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SUMMARY 

Somatic changes during adolescence were related in this study to the breast or genitalia maturational 
ratings described by Tanner[ 11. 

Urinary androsterone excretion in boys as well as in girls paralleled more the development of skeletal 
age as a maturational parameter than the chronological age of the adolescent individuals. Sex differences 
became obvious in relating the androsterone excretion in boys or girls to the skeletal maturity. A 
similar relationship between girls and boys to the skeletal development was encountered measuring 
testosterone excretion values. 

Plasma estradiol and estrone concentrations in girls and plasma testosterone and dihydrotestosterone 
levels in boys exhibited close correlations to the pubertal developmental stages. Estradiol levels in 
boys were highly correlated to testosterone concentrations, indicating that perhaps a significant portion 
of the estrogen is derived from circulating androgens. 5x-androstane-3a, 17/?-diol showed a rise during 
the maturational stages in boys. Changes in the relationship between dihydrotestosterone/testosterone 
and androstanediol/testosterone indicate that there is an increment of 5u-reductase activity at the 
beginning of puberty. 

Longitudinal studies revealed parallelism between testosterone excretion in the urine and the plasma 
testosterone concentrations, showing the most marked increments between ages 12 and 14 years. 

In the rat it was found that plasma testosterone levels rose dramatically after the 25th day of 
life, the surge in dihydrotestosterone occurred at the 26th day of life, but the peak is reached later. 
These changes were compared to LH and FSH levels. The rate of increment in plasma FSH con- 
centrations is greatest between 16 and 20 days of age and followed by a spurt in the LH concentration 
after day 20 of age. The abrupt rise in plasma testosterone seen after day 26 is perhaps mediated 
by the sudden rise in the two gonadotropins. Changes due to castration and cryptorchidism are dis- 
cussed. 

The attainment of reproductive capacity is a complex 

process. The purpose of this report is to review the 
state of our present knowledge with respect to the 
following questions: 

1. At what chronological age and sexual matura- 
tional stages do the adrenal and gonadal steroid hor- 
mones begin to rise toward adult levels? 

2. What is the subsequent time course during 
puberty once the increase in the sex steroid hormone 
levels has begun? 

3. How do the results of assays of the excreted and 
circulating steroid hormones compare? 

4. Can the hormonal data obtained in experimental 
animals during pubertal changes be compared with 
those of children? 

SOMATIC CHANGES DURING ADOLESCENCE 

The development towards final maturity in a nor- 
mal child, which proceeds through multi-phase stages, 
is generally divided into five broad groups[ l]. 
Although various modifications of the Tanner scheme 
for somatic changes have been suggested by a number 
of investigators, in the present study we have through- 
out related our endocrinological findings with the 
breast or genitalia maturational ratings described by 
Tanner[ 11. 

Recent investigations [2], on the somatic changes 

occurring during adolescence, have revealed that the 
relationship between various areas of development 
vary considerably. It is perhaps possible to note the 
existence of constancy of sequence within a given de- 
velopment but inconstancy between different areas of 
development. It is also possible that all children may 
not pass through all the individual stages of sexual 
ratings. For this reason investigators who want to 
relate their endocrinological findings should be care- 
ful in defining the ratings with which they have asso- 
ciated their findings. Because of the absence of con- 
stancy in the parallel development of the sexual 
characteristics it would be misleading just to say that 
hormonal findings have been associated with pubertal 
stages. 

STEROID HORMONES DURING 
PUBERTAL DEVELOPMENT 

Before we come to the question of the level of ster- 
oid hormones in body fluids of children during their 
adolescent growth, it should be made clear that the 
demonstration of a particular steroid in the body 
fluid, or its concentration does not really give any 
information about its secretion. Single determinations 
of plasma steroid hormone levels reflect only the 
momentary balance between the entry and removal of 
that substance from the blood pool. The rigorous cri- 
terion to prove the secretion of a steroid should be 
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Fig. I. Excretion of androsteronc by boys (a) and girls 
(b) at successive intervals of chronological age. Numbers 

indicate different subiects. 

to demonstrate that the venous effluent from the 

gland has a higher concentration of that particular 

steroid than has peripheral blood. Undcrs~dnd~bly, 

therefore, the complex problems associated with the 

secretion of steroid hormones in normally maturing 

chiIdren arc handicapped, on ethical grounds. We 
have to be satisfied with the urinary excretion or 
plasma concentration Icvels of steroid hormones in 

normally developing children, although the latter is 

still hard to perform. 

Urinury .steroids 

Figure la shows the excretion of androsterone in 

boys at successive chronological ages. Here, though 
most of the individuals give a regularly increasing 

curve, there is great variation among individuals. At 

age I1 years the values ranged from about 0.2 to 2.6 

mg per 24 h. At age 14, the range was about 1.4 

to 5.2 mg per 24 h. Figure I b shows the excretion 
of this steroid by girls. Here the variation between 

individuals is not 21s prominent as seen in the boys. 

The girls’ range at the age 14 is about I.0 to I.5 

mg per 24 h. Some of the variation in cxcrction, is 

due to difl’crcnccs in the dcvclopmcntal age oT the 

children. Some children arc skclctally more mature 

than others at the same chronological age. 

Figure 3, thcrclbrc, dcmonstratcs the sttnc data 

plotted against skeletal itgc. The v~lri~tion bctwccn 

individual boys is now coilsidcr~lbiy rcduccd. The 

high cxcrctors being also carlp dcvclopcrs hnd their 

curves shifted toward the higher skclctnl ages. Fig. 

2b shows the cxcrction of ttndrostcronc in the girls 

plotted against skclctal age. One can set that among 

the girls also the high cxcrctors had shirted over to 

the right as being early maturers. 

One of the major findings in the urinary steroid 

studies published was the lack of any significant XX 

difcrcncc bcforc the age of 12 to I3 years. Yet in 

the 1 I-deoxy-I 7-oxostcroid cxcrction of the adult 

thcrc is a considcrablc difkrcncc, as men produced 

sL;bst~~nti~lly more. Evidently. the boys‘ cxcrction con- 

tinua to rise during the later part of their ndolcsccnt 

growth spurt, at ;I timo when the girls’ growth spurt 
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Fig. 2. Excretion or androstcronc by boys (a) and girls 
(b) piottcd against skclctal ngc. Numhcrs indicntc diffwcnt 

suhjccts. 
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Fig. 3. Mean values for the excretion of androsterone for 
skeletal maturity score. Skeletal ages for boys and girls 
corresponding to skeletal maturity score are given in the 

bottom scale. 

and their increase in 1 l-deoxy- 17-oxosteroid excre- 
tion is over. But this is mainly in terms of chronologi- 
cal age, and perhaps physically and auxologically mis- 
leading. The boys’ adolescent spurt occurs 2 years 
later than the girls. Thus a more informative compari- 
son could be achieved, by plotting steroid excretion 
in relation to physiological or developmental age, as 
represented by skeletal maturity. In Fig. 3 the mean 
trend in the increment of androsterone excretion with 
skeletal maturity score’ is given. This is a measure 
common to both boys and girls of the degree to which 
skeletal maturity has been achieved. The score of 800, 
for example can be regarded as representing a skele- 
ton that is 80% mature. Plotted this way, boys clearly 
demonstrate a higher rate of excretion of androster- 
one over girls for the same skeletal maturation. Plots 
of cortisol metabolites (not shown here) did not show 
a sex difference in the pattern of excretion. 

In the current literature there are only a few reports 
on the excretion levels of testosterone by pre-school, 
pre-adolescent and adolescent children. Figure 4 

50 r 
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Chronological Age (Years) 
Fig. 4. Mean excretion of testosterone and epitestosterone 
by boys and girls at successive intervals of chronological 

age. 

shows the mean trends in the excretion of testosterone 
and epitestosterone by children during their adoles- 
cent growth. As there was no sex difference between 
3 and 7 years, the results were pooled for both sexes 
for this range. The girls were more or less low excre- 
tors for testosterone, and the sex difference is appar- 
ent at age 11 years. The ratio of testosterone excretion 
value for adult males to pre-school boys is 50; for 
adult male to pre-adolescent boys is 9.4 and for adult 
male to adolescent boys 1.8. This ratio for adult 
female to pre-school, pre-adolescent and adolescent 
girls is 10, 2.9 and 1.1 respectively. In the excretion 
of epitestosterone there was no obvious difference 
between boys and girls nor any obvious relationship 
to skeletal age. Although no sex difference could be 
observed, it became apparent that boys had a higher 
mean rate of excretion than girls, when the excretion 
was related to maturity score. 

PLASMA STEROIDS 

Plasma concentrations of the sex steroid hormones 
increase progressively from pre-pubertal to adult 
levels during sexual maturation. In our own series 
of investigations between individuals, plasma hor- 
mone concentrations at certain chronological ages 
were found to be considerably reduced when the same 
data were related to the pubertal developmental 
stages. In the majority of cases the concentrations of 
estradiol and estrone had a close association to the 
girls’ sexual maturation. Similarly, plasma con- 
centrations of testosterone and dihydrotestosterone 
had a high correlation coefficient with boys’ pubertal 
developmental stages. Therefore in the following 
figures the values have been given as function of 
pubertal developmental stages. 

Figure 5 shows the mean trend in the plasma levels 
of estrone and estradiol in boys and girls during sex- 
ual maturation. At pubertal stage 1 and 2 the results 
are homogeneous, with boys and girls showing barely 
any difference. At stage 5 the girls showed more scat- 
ter than the boys. The increase in the SD. of the 
estrogen values with sexual maturation in girls has 
not been previously stressed. During pubertal stages 
3 and 4 the S.D. for estrone and estradiol were 0.26 
and 0.80 respectively, increasing to 0.82 and 1.49 in 
stage 5. This increase is perhaps reflecting the onset 
of cyclic activity. Figure 6 demonstrates the mean 
plasma concentration of testosterone and dihydrotes- 
tosterone as a function of pubertal development in 
boys and girls. The girls’ plasma testosterone con- 
centration tends to be low and steady. It appears that 
boys and girls hzve the same amount of testosterone 
during stages 1 and 2. The sex difference starts to 
be apparent at stage 3 with boys showing a steep 
increment during the latter stages. 

The mean trend for dihydrotestosterone con- 
centration in girls, on the other hand, surprisingly 
shows a higher increment than that seen for testoster- 
one. Boys show a clear upward trend in concentration 
and the sex difference becomes discernible at stage 
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Fig. 5. Mean trends in plasma concentrations of oestrone 
and oestradiol in children in relation to pubertal develop- 

mental stages. 
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Fig. 6. Mean trends in plasma concentrations of dihydro- 
testosterone and testosterone in children in relation to 

pubertal developmental stages. 
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Fig. 7. Correlation between plasma oestrogens and testos- 
terone in normal boys. The linear regression equation Y = 
@008x + 2.51 I. and the correlation coefficient (r) = 0784. 

4 rather at stage 3, as seen with testosterone. The 
majority of the fully matured boys (genitalia stage 
5) shows plasma levels of testosterone and dihydrotes- 

tosterone below the adult male range. Similar obser- 
vations were made earlier by us [3,4] with urinary 

and plasma androgens, being estimated by different 
techniques. The current results indicate that the levels 
of the androgens in boys rise even after the fullest 
sexual maturation, perhaps to maintain and control 
adult sexual function. 

Figure 7 demonstrates the relationship between tes- 
tosterone and the two estrogens in the peripheral 

plasma of boys. The high correlation coefficient indi- 
cates that perhaps a significant portion of the 

estrogens is derived from the circulating androgens 
and not from the gonadaf sources. For the girls how- 
ever, no such relation was observed, inferring that 
their estrogens have a more independent origin. 

In recent years another steroid metabolite, Sr- 
androstane-3r, 17/&diol (androstanediol) has gained 

some importance in relation to the question of andro- 
genie function. The Sa-reduction of testosterone to 
dihydrotestosterone has been recognized to be an im- 
portant event in androgen action. Dihydrotestoster- 
one after being reduced from testosterone is further 
metabolized in the target cells by conversion to 
androstanediol, the rate of which has been noted to 
be higher in men than in women [S]. We have develo- 
ped [6] a radioimmunoassay method for the estima- 
tion of the circulating level of this substance in pre- 
pubertal and pubertal boys during their sexual 
maturation. From a level of 0.56 ng/lOO ml in stage 
I, the peripheral concentration of androstanediol 
leaps to a 13-fold higher concentration in stage 5. 
Figure 8 demonstrates that when the relationship 
between androstanediol and testosterone is examined 
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Fig. 8. The ratios of androstanediol/testosterone and 
dihydrotestosterone/testosterone are given as a function of 

pubertal developmental stages. 

in the form of a ratio, a sharp rise is recorded from 

stage I to stage 2. This rise, however, declines sharply 
during the transition from stage 2 to 4 and reaches 
a plateau thereafter. The change in the relationship 

between dihydrotestosterone and testosterone paral- 
lels the androstanediol/testosterone curve, indicating 
that at the beginning of puberty there is an increment 

of Sm-reductase activity. 

- 

I 

SEX STEROID BINDING PROTEIN 

It has been currently established that a large frac- 

tion of the non-conjugated steroids is bound to 
plasma proteins and only a very small fraction 
remains unbound. This unbound fraction is consi- 
dered to be the “biologically active” form of the hor- 

mone. The percentage of hormone bound to proteins 

is influenced by several factors; these are (a) the con- 

centration of the steroid binding protein, (b) the 
number of binding sites on that protein, (c) the con- 

centration of the steroid hormone and (d) the existing 

association constant between the protein and that 
particular steroid. Pearlman et al.[7], Mercier et 

a/.[81 and Rosner and Deakins[9] demonstrated that 
in fact the concentration of the binding protein is 
the main factor responsible for the increased binding 
of testosterone observed in pregnant females, and in 

estrogen-treated males when compared to non-preg- 

nant females and normal adult males respectively. 
Although Forest and Migeon[lO] did not observe any 
influence of age or sex on the percentage binding of 

testosterone or androstenedione in a group of 
children (4 months to 12 years), August rt a[.[1 I] 
have correlated testosterone and testosterone binding 

affinity levels in the plasma of boys from the age I 
through 12 years, and found that the testosterone 
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Fig. 9. Mean trends in the increment of plasma steroid hormones and reproductive organs as a function 
of chronological age and sexual maturational stages in boys. 
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binding affinity decreased with an increase in age. In 
our own investigations [12-14J we found that as early 
as stage 3 of pubertal development the difference 
regarding the percentage binding of testosterone 
between sexes was significant. When the value of nor- 
mal adult females were compared to those of adult 
males and pre-adolescent children, it was found that 
adult males had minimum binding while the adult 
female had the ~ximum. The pre-adolescent 
children had values between the adult male and the 
adult female. It seems that in the boys the time inter- 
val between the development of secondary sexual 
characteristics and the initial testosterone increase 
together with the decrease in testosterone binding 
affinity may be related to the amount of unbound 
testosterone available. 

MEAN TRENDS IN HORMONAL INCREMENTS 

The accompanying two figures (Figs. 9 and 10) 
demonstrate a composite picture of the chronological 
age and the stages of sexual maturation in boys and 
girls where the plasma concentration of testosterone, 
dihydrotestosterone, estradiol, estrone and percentage 
binding of testosterone first exceed pre-pubertal 
levels. Along with these, the data for penis size, testes 
length and prostate weight are given (Fig. 11). Figure 
12 illustrates ovarian weight and uterine weight with 

7 8 9 19 11 

I 
l 

additional hormonal values. It can be seen that the 
mean chronological age at which testosterone, dihyd- 
rotestosterone and androstanediol begin to rise in 
boys is 13 years (stage 3) with the prostate weight, 
testis length and penis size also demonstrating simul- 
taneous increments. The levels of plasma estrone and 
estradiol in boys do not show such comparable incre- 
ments. Percentage binding of testosterone decreases 
at the same time towards the adult level. The corre- 
sponding age when estradiol shows signs of a marked 
increment in girls is before 12 years (stage 2), whereas 
estrone starts to rise at a mean age of 12.5 years 
(stage 3). Marked increments in the growth of the 
ovary and the uterus also synchronize at that stage 
of life. Thus the rise toward the adult levels of the 
androgens and the estrogens begins one to two years 
earlier in the girls. Appreciable sexual maturation in 
both sexes can be associated with the period when 
the plasma concentrations of the androgens in boys 
and the estrogens in girls have begun to rise rapidly 
towards the adult levels. 

The changes in all the gonadal steroid levels 
accompanying the transition from late puberty (BS/ 
G5) to adulthood are highly variable, and reflect 
partly the limitations of cross-sectional investigations. 
It is, therefore, most important to appreciate the fact 
that the real magnitude of a hormonal increment in 
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Fig. IO. Mean trends in the increment of plasma steroid hormones and reproductive organs as a 
function of chronological age and sexual maturational stages in girls. 



Sex steroid hormones 

CHRONOLOGICAL AGE Iyarsl 

3 L 5 6 7 8 9 10 n 

865 

12 13 

q ; a I 

1 

i 

0’ 

1‘ 15 16 17 

/ 

I 
/ 

/ 

,O’ 

P 

.*O 

I 

1oc 

1 2 3 L ADULT 

SEXUAL MATURATION STAGES 

Fig. 11. Mean trend in the increment of urinary excretion and plasma concentration of testosterone 
in boys studied longitudinally as a function of chronological age and sexual maturational stages. Re- 
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Fig. 12. Levels of plasma testosterone in intact male rats from age 16 to 90 days compared to those 
in the castrated and cryptorchid ones. 
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a given individual during his sexual maturation can 
only be known through a longitudinal study. 

LONGITUDINAL INVESTIGATION 

Figure I I depicts two longitudinal investigations at 
present carried out independently in two different 
parts of the world. The first is on the excretion of 
urinary testosterone and epitestosterone[ 151 and the 
second is on the serum concentration of circulating 
testosterone[l6) in sexually maturing boys. In 
spite of the enormous procedural differences, when 
the two sets of data are compared, a striking parallel- 
ism between the mean trends in the hormone excre- 
tion and hormone concentration emerge. Utilizing the 
same method of calculation for mean trends in a 
longitudinal investigation [17], these results illustrate 
that during pubertal stage 1, testosterone levels in 
blood and urine are low and the increments are gra- 
dual. The most marked increment in plasma con- 
centration and urinary excretion occurs between ages 
12 and 14 years. The excretion of epitestosterone, on 
the other hand, shows a gradual increase which is 
favourably associated with the increments in body 
size rather than the pubertal developmental stages. 

GONADAL-STEROID-GONADOTROPIN 
RELATION IN SEXUALLY 

MATURING RATS 

The production of the gonadal steroid hormones 
during sexual maturation is entirely under the control 
of the pituitary gland. Before puberty, when no 
mature Leydig cells are identifiable in the testes, 
levels of plasma LH are low. Rising levels of testoster- 
one and LH correlate well with the pubertal develop- 
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mental stages and Leydig cefl maturation. In the next 
few figures the dynamic reIationship between the 
gonadal steroids and gonadotropins in male rats has 
been shown. These figures demonstrate the circulating 
levels of gonadal steroids and gonadotropins mea- 
sured daily from the age of 16 to 40 days, and then 
until 90 days with an interval of 5 days in the same 
animals. These figures give additionally the data on 
the circulating hormones observed in castrated 
and cryptorchid at various stages of sexual 
development. Figure 12 shows that the surge in 
testosterone level is dramatic in the male rat after 
the 25th day of life, and in 3 days a level is 
reached that is 5-fold higher than seen earlier. The 
peak vafue seen in the 70-day-old animal is only I 11% 
of the plasma testosterone concentration seen at the 
26th day. Figure 13 shows that the surge in the dihyd- 
rotestosterone value occurs at the 26th day, but the 
peak is reached later, ie, day 33, than that seen in 
the profile of testosterone. On the 38th day dihydro- 
testosterone reaches a new concentration level and 
then declines, to remain constant throughout adult- 
hood. Figure 14 demonstrates the plasma profile of 
LH seen in the same animals. Plasma LH has a clear 
peak between the ages of 25 and 30 days after which 
it declines to rise again at age 70 days. Figure 15 
shows the plasma profile of FSH in the intact male 
animals. Between 25 and 35 days of age, FSH values 
almost double, reaching a peak level at age 33 days. 
Thereafter, the levels fall at 40 days and decline 
further to a minimum value at age 70 days. Examina- 
tion of the velocity of increment of plasma FSH con- 
centration, reveals that it is highest between 16 and 
35 days, and the sharp decline starts at age 35 days, 

AGE OF THE ANIMALS bwsI 

Fig. 13. Levels of plasma dihydrotestosterone in intact male rats from age 16 to 90 days compared 
to those in the castrated and cryptorchid ones. 



Sex steroid hormones X67 

II INTACT 

m CASTRATE 

. CRWTORCHD 

lb 20 25 30 35 bo 50 bo 10 00 90 

AGE OFJHE ANIMALS ldwrl 

Fig. 14. Levels of plasma LH in intact male rats from age 16 to 90 days. The levels of LH in castrated 
and cryptorchid rats at various ages are also given for comparison. 

ie, just before mature sperm appears in the tubules, 
and then remains steadily constant throughout the 
later phase of sexual development. 

These cumulative experimental data illustrate that 
between 16 and 20 days of age the rate of increment 
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in the plasma concentration of FSH is greater than 
at any other time, and is followed by a spurt in the 
LH concentration after the 20th day. The abrupt in- 
crease in plasma testosterone concentration seen 
between 2.5 and 30 days, is perhaps mediated by the 

# . 

I 
. I ‘. 

. 
* . . 

/ i 
_m-- ‘. . 

#H-- I 

lb 20 25 a 3s 40 32 60 m a a0 

AGE OF THE AHWILS l&ysl 

Fig. 15. Levels of plasma FSH in intact male rats from age 16 to 90 days. The levels of plasma 
FSH in castrated and cryptorchid rats at various ages are also given for comparison. 
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sudden rise in the rate of increase in the two gonado- 
tropins. The higher gain in dihydrotestosterone is, 
however, a little delayed. These events of higher hor- 
monal activities in the male rat are perhaps related 
to the initiation of the Leydig cell differentiation Seen 

at about the same time[l8, 191. 

Following bilateral gonadectomy, plasma levels of 
LH and FSH increased within 4 days, indicating the 

existence of an intact feedback relation between the 
gonadal sex steroids and the pituitary gonadotropins, 
long before the onset of puberty. In contrast to the 
results seen in the orchidectomized animals, the experi- 

mentally cryptorchid groups present such evidence 

which demonstrates that the gonadal steroid-gonado- 
tropin feedback cannot be the only factor in initiating 
puberty. The plasma FSH concentrations are not dif- 
ferent from those of the age-matched controls at earlier 
stages of development. At 60 days of age, FSH con- 
centration in the cryptorchid animals continue to rise, 
while falling in the intact rats. In contrast, LH levels 
in the cryptorchid animals are higher even in the ear- 

liest stage of sexual maturation, while this difference 
gradually increases in the later stages. 

In contrast to the changes in the testosterone levels 
seen in the intact pre- and post-pubertal animals, we 
observed that FSH secretion correlates more uni- 

formly with the dihydrotestosterone levels. It has also 
been recently noted [2@22], that dihydrotestosterone 
and androstanediol effectively inhibit the plasma FSH 
release in the intact and in the orchiectomized rat. 
Besides the androgenic inhibition of FSH secretion, 

it has been additionally postulated that the germinal 
epithelium exerts a negative feedback on FSH pro- 

duction [23]. When these postuations are taken 
together with the early observations on the apparent 
difference in the regulatory mechanism of FSH secre- 

tion, one can infer (on the basis of current data), that 
the steady levels of plasma FSH in the cryptorchid 
immature rats are the result of the balance of the 
FSH-inhibiting factor(s) in the immature gonad and 
do not reflect the change in dihydrotestosterone con- 
centration. The higher magnitude of increment in 
FSH levels, seen in the later stages of maturation in 
the cryptorchid animals over the control animals is 
perhaps due to the destruction of the germinal epithe- 
lium in the cryptorchid group. The feedback inhibi- 
tion provided by the still existing low levels of the 

circulating dihydrotestosterone prevents plasma FSH 
reaching the high levels of the castrated animals. 
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