elevated when compared with GH levels in late puberty,
may significantly contribute to continued bone mass accrual in the latter part of puberty. We
found that IGF-1 levels were, in fact, highest in late puberty, and there was a positive
association between P1NP and IGF-1 in late puberty within girls. Although sex steroid
levels were not evaluated in this study, other studies have reported that adult levels in late
puberty are positively correlated with bone mass accumulation.14 In addition, sex steroids,
particularly oestrogen, have important effects on skeletal growth and maturation, with
stimulating effects on growth velocity in early puberty, and inhibitory effects at the higher
sex steroid levels associated with later puberty.14,24 The decrease in levels of bone turnover
markers observed in our study in late puberty likely reflects the antiresorptive effect of
higher levels of sex steroids.
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We used the GH nadir following an oral glucose load as an indicator of GH status in this
study, because GH nadir is strongly associated with GH secretory parameters as assessed by
frequent sampling overnight.11 It will be important in future studies to determine whether
findings are similar when other methods of GH evaluation are used. Of note, GH nadir did
not correlate with IGF-1 levels, and this may be because (i) GH and IGF-1 levels peak at
different pubertal stages and (ii) nadir GH levels are not an integrated measure of GH
secretion, which may correlate better with systemic IGF-1 levels.

There are limitations of our study. First, this is a cross-sectional evaluation of subjects at
different pubertal stages, and hence, we can only infer correlation, but not causation.
Second, bone turnover markers have a diurnal variation, with peak concentrations occurring
in the morning followed by a nadir in the late afternoon.28 All of our subjects were
evaluated during the morning in the fasting state to account for this diurnal variation. In
addition, P1NP and CTX reflect bone changes at the growth plate and at the periosteum
throughout the skeleton. Thus, levels of these markers likely reflect the aggregate of these
changes. Third, GH is known to increase muscle mass. The force of muscle pull on bone
stimulates bone metabolism, which could lead to increases in bone turnover markers
independent of direct GH effects on bone. This was not possible to evaluate in our study.
Finally, we did not evaluate bone mineral content in our subjects. However, associations of
bone mass and bone turnover markers have been evaluated in previous studies,14 and in this
study, we were primarily interested in determining the hormonal control of bone turnover in
puberty. However, it would have been interesting to assess whether IGF-1 was a stronger
predictor of bone mineral content than of markers of bone turnover, consistent with animal
models that indicate that systemic IGF-1 drives bone mass and structure while tissue IGF-1
is an important determinant of statural growth.25,26

Our study provides evidence that GH status is strongly associated with bone metabolism
during peak pubertal growth in boys and girls, independent of IGF-1. Additional studies are
needed to further investigate the role of GH and IGF-1 on statural growth versus changes in
bone mass and structure in puberty.
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Fig. 1.
Aminoterminal propeptide of type 1 procollagen (P1NP) and carboxy-terminal collagen
cross-links (CTX) associations with GH nadir: GH nadir (plotted on a logarithmic scale) was
positively associated with P1NP and CTX in girls (panel a) (r = 0.46 and 0.37, P = 0.008 and
0.04, respectively) and boys (panel b) (r = 0.46 and 0.38, P = 0.003 and 0.02, respectively).
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Table 1

Clinical and biochemical characteristics of boys versus girls

Boys (n = 45) Girls (n = 41) P value

Age (years) 13·6 ± 2·3 13·2 ± 2·2 0·38

Age (years) Group 1 11·3 ± 1·3 10·4 ± 0·7 0·03

Age (years) Group 2 13·8 ± 0·9 12·2 ± 1·2 0·0004

Age (years) Group 3 15·9 ± 1·4 14·9 ± 1·3 0·03

BMI-SDS 0·07 ± 0·66 0·04 ± 0·77 0·83

GH baseline (ng/ml)* 1·77 ± 2·68 1·77 ± 2·92 0·92

GH nadir (ng/ml)* 0·17 ± 0·15 0·24 ± 0·23 0·14

GH AUC (ng/ml)* 98·7 ± 131·7 152·4 ± 179·6 0·09

IGF-1 (ng/ml) 227·1 ± 123·7 248·5 ± 119·3 0·44

Aminoterminal propeptide of type 1 procollagen (ng/ml) 513·3 ± 250·2 448·3 ± 339·6 0·33

Carboxy-terminal collagen crosslinks (ng/ml) 1·8 ± 0·7 1·5 ± 1·0 0·11

25(OH) vitamin D (ng/ml) 29·6 ± 13·9 31·3 ± 11·9 0·60

Means ± SDS.

Boys: Group 1: pre- to early puberty (Tanner stages 1–2); Group 2: mid–late puberty (Tanner stages 3–4); Group 3: late puberty (Tanner stage 5).
Girls: Group 1: prepuberty (Tanner stage 1); Group 2: early–mid puberty (Tanner stages 2–3); Group 3: mid–late puberty (Tanner stages 4–5).

*
Comparisons performed with log-transformed values to approximate a normal distribution.
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Table 2

Clinical and biochemical characteristics of girls by grouping based on timing of peak growth

Girls
Group 1 (Tanner stage 1) (n

= 7)
Group 2 (Tanner stages 2–3)

(n = 14)
Group 3 (Tanner stages 4–5)

(n = 20) P value

Age (yrs) 10·4 ± 0·7*,† 12·2 ± 1·2*,‡ 14·9 ± 1·3†,‡ <0·0001

BMI-SDS −0·13 ± 0·81 −0·22 ± 0·61 0·28 ± 0·81 NS

GH baseline (ng/ml)§ 1·55 ± 2·05 1·72 ± 2·48 1·88 ± 3·50 NS

GH nadir (ng/ml)§ 0·10 ± 0·05† 0·37 ± 0·31‡ 0·19 ± 0·15 0·02

GH AUC (ng/ml) 82·5 ± 86·5 235·9 ± 235·0 114·9 ± 135·2 0·09

IGF-1 (ng/ml) 155·3 ± 67·2* 229·5 ± 132·0 312·8 ± 92·0‡ 0·008

P1NP (ng/ml)¶ 381·9 ± 178·8 (216·6–547·3) 692·5 ± 364·0* (472·5–912·5) 239·9 ± 211·6† (239·9–211·6) 0·0009

CTX (ng/ml)¶ 1·1 ± 0·6† (0·42–1·77) 2·4 ± 1·3*,‡ (1·37–3·37) 1·1 ± 0·6† (0·77–1·47) 0·006

25(OH) vitamin D (ng/ml) 34·6 ± 6·8 33·9 ± 15·9 26·9 ± 9·3 NS

Means ± SDS.

*
P < 0·05 compared with Group 3.

†
P < 0·05 compared with Group 2.

‡
P < 0·05 compared with Group 1.

§
Comparisons performed with log-transformed values to approximate a normal distribution.

¶
Ranges provided for aminoterminal propeptide of type 1 procollagen (P1NP) and carboxy-terminal collagen crosslinks (CTX) indicate the 5th and

95th confidence intervals.
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Table 3

Clinical and biochemical characteristics of boys by grouping based on timing of peak growth

Boys
Group 1 (Tanner stage 1–2)

(n = 17)
Group 2 (Tanner stages 3–4) (n

= 13)
Group 3 (Tanner stage 5) (n

= 15) P value

Age (years) 11·3 ± 1·3*,† 13·8 ± 0·9*,‡ 16·0 ± 1·4†,‡ <0·0001

BMI-SDS 0·23 ± 0·60 −0·30 ± 0·67 0·21 ± 0·62 NS

GH baseline (ng/ml)§ 2·02 ± 2·80 2·37 ± 3·50 0·92 ± 1·36 NS

GH nadir (ng/ml)§ 0·13 ± 0·10† 0·26 ± 0·20*,‡ 0·14 ± 0·14† 0·008

GH AUC (ng/ml)§ 41·6 ± 37·7† 186·7 ± 163·0*,‡ 99·0 ± 148·4† 0·003

IGF-1 (ng/ml) 161·5 ± 71·8* 253·9 ± 134·4 278·2 ± 134·1‡ 0·02

P1NP (ng/ml)¶ 540·5 ± 125·1 (476·2–604·9) 653·3 ± 242·2* (507·0–799·7) 361·1 ± 291·0† (199·9–522·2) 0·005

CTX (ng/ml)¶ 1·81 ± 0·63 (1·48–2·15) 2·23 ± 0·76* (1·74–2·71) 1·50 ± 0·66† (1·08–1·92) 0·04

25(OH) vitamin D (ng/ml) 28·9 ± 9·0 30·3 ± 19·1 30·0 ± 15·1 NS

Means ± SDS.

*
P < 0·05 compared with Group 3.

†
P < 0·05 compared with Group 2.

‡
P < 0·05 compared with Group 1.

§
Comparisons performed with log-transformed values to approximate a normal distribution.

¶
Ranges provided for aminoterminal propeptide of type 1 procollagen (P1NP) and carboxy-terminal collagen crosslinks (CTX) indicate the 5th and

95th confidence intervals.
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Table 4

Associations of aminoterminal propeptide of type 1 procollagen (P1NP) and carboxy-terminal collagen
crosslinks (CTX) with various clinical and biochemical parameters in girls and boys

P1NP CTX

r P r P

Girls

 Age −0·30 0·08 −0·14 0·50

 BMI-SDS −0·10 0·70 −0·12 0·50

 GH nadir* 0·46 0·008 0·37 0·04

 GH AUC* 0·48 0·006 0·44 0·02

 GH baseline* 0·20 0·28 0·14 0·50

 IGF-1 −0·29 0·10 −0·16 0·40

 25(OH) vitamin D 0·20 0·96 −0·01 0·96

Boys

 Age −0·45 0·001 −0·25 0·11

 BMI-SDS −0·17 0·28 −0·29 0·07

 GH nadir* 0·46 0·003 0·38 0·02

 GH AUC* 0·38 0·01 0·35 0·03

 GH baseline* 0·48 0·002 0·30 0·08

 IGF-1 −0·00 0·99 0·25 0·12

 25(OH) vitamin D 0·02 0·90 −0·13 0·40

*
Comparisons performed with log-transformed values to approximate a normal distribution.

Significant P values are listed in bold font.
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