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(<4% remaining) had morning testosterone levels >10 nmol/l 
and 17β-estradiol >9 pmol/l.  Conclusion:  Observed early pu-
berty/initial mid puberty morning testosterone levels of 2.4–
4.2 nmol/l are associated with a 50% increase in growth ve-
locity from prepubertal growth to PHV in healthy boys. 

 Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 The influence of androgens and estrogens on growth 
is complex, as these steroids can have both a direct effect 
on bone growth and an indirect effect on longitudinal 
growth via an effect on growth hormone (GH) secretion 
 [1] . The role of androgens and estrogens in human growth 
is mainly based on studies of disease in steroidogenesis or 
steroid receptor mutations. Estrogen deficiency resulting 
from mutations in the aromatase gene  [2]  and estrogen 
resistance caused by mutation in the estrogen receptor-
alpha (ER-α) gene  [3]  lead to continued longitudinal 
bone growth into adulthood. At the other extreme is the 
complete androgen insensitivity syndrome, characterized 
by a pubertal growth spurt with a timing and magnitude 
resembling that of normal women and a final height 
greater than that of normal women (+1.4 SD) but less 
than that in normal men (–0.6 SD)  [4] .
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 Abstract 

  Background/Aims:  To study serum testosterone and estra-
diol in healthy boys in relation to growth during puberty up 
to peak height velocity (PHV).  Methods:  Growth velocity was 
analyzed through testosterone (n = 41) and 17β-estradiol 
(n = 37) 24-hour profiles in a dose-response model. Partici-
pants were 26 healthy boys admitted for short or tall stature 
or participating as healthy volunteers at the Queen Silvia 
Children’s Hospital. Other inclusion criteria included the fol-
lowing: gestational age 37–42 weeks, birth weight and 
length >–2 standard deviation score (SDS) and prepubertal 
height and weight within ±3 SDS. Testosterone was mea-
sured using a modified radioimmunoassay (RIA) with a de-
tection limit of 0.03 nmol/l. Estradiol was determined us-
ing an ultrasensitive extraction RIA with a detection limit 
4 pmol/l. A sixth-grade polynomial was fitted to each child’s 
growth data, giving growth velocity and age at PHV.  Results:  
Growth velocity increased by 50% from prepubertal growth 
to PHV at a morning testosterone level of 3.1 nmol/l (95% 
confidence interval 2.4–4.2), EC 50 . The corresponding EC 50  of 
17β-estradiol was 6.5 pmol/l (3.2–13). Boys approaching PHV 
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  Nonaromitazable androgens such as DHT and oxan-
drolone can increase growth velocity in boys with delayed 
puberty and in girls with Turner syndrome, possibly via 
a direct stimulating effect on the growth plate, as the ef-
fect of androgens on GH secretion is mediated through 
estrogens both in girls and boys  [1, 5] . Estrogens have a 
similar effect on growth in boys and girls in the pubertal 
growth spurt and are also important in terminating linear 
growth. In girls, the start of the pubertal growth spurt pre-
cedes breast development and suggests that the increase 
in growth starts at lower levels of estradiol compared to 
the levels needed for the development of secondary sexu-
al characteristics  [6] . Boys reach their peak height veloc-
ity (PHV) on average nearly 2 years later than girls, al-
though the boys’ genitalia begin to develop only about 
6  months later than girls’ breast development  [7] . The 
levels of estradiol are significantly higher in prepubertal 
girls compared to prepubertal boys, which could explain 
the differences in age of pubertal onset and epiphyseal 
maturation  [8–11] . The association between testosterone 
and estradiol levels and pubertal growth is not fully un-
derstood. Increased knowledge of the relationship be-
tween sex steroids and pubertal growth is important to be 
able to optimize the treatment of children with various 
growth and puberty disorders. For example, it would be 
possible to start pubertal hormone replacement therapy 
in children with hypophyseal insufficiency without nega-
tive impact on growth at the same age as their peers enter 
puberty.

  To evaluate sex steroids in children, high specificity 
and sensitivity of the analytical methods are needed. An-
drogen levels throughout puberty and the diurnal varia-
tion in boys are well described  [12–16] . In the lab at 
the  Göteborg Pediatric Growth Research Center (GP-
GRC) at Queen Silvia Children’s Hospital in Gothen-
burg, Sweden, a sensitive modified radioimmunoassay 
(RIA) with an assay sensitivity of 0.03 nmol/l is used to 
determine concentrations of serum testosterone  [15] . 
This method detects testosterone levels in prepubertal 
and pubertal children with the same accuracy as liquid 
chromatography tandem mass spectrometry  [17] . How-
ever, determination of levels of 17β-estradiol in boys is 
often limited by the sensitivity of available assays or lack 
of specificity. It is well established that direct immunoas-
says do not perform well in measuring low concentra-
tions of estradiol  [18–21] . In this study we use a validat-
ed ultrasensitive extraction RIA designed for measuring 
low 17β-estradiol concentrations; this RIA has been in 
use for almost 2 decades and includes reference values for 
17β-estradiol in different pubertal stages  [20, 22] . This 

method has a detection limit of 4 pmol/l and has been 
shown to distinguish prepubertal values from early pu-
bertal values  [20, 22] .

  We hypothesized that the low levels of testosterone 
seen in early and initial mid puberty in boys are associ-
ated with increased growth. The primary objective of the 
study was to determine the relationship of testosterone 
levels to growth and the secondary objective was to deter-
mine the relationship of estradiol levels to growth during 
the pubertal growth spurt up to PHV by determining the 
sex steroid levels associated with a 50% increase in prepu-
bertal growth velocity up to PHV.

  Subjects and Methods 

 Study Group 
 A total of 26 healthy boys born between 1972 and 1984 par-

ticipated in this study; they had been referred due to short (n = 15) 
or tall (n = 3) stature or had been recruited previously as healthy 
volunteers (n = 8) in studies at the GP-GRC at the Queen Silvia 
Children’s Hospital in Gothenburg, Sweden. Boys born small for 
gestational age (<2 SD of birth weight and height) were excluded. 
None of the boys had been treated with GH, and short boys with 
GH deficiency were excluded, based on 24-hour GH measurement 
or on the results of an arginine insulin tolerance test. At least one 
24-hour profile of testosterone and 17β-estradiol was assessed in 
each boy, although some boys had multiple 24-hour profiles of 
both testosterone and 17β-estradiol [testosterone: 2 (n = 4), 3 (n = 
2), 4 (n = 1), 6 (n = 1); 17β-estradiol: 2 (n = 3), 3 (n = 1), 5 (n = 2)]. 
Profiles of 24-hour testosterone and 17β-estradiol were analyzed 
from prepuberty up to 3 months after age at PHV. The 17β-estradiol 
and testosterone profiles of some of the participants have been 
published elsewhere  [12, 15, 22] .

  Growth data were collected from child healthcare centers, 
school health services and the GP-GRC. Boys with prepubertal 
growth consistently beyond the range ±3 standard deviation 
score (SDS) in height or weight according to Swedish growth 
reference values for healthy children were excluded  [23] . Pubic 
hair development was assessed according to Tanner  [24]  and tes-
ticular volumes were determined by orchidometer  [25] . Bone age 
was measured and was evaluated by the same radiologist at the 
Queen Silvia Children’s Hospital in Gothenburg, Sweden, ac-
cording to Tanner-Whitehouse 2  [26] . Assent was obtained from 
the boys and written informed consent was obtained from their 
parents for future analysis of these data. The Regional Ethics 
Committee at Sahlgrenska Academy at the University of Go-
thenburg approved the research protocol. Demographic and 
auxiliary parameters for the boys in the study group are shown 
in  table 1 .

  Study Design 
 Blood Sampling 
 In the 26 boys, a total of forty-one 24-hour serum profiles of 

sex steroids were obtained. In the steroid analysis, testosterone 
was prioritized and only 37 profiles of 17β-estradiol were ob-
tained. The boys stayed in hospital for 2 days for each serum pro-
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file. The first morning or evening, a heparinized needle was in-
serted and blood for testosterone and estradiol measurements was 
taken at 10:   00, 14:   00, 18:   00, 22:   00, 02:   00, 04:   00, 06:   00 and 10:   00 h. 
The serum samples were centrifuged and stored at –20   °   C until 
assayed. 

  Hormonal Measurements
   Testosterone Measurement.  Serum testosterone levels were de-

termined in duplicate using a modified RIA (Spectria testosterone 
RIA; Orion Diagnostica, Espoo, Finland), as described elsewhere 
 [15] . The detection limit was 0.03 nmol/l (0.86 ng/dl). 

Table 1.  Demographic and auxiliary parameters at time of 24-hour sex steroid profile for all boys

Patient
No.

Age at 24-hour 
sex steroid 
profile, years

Height, 
cm

Height, 
SDS

Weight, 
kg

Weight, 
SDS

Pubic hair 
(Tanner 
stage)

Testicular 
volume, ml

Bone age 
TW2, years

Calculated 
age at PHV, 
years

Calculated 
growth velocity, 
cm/year

1 12.7 144.5 –1.2 38.0 –0.4 15.8 4.7
2 12.4 165.7 2.1 50.5 1.7 3 12 13.7 6.8
2 13.4 172.7 1.8 56.6 1.5 3 12 13.7 7.6
3 11.9 151.6 0.5 37.0 0.0 2 4 11.9 12.6 8.4
4 8.7 135.5 0.6 29.8 0.7 1 1 6.1 14.7 7.5
4 9.4 1 14.7 6.8
4 11.4 151.3 0.9 36.0 0.2 1 2 10.4 14.7 4.9
4 12.5 157.6 0.8 40.1 0.1 1 4 14.7 5.5
4 13.3 160.9 0.5 42.0 –0.2 3 5 11.9 14.7 6.4
4 14.1 166.9 0.4 46.0 –0.3 4 10 13.3 14.7 7.3
5 11.8 154.0 0.9 41.5 0.8 1 2 11.8 13.6 5.8
5 13.5 165.5 0.9 51.4 0.9 1 10 13.5 13.6 9.8
6 14.1 160.2 –0.4 47.0 –0.1 2 10 12.8 14.2 9.9
7 13.5 147.0 –1.5 45.0 0.0 2 8 13.9 10.2
8 13.8 168.3 0.8 47.3 0.1 4 8 13.1 14.0 9.9
9 14.6 152.3 –1.8 39.5 –1.7 2 8 12.5 14.6 8.0

10 12.8 136.3 –2.5 28.5 –2.3 1 4 14.0 7.3
11 13.7 151.6 –1.1 48.2 0.3 3 15 13.3 13.6 8.5
12 10.9 142.6 –0.1 33.2 –0.1 1 2 10.6 14.6 3.3
12 11.9 147.2 –0.2 35.9 –0.2 1 3 11.5 14.6 4.2
12 12.8 151.1 –0.4 39.0 –0.3 2 3 12.2 14.6 5.6
12 13.8 156.8 –0.6 44.7 –0.3 3 8 13.4 14.6 7.2
12 14.8 165.5 –0.3 52.8 0.1 4 15 14.6 7.8
13 11.4 132.4 –2.4 31.8 –0.5 1 3 13.3 5.3
14 12.7 144.5 –1.3 34.9 –0.9 1 10 10.7 14.4 7.4
15 11.2 133.8 –1.9 28.7 –1.3 1 3 11.7 13.6 4.1
16 11.2 165.0 3.4 49.1 2.5 1 2 11.4 14.2 5.2
16 12.4 171.7 3.0 55.5 2.3 1 4 13.0 14.2 6.3
17 11.4 139.9 –1.0 31.1 –0.9 2 6 10.7 13.6 5.8
18 11.2 137.6 –1.3 30.2 –1.0 1 1 15.5 3.4
19 12.2 140.7 –1.4 30.3 –1.5 2 8 14.5 5.2
20 11.2 153.5 1.4 46.1 2.0 1 8 10.7 12.3 8.5
21 11.9 136.8 –1.9 31.2 –1.2 1 3 11.5 16.2 2.4
22 9.5 154.8 3.3 41.5 2.7 1 2 11.9 4.5
23 10.9 131.0 –2.1 23.0 –2.8 1 1 8.0 13.9 3.2
23 12.6 138.5 –2.0 26.4 –2.7 1 3 9.2 13.9 7.0
23 13.5 146.7 –1.6 31.5 –2.2 2 6 10.7 13.9 9.3
24 12.6 135.9 –2.4 29.1 –2.0 1 7 11.0 15.3 5.0
24 14.0 142.3 –2.4 33.4 –2.1 2 10 12.5 15.3 6.4
25 11.4 133.9 –2.0 27.5 –1.8 1 2 9.2 15.1 3.4
25 14.5 147.8 –2.2 35.5 –2.2 2 10 12.0 15.1 7.5
25 15.4 156.2 –2.1 43.2 –1.7 4 12 13.8 15.1 7.9
26 13.6 141.7 –2.3 29.8 –2.6 1 3 14.9 7.0

TW2 = Tanner-Whitehouse 2.
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     17β-Estradiol Measurement.  Serum 17β-estradiol concentra-
tions were quantified using an accredited modified extraction RIA 
(Spectria E2, ORION Diagnostica, Espoo, Finland) with a detec-
tion limit of 4 pmol/l (1 pg/ml), as described elsewhere  [20, 22, 27] . 

  Growth Velocity Measurements 
 Calculating growth velocity using height difference over time 

is a method that is highly sensitive to height measurement errors 
and will give a wide variation of results. In this study, a sixth-grade 
polynomial was fitted to each boy’s growth data from the pubertal 
growth spurt up to PHV. Aiming for the best possible fit of the 
polynomial to the boy’s growth around the age when sex steroids 
were obtained, the number of height measurements used to fit the 
polynomial to the growth data ranged from 6 to 32 (mean 12.9, 
median 11.0). Calculated height values through the polynomial fit 
were compared with measured height using a Bland-Altman plot 
 [28] . Measured height and calculated height values were similar; 
the bias (difference between the means) was 0.00091 cm ±0.44 SD. 
The derivative of the fitted sixth-grade polynomial was used to 
calculate growth velocity at each time point. The second derivative 
of the sixth-grade polynomial was used to calculate age at PHV. 
The age at PHV was determined as the time point where the second 
derivative is zero. The PHV is reached when the second derivative 
passes through zero and changes from + to –. In  figure 1 , this is il-
lustrated for 1 boy. This way of treating growth data generates 
growth velocity values for each time point, including at PHV. Most 
of the boys were followed through puberty up to final height. The 
boys with missing data for final height were all followed until 
growth velocity had clearly leveled off, enabling us to perform 
these calculations.

  The growth data were collected from GP-GRC, schools and 
child health services and thus could be of varying quality. How-
ever, the most valuable records for the calculations reported here – 
the growth data around the time point when the sex steroid profiles 

were obtained – were all measured at GP-GRC by experienced 
staff. Each growth chart was checked manually for obvious mea-
surement errors by a pediatric endocrinologist (E.N.) who also as-
sessed whether the calculated PHV and age at PHV were reason-
able, controlling for overfitting. 

  Pubertal Growth Patterns 
 A variety of growth patterns was seen among the boys, whose 

prepubertal growth ranged from –3 to +3 SD. The prepubertal and 
pubertal growth velocity of tall boys was higher than in short and 
normal-stature boys. However, the growth of tall, normal and 
short boys was analyzed in relation to their PHV as a ratio, on the 
assumption that this was similar for all boys. This would allow us 
to use all boys in the same study population regardless of their 
prepubertal growth. In  figure 2 , each boy’s growth velocity is ex-
pressed as a ratio of PHV at time points every 3 months, from 2.5 
years before age at PHV to 6 months after age at PHV. The short 
boys (prepubertal growth <–2 but >–3 height SDS) and tall boys 
(prepubertal growth >2 but <3 height SDS) did not differ from the 
boys with normal stature. The shaded area in  figure 2  shows the 
95% confidence interval (CI) of the mean of the normal-stature 
boys, which covers the means of both the short and the tall boys.

  Pubertal Growth Ratio 
 According to Karlberg’s ICP model, the pubertal growth com-

ponent is similar across children, independent of stature, but the 
combination of differences in the childhood component (prepu-
bertal) and the constant pubertal component results in different 
growth velocity during puberty between short and tall children. To 
be able to study the association between sex steroids and growth 
during the pubertal spurt from prepuberty up to PHV, a pubertal 
growth ratio was created. The growth velocity at the age when the 
24-hour 17β-sex steroid profile was obtained was expressed as a 
ratio of PHV, adjusted for prepubertal growth [(growth velocity at 
the age when the 24-hour sex steroid profile was obtained minus 
prepubertal growth velocity)/(PHV minus prepubertal growth ve-
locity)]. Using the pubertal growth ratio enables us to study the 
pubertal growth component independent of stature. This ratio was 
applied to detect any dose-response relationship between sex ste-
roids and growth. In this way, the maximum effect, PHV, corre-
sponds to a pubertal growth ratio value of 1 and the ratio is 0 before 
puberty starts. We set the age of prepubertal growth to 2.5 years 
before the age at PHV to be sure that the time period studied cov-
ered prepubertal growth.

  Statistical Analysis 
 The standard statistical package SPSS, v.17.0 (SPSS Inc., Chicago, 

Ill., USA) was used to perform statistical analyses, together with 
GraphPad Prism, v.5.03 (GraphPad Software Inc., http://www.
graphpad.com) and WinNonlin, v.4.1 (Pharsight, St Louis, Mo., 
USA).

  To find the individual sixth-grade polynomial fitting the 
growth data for each boy, the statistical program SAS, v.8.1 (SAS 
Institute Inc., Cary, N.C., USA) was used. Age at PHV was calcu-
lated by solving the second derivative of the sixth-grade polyno-
mial using Deadline software, v.2.31 (http://deadline.3x.ro/).

  Bland-Altman analysis  [28]  was used to compare measured and 
calculated heights. In statistical analyses and figures, values of es-
tradiol below the detection limits were set to the expected value of 
2 pmol/l (the detection limit divided by 2).
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  Fig. 1.  The figure demonstrates the calculation of growth velocity 
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fitted 6th grade polynomial (solid line). The first derivative of the 
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arrow is a marker of when the second derivative (dotted line) 
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  Testosterone is secreted with a diurnal pattern in boys during 
both prepuberty and puberty, with the nadir in the evening and the 
highest levels found in the morning around 06:   00 h  [15] . Morning 
testosterone was thereby defined as the value of testosterone ob-
tained from blood samples drawn at 06:   00 h. If this value was miss-
ing, the value at 04:   00 h was used.

  The diurnal pattern of 17β-estradiol seen in early puberty in 
girls is not seen in boys until they reach mid puberty  [22] . The 
highest values are seen earlier in the morning in boys (around 
06:   00 h) compared to girls (around 10:   00 h)  [22, 27] . Morning 
17β-estradiol was thus defined as the value of estradiol obtained 
from blood samples drawn at 06:   00 h. If the value at 06:   00 h was 
missing, the value at 04:   00 h was used.

  As the serum testosterone and estradiol levels were not nor-
mally distributed, linear and nonlinear regression analyses were 
performed on log-transformed data. 

  Results are expressed as mean (SD) or median (range) unless 
otherwise stated. p < 0.05 was considered significant.

  Linear regression and nonlinear regression analyses (a dose-re-
sponse model) were used to calculate the value of sex steroid that will 
respond to 50% of the pubertal growth ratio, EC 50 . The results are 
expressed as EC 50  with a 95% CI. A simple Emax model in  WinNonlin 
was also used to find the EC 50  value; the analysis was made on non-
log-transformed data with results expressed as EC 50  ± SD.

  In boys with repeated measurements of estradiol and testoster-
one, the last measurement was included in the correlation analyses 
and calculations of EC 50 .

  Results 

 Anthropometric Data 
  Table 1  shows the descriptive anthropometric data of 

the study population.

  The mean model fit calculated PHV was 8.7 cm/year 
(±1.2) for all boys in the study group. The mean age at 
PHV was 14.3 years (±0.85), which is 0.8 years later 
than a Swedish reference population born in 1974 (13.5 
years ±1.03 SD)  [29] , but this later average onset of PHV 
is largely explained by the fact that the short boys in the 
present study had a mean age at PHV of 14.6 years 
(±0.82). There were 5 boys with both 24-hour sex ste-
roid  profiles and bone age measurements ±3 months 
from the age at PHV. Their mean chronological age 
was  13.8 years (±0.44), their bone age was 13.0 years 
(±0.40) and their median testicular volume was 10 ml 
(8–15).

  Growth Velocity and Time to PHV 
  Figure 3 a shows growth velocity and time from 24-

hour sex steroid profile to PHV. The 6 boys with 24-hour 
sex steroid profiles within ±3 months from PHV had a 
mean growth velocity of 8.95 cm/year (±0.99) and the 11 
boys with 24-hour sex steroid profiles in prepuberty had 
a mean growth velocity of 4.5 cm/year (±1.6).

  Testosterone and Time to PHV  
  Figure 3 b shows morning testosterone and time 

from 24-hour testosterone profile to PHV. The median 
morning testosterone of the 6 boys with 24-hour pro-
files within ±3 months from PHV was 11.4 nmol/l (7–
13), and the 10 boys with 24-hour profiles in prepuber-
ty had a median morning testosterone of 0.25 nmol/l 
(0–1). 

Time from PHV (years)
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  Fig. 2.  Comparison of individual growth 
patterns for boys of short, tall and normal 
stature. Scatterplot of the ratio of growth 
velocity/PHV at different time points from 
the age at PHV for boys who were short 
(prepubertal height <–2 but >–3 SD), nor-
mal (prepubertal height within ±2 SD) and 
tall (prepubertal height >2 but <3 SD). The 
time points are set to every 3 months from 
2.5 years before the age at PHV until 
6  months after PHV. Interpolation lines 
represent data for individual boys in the 
different groups and the mean of all boys 
with short, tall or normal stature. The mean 
for boys of normal stature is shown with a 
shaded area indicating the 95% CI, which 
includes the means of the tall and short 
boys.  ▼  = Normal;  ▽  = short; ⚪ = tall. 
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  17β-Estradiol and Time to PHV  
  Figure 3 c shows morning 17β-estradiol and time from 

24-hour 17β-estradiol profile to PHV. Around PHV, the 
median morning estradiol was 14.2 pmol/l (9.9–24.8, 
n = 6). The median of the medians of the 24-hour 17β- 
estradiol profiles was 9.8 pmol/l (7–13, n = 6) around 
PHV. In prepuberty, the median morning 17β-estradiol 
was 2 pmol/l (2–7.9, n = 7) and the median of the medi-
ans of the 24-hour 17β-estradiol profiles was 2 pmol/l 
(2–9.9, n = 9).

  Relation between Testosterone and Estradiol 
 There was a strong association between morning tes-

tosterone and morning estradiol levels (r 2  = 0.64, p < 
0.0001) among boys with testicular volume from 3 ml. 
The strongest correlation and the steepest regression line 
was seen in boys in whom sex steroids were obtained less 
than 6 months before PHV (r = 0.73, p < 0.05). In boys 
with testicular volumes from 3 ml but more than 0.5 years 
remaining to PHV, the association was slightly weaker 
(r = 0.61, p < 0.05;  fig. 4 ).

  Testosterone and Growth Velocity  
 A positive correlation was found between morning 

testosterone and growth velocity at the time when the 24-
hour profile was obtained (r = 0.88, p < 0.001). When 
dividing the boys into groups according to their testicu-
lar volumes the strongest correlation was seen in boys 
with testicular volumes between 3 and 6 ml (r = 0.87, p < 
0.001). In boys with testicular volumes above 6 ml the as-
sociation was weaker (r = 0.56, p < 0.05). There was no 
significant correlation between growth velocity and 

morning testosterone in boys with testicular volume 
<3 ml. The relation between growth velocity and morn-
ing testosterone in boys with different testicular volumes 
is shown in  figure 5 . Taking into consideration the dif-
ferent growth patterns of the boys, the pubertal growth 
ratio was analyzed in relation to early morning testoster-
one. In 4 boys it was not possible to calculate their pre-
pubertal growth velocity correctly using the fitted sixth-
grade polynomial. These 4 boys were excluded from the 
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pubertal growth ratio analysis because the fitting process 
excluded the growth data close to start of puberty in favor 
of the best possible fit of the polynomial to the growth 
data in the time period when 24-hour sex steroid profiles 
were obtained.

  The calculated EC 50  value of morning testosterone cor-
responding to a 50% increase in the pubertal growth ratio 
was 3.1 nmol/l (2.4–4.2, r 2  = 0.84) using the dose-response 
model ( fig. 6 ). A similar level of testosterone was found us-
ing linear regression: 2.5 nmol/l (1.8–3.5, r 2  = 0.81). Using 
the third method, the simple Emax model, to calculate an 
EC 50  value, the result was 3.1 nmol/l (±0.9 SD). The results 
of the different methods of calculating the EC 50  value were 
comparable. It was possible to calculate an individual EC 50  
for 1 of the boys with 6 measurements of testosterone and 
this was close to the value for the whole group: 3.3 nmol/l 
(2.8–3.9), using the dose-response model.

  All boys >10 nmol/l (n = 6) had reached 96% of their 
pubertal growth ratio and were close to PHV; 1 boy with 
morning testosterone <10 nmol/l (6.5 nmol/l) was also 
close to PHV; 11 of 12 boys with testosterone >6 nmol/l 
had testicular volumes of  ≥ 8 ml.

  The mean age of the boys with morning testosterone 
levels between 2.4 and 4.2 nmol/l was 12.7 years (±0.7) and 
their mean age at PHV was 14.2 years (±0.9), with a mean 
age difference of 1.5 years (±0.6) between the age when 
serum testosterone was obtained and the age at PHV.

  Estradiol and Growth Velocity  
 The morning 17β-estradiol was positively correlated 

with growth velocity at the time when the 24-hour 
17β-estradiol profile was obtained (r = 0.54, p < 0.05). 
When excluding the prepubertal boys, the correlation 
was marginally stronger (r = 0.58, p < 0.05). For boys with 
testicular volumes between 3 and 6 ml, there was a cor-
relation of r = 0.65, p < 0.05, but there was no significant 
correlation between morning estradiol and growth veloc-
ity in boys with testicular volumes >6 ml. 

 The pubertal growth ratio created was analyzed rela-
tive to morning estradiol with the same procedure as was 
performed with testosterone.

  The calculated EC 50  value of morning estradiol corre-
sponding to a 50% increase in the pubertal growth ratio 
was 6.5 pmol/l (3.2–13) using the dose-response model 
(online suppl. fig.  1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000353761). Using linear 
regression, the EC 50  value was 6.4 (2.6–13.3). However, 
the scatter of estradiol levels was wide and the goodness-
of-fit was r 2  = 0.34 using the dose-response model and 
r 2  = 0.35 using linear regression.

  The simple effect max model in WinNonlin calculated 
an EC 50  of 6.4 pmol/l (±5.3 SD).

  A total of 7 of 10 boys with 17β-estradiol >9 pmol/l had 
<4% remaining of their growth up to PHV; 8 of the 10 
boys had a testicular volume  ≥ 8 ml.
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  The mean age of the boys with morning estradiol levels 
between 3.2 and 13 pmol/l was 12.9 years (±1.0) and their 
mean age at PHV was 14.1 years (±0.8) with a mean age 
difference of 1.3 years (±0.9) between the age when serum 
estradiol was obtained and the age at PHV.

  Discussion 

 The present study is unique in providing findings on 
the detailed association between testosterone, estradiol 
and increased growth during puberty up to PHV in 
boys. The testosterone values in this study fit well into 
the pattern of a dose-response relationship with in-
creased growth velocity up to PHV during puberty, and 
the calculated EC 50  value of testosterone, 3.1 nmol/l 
(2.4–4.2), corresponds to the low morning testosterone 
values seen in the transition from early to mid puberty 
 [15] . The mean age of the boys in this study with serum 
testosterone levels between 2 and 4 nmol/l was 12.7 ± 
0.7 years, which is approximately 1.5 years ahead of the 
timing of their PHV. In a study by Klein et al.  [30]  in 
1996, the level of testosterone 1 year before PHV was 
approximately 10 nmol/l, which is the level we found 
in  boys closer to PHV. The differences in our results 
could of course be due to differences in methods of cal-
culating growth velocity but might also reflect differ-
ences in the testosterone assays used. The boys in our 
study with morning testosterone exceeding 10 nmol/l 
were all close to PHV and had testicular volumes  ≥ 8 ml, 
which is in line with findings that pubertal boys reach 
PHV when their testicular volumes are about 10–12 ml 
 [15, 31–33] .

  In boys with testicular volumes between 3 and 6 ml 
there was a correlation between serum testosterone val-
ues and increased growth velocity, but the correlation 
was lower in boys with testicular volumes >6 ml. One pos-
sible explanation for the decrease in association when tes-
ticular volume exceeds 6 ml is that the remaining in-
crease in growth velocity up to PHV is small but the in-
crease in testosterone is still large. Of special interest in 
this context is that peak GH secretion occurs close to 
PHV in Tanner genital stage 4 in boys  [34] ; given that 
growth velocity in this time period is correlated to a high-
er degree with GH secretion, this could be a contributing 
factor in the weak correlation between testosterone, estra-
diol and growth velocity in boys closer to PHV. A third 
possibility is that testosterone/estrogen accelerates the 
normal process of growth plate senescence, exhaustion 
and fusion  [35] . The process of proliferation starts before 

testicular volume reaches 6 ml and part of the remaining 
proliferation process continues independently of ste-
roids, while other parts of the process are still steroid de-
pendent.

  In this study, low levels of estradiol, 6.5 pmol/l (3.2–
13), were found to be associated with a 50% increase in 
prepubertal growth up to PHV. The boys in our study 
with estradiol levels around the calculated EC 50  had 
about 1.3 years remaining to PHV and the data are com-
parable with the results presented by Klein et al.  [30]  in 
1996. These are the levels we find in transition from ear-
ly to mid puberty (testicular volume 3–6 ml and 8–12 ml, 
respectively)  [10, 22] . Close to PHV, all the boys had es-
tradiol levels >9 pmol/l, which is in line with the levels 
seen in mid puberty  [10, 22]  when PHV usually occurs 
 [31–33] . Hence, the results of this study confirm our pre-
vious observations in the clinic regarding pubertal stages 
and sex steroid levels. However, the scatter of estradiol 
levels is wider in the prepubertal and early pubertal range 
in relation to growth compared to the scatter of testos-
terone levels. It has been suggested that the effects of local 
paracrine or intracrine estrogen production are more 
important than those of circulating estrogen in men  [11, 
36] . It is likely that the estradiol levels of importance for 
early pubertal growth in boys are not the ones we mea-
sure in the serum but those resulting from aromatization 
in the target tissues. There is most likely a large variation 
in the ability to aromatize testosterone into estradiol in 
early puberty in boys, which could explain the wide scat-
ter of the measured serum estradiol levels in relation to 
growth seen in the present study. In contrast, serum tes-
tosterone levels show a satisfactory dose-response rela-
tionship to growth from prepuberty up to PHV. The di-
urnal rhythm of estradiol is not apparent in early puber-
ty in boys, as it is in girls, and the progression of 
estradiol in early and mid puberty is slower compared to 
the increase in testosterone, probably due to the limited 
aromatization capacity  [22, 27] . In accordance with this, 
the association between testosterone and estradiol in this 
study was more apparent later in adolescence, closer to 
PHV. 

  Estrogen – and testosterone after aromatization into 
estrogen – increases growth velocity during puberty, both 
through direct effects at the growth plate and through 
stimulation of GH secretion. ER-α and ER-β are expressed 
in the anterior pituitary and the hypothalamus  [1, 37, 38] . 
There are also several studies supporting a direct stimula-
tory effect of androgens on the growth plate cartilage 
without aromatization into estrogens, although it is now 
accepted that estrogen in both sexes is the critical hor-
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mone in controlling growth plate acceleration and fusion. 
The nonaromatizable androgens DHT and oxandrolone 
accelerate growth velocity without an increase in GH se-
cretion  [39–42] . The direct effect of androgens could be a 
contributory factor in our finding that testosterone levels 
show a more stable pattern than estradiol levels in rela-
tion to growth up to PHV in boys. In the absence of es-
tradiol action, androgens seem to be able to sustain linear 
growth, as in the syndromes of estrogen resistance and 
aromatase deficiency  [2, 3] . Patients with complete an-
drogen insensitivity syndrome have a lower final height 
(–0.6 SD) than normal men, which could be explained by 
the loss of the direct growth-stimulating effect of andro-
gens at the growth plates compared to normal men  [4] . In 
addition, in girls with Turner syndrome, oxandrolone 
treatment has a growth-promoting effect and results in an 
increased final height  [43, 44] . Furthermore, boys with 
familial male precocious puberty treated with an aroma-
tase inhibitor alone do not revert to the normal growth 
rate, as they do with combination treatment with aroma-
tase inhibitors and antiandrogens  [45] . Consequently, 
androgens are of importance in skeletal growth in boys 
and contribute to the differences in height between the 
sexes. 

  ER-α, ER-β and androgen receptor can be detected in 
the human growth plate throughout pubertal develop-
ment with no sex difference  [46]  and it is tempting to 
conclude that the same levels of estradiol in the growth 
plate would be needed for the pubertal growth spurt in 
both sexes. However, the levels of serum estradiol in boys 
during early puberty up to PHV are lower compared to 
estradiol in girls during their growth spurt  [8, 10, 11] . 
The levels of estradiol close to PHV seen in this study (>9 
pmol/l) are the levels we find in the transition from B1 to 
B2 in girls  [27] , when their pubertal growth spurt usu-
ally starts. The calculated EC 50  of 17β-estradiol in this 
study is also lower than the corresponding EC 50  in healthy 
girls published recently, showing a 50% increase in 
growth velocity from prepuberty to PHV at a morning 
17β-estradiol level of 20 pmol/l (13–31)  [47] . The impor-
tant levels of estradiol at the growth plates probably cor-
relate to serum estradiol levels to a higher degree in girls 
than in boys. 

  Although the study group in the present study includes 
boys with short, normal and tall stature, it is possible to 
analyze the boys as one study group using the pubertal 
growth ratio, which adjusts for their prepubertal growth. 
Furthermore, there is no indication of differences in tes-
tosterone levels between boys with short, normal or tall 
stature during puberty  [15]  and we believe that the calcu-

lated EC 50s  provide an accurate indication of what is true 
regarding all pubertal boys.

  In summary, this study presents the first data on the 
levels of testosterone and estradiol associated with in-
creased growth up to PHV in boys. Given the limited and 
variable aromatization capacity in early puberty and the 
impact of paracrine and intracrine production of estra-
diol on growth, serum estradiol level is difficult to inter-
pret in relation to growth in boys. Hence, testosterone 
should be the preferred sex steroid to be measured in se-
rum when it comes to assessing increased growth during 
puberty up to PHV in boys. Our conclusion is that, at the 
start of pubertal hormone replacement therapy, the doses 
of testosterone used should result in the range of serum 
testosterone levels seen in early puberty in order to opti-
mize the effect of testosterone on growth. This needs to 
be tested in future clinical studies. Nevertheless, the as-
sociation we found between testosterone levels and the 
early part of the pubertal growth spurt is an indication 
that this could be the case.
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