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  Pref ace   

   ‘T was strange that one so young should thus concern 
 His brain about the action of the sky; 
 If you think ‘t was philosophy that this did, 
 I can’t help thinking puberty assisted. 

 Lord Byron “ Don Juan ” 
 Canto the First, XCIII 

   The exact neuroendocrinological mechanisms that bring childhood to an end still 
remain unclear, and the subsequent period of puberty represents a sequence of pro-
found hormonal, physical, and psychical changes. The social relationships of matur-
ing individuals are likewise altered. The transition from girl to woman and from boy 
to man, respectively, is a time of raised concerns: Both parents and children con-
stantly worry about growth and sexual maturation advancing normally. Some dis-
eases, hidden to this point, become apparent. As a complex process of profound 
changes, puberty is one of the most vulnerable periods of life. No one has repre-
sented so skillfully the drama of those who are no longer children but not yet mature, 
overshadowed by the dark uncertainty of the future, as the Norwegian artist Edvard 
Munch in his masterpiece,  Puberty . 

 With that in mind, the need for a comprehensive textbook on the growth and 
development of children, as well as on the most important abnormalities and devia-
tions of puberty, is more than imperative. The responsibility of the medical com-
munity to growing children is substantial, as this period of transformation from 
childhood to maturity is crucial for lifelong health. An insuffi cient or inadequate 
approach to the mental or physical stability of adolescents may have serious conse-
quences afterwards. The problem has escalated in the last few decades given the 
aging population and lower worldwide birth rates. Normal reproduction would be 
impossible without a healthy puberty. 

 This book is mainly clinically oriented but extends to also cover corresponding 
theoretical aspects. It will be useful for pediatricians, endocrinologists, gynecolo-
gists, andrologists, urologists, family practitioners, child psychologists, and public 
health specialists—all those who are challenged in their everyday practice with the 
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problems of puberty. The chapters are prepared by internationally reputed experts, 
whose contributions are thankfully acknowledged. 

 Throughout the book, the reader should keep in mind that the second most 
remarkable phenomenon, after birth of normal child, is its transition to a healthy 
mature person.

     

    Edvard Munch “Puberty” 
 The National Museum of Art, Architecture and Design, Oslo 
 [Reprinted with kind permission from National Museum of Art, Architecture 

and Design]  

 Sofi a, Bulgaria    Philip     Kumanov  ,  MD, PhD, DMedSci   
 Cleveland, United States   Ashok   Agarwal ,  PhD   
 July 2016 
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    Chapter 1   
 Maturation and Physiology of Hypothalamic 
Regulation of the Gonadal Axis                     

     Yoshihisa     Uenoyama     ,     Naoko     Inoue     ,     Nahoko     Ieda     ,     Vutha     Pheng     , 
    Kei-ichiro     Maeda     , and     Hiroko     Tsukamura    

          Introduction 

 It is well accepted that the hypothalamus plays a pinnacle role in the hierarchical 
control of the gonadal axis through the anterior lobe of the pituitary gland in mam-
mals. The concept of hypothalamic regulation of the gonadal axis dates back to the 
late 1940s, when Geoffrey Harris and colleagues [ 1 ] predicted the presence of neu-
rohumoral substances, which control the pituitary gland. By this time, two  gonado-
tropins  , i.e.,  follicle-stimulating hormone (FSH)   and  luteinizing hormone (LH)  , had 
already been isolated from the pituitary gland [ 2 ]. Intensive studies have been per-
formed to isolate the predicted substance(s) controlling FSH and/or LH release. In 
the early 1970s, a decapeptide, which stimulates both FSH and LH release [ 3 ], was 
isolated from porcine and ovine hypothalami by two groups, led by Andrew Schally 
[ 4 ] and Roger Guillemin [ 5 ], respectively. The discovery of the gonadotropin- 
releasing hormone ( GnRH)   facilitated the studies on the involvement of hypotha-
lamic neurotransmitters and neuropeptides in GnRH/gonadotropin release system 
during the last three decades of the twentieth century. It has become increasingly 
clear that the activity of GnRH neurons is under a complex infl uence of afferent 
inputs, which mediates the feedback action of gonadal steroids, timing of sexual 
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maturation at puberty, drives estrous/menstrual cycles, and arrests gonadal activity 
under the adversity such as lactation, malnutrition, and diseases [ 6 – 11 ]. 

 At the turn of the twenty-fi rst century, discoveries via inactivating mutations of  novel 
neuropeptide signaling  , i.e., kisspeptin-GPR54 signaling, in humans suffering the hypogo-
nadotropic hypogonadism, provided a breakthrough in our understanding of the hypotha-
lamic mechanism controlling GnRH/gonadotropin release at the onset of puberty. This 
review focuses on our current understanding of how the hypothalamus regulates pubertal 
maturation of gonadal axis in mammals via GnRH/gonadotropin release.  

    Tonic GnRH/Gonadotropin Release Controls Pubertal 
Maturation of Gonadal Activity 

 There are two modes of GnRH/gonadotropin release in mammals. Males exhibit 
only tonic GnRH/gonadotropin release, whereas females exhibit both tonic and 
surge-mode GnRH/gonadotropin  release  . The tonic GnRH/gonadotropin release is 
characterized by its pulsatile nature, which was originally detected by a combina-
tion of frequent blood sampling and radioimmunoassay for LH in primates [ 12 ], and 
controls follicular development and maintenance of corpus luteum in females, and 
spermatogenesis in males, along with the steroidogenesis in both sexes. The surge- 
mode GnRH/gonadotropin release is observed at the mid-menstrual cycle in pri-
mates [ 13 ,  14 ] and the end of the follicular phase in other animals [ 15 ,  16 ] to trigger 
ovulation and the corpus luteum formation. 

  Sexual maturation   at the puberty onset seems to be timed by an increase in tonic 
GnRH/gonadotropin release in several mammals examined to date [ 17 – 21 ]. 
Experimentally, a pioneer study by Ernst Knobil and colleagues demonstrated that 
intermittent GnRH stimulation to the pituitary at a physiological frequency observed 
in adulthood induced puberty onset in immature female rhesus monkeys and that its 
withdrawal reverted to the immature state [ 22 ]. This fi nding strongly suggests that an 
increase in tonic GnRH/gonadotropin release is the fi rst step in the pubertal onset. 
Knobil and colleagues also established a method for electrophysiological recording of 
 multiple unit neuronal activity (MUA)   that is synchronized with LH pulses [ 23 ] and 
suggested that the neuronal activity recorded in the mediobasal hypothalamus could 
be derived from the so-called GnRH pulse generator. The periodic increase in electri-
cal activity, called  MUA volleys  , is considered as a manifestation of GnRH release 
and seems to be suppressed in prepubertal animals. The onset of puberty, therefore, is 
considered to be dependent on the activation of the GnRH pulse generator.  

     KNDy Neurons      as a Master Regulator of Tonic 
GnRH/Gonadotropin Release 

 An intrinsic source of the GnRH pulse generator had been deemed as a great enigma 
of the GnRH/gonadotropin-releasing system before the discovery of kisspeptin 
(fi rst named  metastin   [ 24 ]). To date, the most plausible interpretation is that 
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kisspeptin neurons localized in the hypothalamic arcuate nucleus (ARC) (also 
known as KNDy neurons as described below) serve as a master regulator of tonic 
GnRH/gonadotropin release in mammals. A critical role of  kisspeptin   in puberty 
onset has emerged from clinical studies for familial hypogonadotropic hypogonad-
ism, characterized by pubertal failure due to gonadotropin defi ciency. Two years 
after the deorphanization of GPR54 as a receptor for kisspeptin in 2001 [ 24 ,  25 ], 
two studies demonstrated that inactivating mutations of   GPR54  gene   caused pubertal 
failure in humans [ 26 ,  27 ]. Subsequently, the phenotype of humans with inactivat-
ing mutations of the  GPR54  gene was recapitulated in humans bearing inactivating 
mutations of the  KISS1  gene (coding kisspeptin) [ 28 ] and in rodent models carrying 
targeted mutations of  Kiss1  or  Gpr54  loci [ 27 ,  29 – 33 ]. In particular,  Kiss1  knockout 
rats showed a severe hypogonadotropic hypogonadal phenotype, suggesting an 
indispensable role of kisspeptin in pubertal maturation of gonadal axis in both sexes 
[ 33 ]. Because  Gpr54  gene expression in GnRH neurons is evident in rodents [ 29 ,  34 ], 
kisspeptin is thought to directly control GnRH release and thus gonadotropin 
release. Indeed, increasing evidence indicates that kisspeptin stimulates gonadotropin 
release via GnRH neurons in several mammals [ 34 – 36 ]. 

 Clinical studies for  hypogonadotropic hypogonadism   also demonstrated a critical 
role of  neurokinin B (NKB)  , a member of tachykinin family, in hypothalamic regu-
lation of puberty onset. Inactivating mutations of  TAC3  (coding NKB) or its cognate 
 TACR3  (coding tachykinin NK3 receptor) gene were found in humans suffering 
from the hypogonadotropic hypogonadism [ 37 – 40 ]. It should be noted that kiss-
peptin, NKB, and an endogenous opioid, dynorphin A, are co-localized in a cohort 
of ARC neurons in mammalian species [ 41 – 43 ], and thus the cohort of neurons has 
now become known as the KNDy neurons for the names of three neuropeptides, 
such as kisspeptin, NKB, and dynorphin A. Our previous studies demonstrated that 
the neuronal activity accompanied with LH pulses is successfully detected in the 
area near the cluster of KNDy neurons in goats [ 43 ,  44 ], suggesting that KNDy 
neurons are an intrinsic source of the GnRH pulse generator. Based on the results 
currently available [ 43 – 45 ], we envision that NKB and dynorphin A regulate the 
intermittent discharge of KNDy neurons in an autocrine and/or paracrine manner, 
resulting in pulsatile GnRH/gonadotropin release. Indeed, our recent study indi-
cates the involvement of NKB and dynorphin A in pubertal maturation of GnRH/
gonadotropin release [ 46 ], i.e., chronic administration of tachykinin NK3 receptor 
agonist or kappa-opioid receptor antagonist facilitated puberty onset along with the 
induction of tonic LH release in female rats. This result suggests that a lack of NKB 
signaling and relatively high dynorphin A tone may play a key role in suppression 
of the intermittent discharge of KNDy neurons, which drive pulsatile  GnRH/gonad-
otropin release. In other words, it is likely that an increase in NKB stimulation and/
or decrease in the inhibitory tone of dynorphin A (#1 in Fig.  1.1 ) drives intermittent 
discharge of KNDy neurons and hence GnRH/gonadotropin release (#2 in Fig.  1.1 ), 
resulting in puberty onset along with follicular development in the ovary (#3 in 
Fig.  1.1 ). Double-labeled immunoelectron microscopic studies indicate that an action 
site of kisspeptin seems GnRH neuronal terminals in the median eminence, where 
kisspeptin exerts stimulatory infl uence on GnRH neurons via volume transmission 
[ 47 ,  48 ]. Direct evidence for pubertal increase in  kisspeptin      release was proposed 
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from a previous study, in which Keen et al. [ 49 ] showed a pubertal increase in both 
kisspeptin and GnRH release and coordinated release of pulsatile kisspeptin and 
GnRH at the median eminence in rhesus monkeys.

        Estrogen-Dependent and Estrogen-Independent Prepubertal 
Restraint   of GnRH/Gonadotropin-Releasing System 

 The GnRH/gonadotropin-releasing system seems to be already matured before the 
onset of puberty. Indeed, ARC  Kiss1  gene expression and pulsatile LH release 
immediately increased after ovariectomy in prepubertal rats [ 50 ,  51 ]. Estrogen 
replacement restores the prepubertal restraint of the ARC  Kiss1  gene expression 
and LH pulses in female rats [ 50 ,  51 ], suggesting that the prepubertal suppression 
of the tonic GnRH/gonadotropin-releasing system is dependent on a circulating 
estrogen derived from the immature ovaries. A possible mechanism involved in the 
pre pubertal restraint   of tonic GnRH/gonadotropin-releasing system is illustrated in 
Fig.  1.2 . Based on the results currently available [ 50 ,  51 ], we envisage that estro-
gen derived from the immature ovaries (#1 in Fig.  1.2 ) may play a key role in 
prepubertal suppression of ARC  Kiss1  gene expression (#2 in Fig.  1.2 ), resulting 

  Fig. 1.1    Schematic illustration showing the possible hypothalamic mechanism regulating puber-
tal increase in GnRH/gonadotropin release in female mammals.  KNDy neurons   localized in the 
hypothalamic arcuate nucleus (ARC) play a key role in pubertal increase in GnRH/gonadotropin 
release in mammals. At the onset of puberty, an increase in neurokinin B stimulation and/or 
decrease in the inhibitory tone of dynorphin A (#1) may drive the intermittent discharge of KNDy 
neurons in an autocrine/paracrine manner. Kisspeptin stimulates tonic GnRH release at the median 
eminence and thus gonadotropin secretion (#2), which times puberty onset along with the follicular 
development in females (#3)       
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in a restraint of tonic GnRH/gonadotropin release during the prepubertal period 
(#3 in Fig.  1.2 ). Since kisspeptin neuron-specifi c estrogen receptor α (ERα) knock-
out mice show precocious puberty onset along with a higher ARC  Kiss1  gene 
expression than wild- type  mice   [ 52 ], estrogen-dependent prepubertal restraint of 
 Kiss1  gene expression and LH pulses would be directly mediated by ERα in ARC 
KNDy neurons. Similarly, in males, the prepubertal suppression of the tonic 
GnRH/gonadotropin- releasing system seems dependent on a circulating testoster-
one derived from the immature testes, because castration increases plasma LH levels 
in prepubertal male rats [ 53 ].

   In addition to the direct inhibitory effect on ARC  Kiss1  gene expression, estro-
gen may indirectly inhibit  Kiss1  gene expression and/or  GnRH/gonadotropin- 
releasing system during the prepubertal period. Our recent study showed that 
site-specifi c micro-implants of estradiol in the  medial preoptic area (mPOA)   or 
ARC restored suppression of LH pulses in prepubertal ovariectomized rats [ 50 ]. 
This suggests that estrogen-responsive neurons, at least, in the mPOA and ARC, 
are involved in the estrogen-dependent prepubertal restraint of GnRH/
gonadotropin- releasing system in female rats. Given the critical role of kisspeptin 
and NKB in pubertal maturation in humans and rodents, KNDy neurons could be 
a fi rst candidate for the estrogen-responsive neurons in the ARC. Additionally, 

  Fig. 1.2    Schematic illustration showing a possible mechanism regulating the  pubertal restraint   of 
the GnRH/gonadotropin release system in female mammals. During the prepubertal period, estro-
gen derived from the immature gonads (#1) strongly suppresses ARC  Kiss1  gene expression in 
KNDy neurons (#2) and hence GnRH/gonadotropin release (#3). Estrogen may exert an inhibitory 
infl uence on ARC  Kiss1  gene expression via direct or indirect pathways (#1). Estrogen-responsive 
neurons in the medial preoptic area (mPOA) may exert an inhibitory infl uence on GnRH/gonado-
tropin release via suppression of ARC  Kiss1  gene expression (#4)       
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estrogen- responsive neurons in the mPOA may exert an inhibitory infl uence on 
ARC  Kiss1  gene expression (#4 in Fig.  1.2 ). 

 The inhibitory infl uence of estrogen on ARC  Kiss1  gene expression and GnRH/
gonadotropin release appears to decrease during the pubertal transition, resulting in 
upregulation of ARC  Kiss1  gene expression and GnRH/gonadotropin release [ 51 ]. 
This scenario is consistent with the classical gonadostat hypothesis [ 54 ] that changes 
in hypothalamic sensitivity to negative feedback action of estrogen are associated 
with pubertal maturation of the GnRH/gonadotropin-releasing system in rodents. 
We envisage that pubertal decrease in the responsiveness to estrogen in ARC KNDy 
neurons plays a role in pubertal increase in  Kiss1  gene expression. It is unlikely that 
changes in responsiveness to estrogen negative feedback action during the pubertal 
transition are simply caused by a change in the expression of ERα, because our 
previous study showed that the number of ERα-expressing cells and  Esr1  gene 
(encoding ERα) expression in the POA and ARC was comparable between pre- and 
postpubertal periods in female rats [ 50 ]. Further studies are warranted to address 
this issue. 

 It should be noted that the central mechanism controlling the prepubertal 
restraint of GnRH/gonadotropin-releasing system in primates appears to differ 
from other species such as rodents and sheep [ 10 ,  11 ]. In monkeys, gonadectomy 
induces an increase in gonadotropin release during the neonatal period and after 
the onset of puberty, but not during the prepubertal period [ 11 ]. This indicates that 
both steroid- dependent and steroid-independent pathways are responsible for 
restraint of GnRH/gonadotropin-releasing system. Terasawa and Fernandez [ 10 ] 
suggest that the steroid- independent inhibition may be due to the abundant synap-
togenesis in primate brain than other species and that the decrease in the number of 
synapse to the adult levels could lead to pubertal increase in GnRH/gonadotropin 
release via removal of inhibitory inputs in primates. The characteristic steroid-
independent restraint period of GnRH/gonadotropin-releasing system in primates 
is called the juvenile  period      [ 55 ]. In humans, the juvenile hiatus in GnRH/gonado-
tropin secretion is seen between the ages of 4–9 years [ 55 ], even in girls suffering 
from Turner syndrome with gonadal dysgenesis [ 56 ] and boys with testicular 
defects [ 57 ], both which exhibit elevated plasma gonadotropin levels in infantile 
and peripubertal period.  

     Cues Relieving Prepubertal Restraint   of GnRH/
Gonadotropin-Releasing System 

 It is well demonstrated that the timing of puberty onset is dependent on body weight 
rather than chronological age [ 58 ]. Epidemiologic studies showed that age of men-
arche in girls declined from 17 years old in the nineteenth century to 13 years old in 
the twentieth century in developed countries [ 58 ]. This secular trend can be under-
stood in terms of the faster somatic growth in humans in the twentieth century [ 58 ]. 
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Thus, nutritional cues are likely to contribute to the regulation of pubertal maturation 
of GnRH/gonadotropin-releasing system. Energy storage in the body fat has been 
considered to be a possible determinant for the onset of puberty for a long time [ 59 , 
 60 ]. Leptin, the fi rst hormone discovered from fat tissue [ 61 ,  62 ], was then consid-
ered as a signal that relays the attainment of energy storage to the brain, because 
leptin-defi cient mice do not show puberty and exogenous leptin restores fertility 
[ 63 ]. In fact, the leptin receptor is expressed in several hypothalamic and extra-hypo-
thalamic nuclei including ARC [ 64 ]. Recently, KNDy  neurons   were found to express 
leptin receptors [ 65 ]. Mice with a leptin defi ciency showed decreased ARC  Kiss1  
gene expression [ 65 ], suggesting that leptin seems to be a nutritional cue relieving 
the prepubertal restraint of GnRH/gonadotropin-releasing system. Leptin, however, 
could be a prerequisite of normal puberty, because the increase in leptin secretion is 
not necessarily synchronized with the onset of puberty [ 58 ]. 

 In addition to nutrition, the photoperiod tightly regulates the timing of puberty 
onset in seasonal breeders such as sheep and Syrian hamsters. Foster et al. [ 18 ] 
clearly showed that the onset of puberty is postponed to the next breeding season 
in lambs, which achieved critical body size in late winter. Earlier studies showed 
that  Kiss1  gene expression is higher in the breeding season than in the nonbreeding 
season in sheep and Syrian hamsters [ 66 ,  67 ]. Taken together, KNDy neurons may 
integrate multiple external cues, such as nutrition or photoperiod, to control puber-
tal maturation of the GnRH/gonadotropin-releasing system.  

    Conclusions and Unanswered Questions 

 Studies during the last few decades have provided a new framework for the under-
standing of pubertal maturation of hypothalamic regulation of gonadal axis in mam-
mals. It is now well accepted that KNDy neurons are responsible for the regulation 
of pubertal increase and GnRH/gonadotropin release in mammals. But, there are 
still some important unanswered questions. Little is known about the cellular and 
molecular mechanisms controlling the prepubertal restraint of and pubertal increase 
in kisspeptin biosynthesis, which is tightly controlled by steroid-dependent and 
steroid-independent mechanism. In particular, mechanisms underlying the relation-
ship between nutritional statuses and relieving the prepubertal restraint of kisspeptin 
biosynthesis are still unanswered questions. Further studies, therefore, are needed to 
fully elucidate the pubertal maturation of hypothalamic mechanism regulating 
gonadal axis in mammals.     
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    Chapter 2   
 Genetics of Puberty                     

     Shehla     Tabassum      and     Salman     Kirmani    

        Puberty   is defi ned as the physical transition from sexual immaturity to being sexu-
ally mature.  Adolescence   is sometimes considered a synonymous term, but implies 
more of a psychosocial maturation that comes with puberty. The mean age for the 
onset of fi rst signs of puberty among girls is around 10.5 years of age (range, 8–13 
years), while among boys, it is around 11.5 years (range, 9–14 years) [ 1 – 4 ]. Some 
variability occurs between individuals with regard to the timing and sequence of 
pubertal maturation. However, most of boys and girls follow a predictable course 
through pubertal maturation. 

 Pubertal onset in both girls and boys appears to be occurring earlier all over the 
world as compared to that reported in the literature previously [ 5 – 7 ]. Several factors 
like increased BMI and fat mass have been implicated in causing this earlier 
pubertal onset, but substantial evidence is still lacking in this regard. Also, puber-
tal timing varies signifi cantly between different ethnic groups. Genetics seem to 
play an important role in causing these racial/ethnic differences [ 8 ]. 

  Gonadotropin-releasing hormone (GnRH)      is the master hormone of the repro-
ductive endocrine system, largely controlling the secretion of luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH) from pituitary gonadotrope cells. 
An increase in the pulsatile secretion of GnRH from the hypothalamus is consid-
ered to be a critical hormonal event in puberty. FSH and LH then evoke steroido-
genesis and gametogenesis from the gonads, culminating in secondary sexual 
features’ development and fertility. There are multiple other factors involved in 
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the initiation of puberty as well, and the complex interactions between genetic 
and environmental  factors   controlling this process are just beginning to be under-
stood (Fig.  2.1 ).

      Regulation of Puberty 

 Puberty is a mysterious phenomenon, and not all is known to answer the various 
complicated steps occurring in this process. Several  mechanisms   have been impli-
cated in the onset of puberty. The process seems to undergo neuropeptide, genetic, 
metabolic, and environmental regulation. 

    Neuropeptide Regulation of  Puberty   

 A sustained increase in pulsatile release of gonadotrophin-releasing hormone 
(GnRH) from the hypothalamus is an essential, fi nal event that defi nes the initiation 
of puberty. This depends on coordinated changes in transsynaptic and glial–neuronal 
communication, consisting of activating neuronal and glial excitatory inputs to the 
GnRH neuronal network and the loss of transsynaptic inhibitory tone. 

 The prevalent excitatory systems stimulating GnRH secretion involve a neuronal 
component and a glial component. The neuronal component consists of excitatory 

  Fig. 2.1    Multiple factors implicated in pubertal  onset  .  CNS  central nervous system,  GnRH  
gonadotropin- releasing hormone,  LH  luteinizing hormone,  FSH  follicle-stimulating hormone 
(Reprinted from Martos-Moreno GA, Chowen JA, Argente J. Metabolic signals in human puberty: 
Effects of over and Undernutrition. Molecular and Cellular Endocrinology 2010; 324(1–2): 70–81. 
With permission from Elsevier.)       
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amino acids such as glutamate and peptides such as kisspeptin and neurokinin B. 
The glial component uses growth factors such as TGF-β, EGF, IGF-1,and bFGF and 
small molecules for cell–cell signaling such as SynCAM1 and RPTPβ. 

 KiSS1, located on chromosome 1q32.1, encodes the peptide kisspeptin, which 
acts via its receptor, encoded by the gene KISS1R (also known as GPR54) located 
on 19p13.3. It is thought that KISS1 signaling through KISS1R in the hypothalamus 
at the end of the juvenile phase of development may contribute to the pubertal resur-
gence of pulsatile GnRH release. The three key features of the kisspeptin–Gpr54–
GnRH neuron axis leading up to puberty are (i) the expression of adult-like levels of 
Gpr54 mRNA in GnRH neurons well in advance of puberty, (ii) a modest increase 
in the electrical response of GnRH neurons to Gpr54 activation across postnatal 
development, and (iii) the “sudden” appearance of kisspeptin fi bers surrounding 
GnRH neuron cell bodies/proximal dendrites just prior to puberty onset. Another 
important pathway in the initiation of puberty may be TAC3 signaling. TAC3 is 
located on chromosome 12q13.3, and the gene that encodes its receptor TACR3 on 
chromosome 4q24 and loss-of-function mutation in these genes have been associ-
ated with hypogonadotropic hypogonadism [ 9 ]. 

 GABAergic and opiatergic neurons provide transsynaptic inhibitory control to the 
system, but GABA neurons also exert direct excitatory effects on GnRH neurons. 
New evidence suggests that additional peptides inhibit GnRH neuronal activity. 
The discovery of such gonadotropin-inhibitory factors, examples of which include 
the RF amide peptides, RFRP1 and RFRP3 (encoded by the QFRP gene on chromo-
some 9q34.12), has further clarifi ed the role of genes that inhibit the GnRH axis until 
the appropriate signals to initiate puberty come into play [ 10 ]. 

 Other pathways, especially in the appetite control center of the  hypothalamus  , 
have also been shown to infl uence pubertal onset. Neuropeptide Y (NPY) and 
agouti-related peptide (AgRP) are orexigenic peptides that have been found to infl u-
ence the production of pro-opiomelanocortin (POMC), another neuropeptide which 
affects normal pubertal onset [ 11 ].  

    Genetic Factors Regulating  Puberty   

 Genetic factors have been established to account for 50–75 % of the variability in 
timing of normal pubertal onset. Several genetic loci have been identifi ed which are 
associated with age of pubertal onset. The genetic mechanisms that provide encom-
passing coordination to this cellular network are not clearly known. The timing of 
puberty varies greatly among healthy individuals in the general population and is 
infl uenced by both genetic and environmental factors [ 8 ]. The high correlation of the 
onset of puberty seen within racial/ethnic groups, within families, and between mono-
zygotic compared to dizygotic twins all provides evidence for genetic regulation of 
pubertal timing. These data suggest that 50–80 % of the variation in pubertal timing is 
determined by genetic factors. Environmental and physiologic effects also infl uence 
the timing of puberty, and there is evidence supporting secular trends in the timing of 
puberty. It is possible that gene by environment interactions plays an important role in 
regulating the timing of puberty. 
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 It is tempting to consider that a single gene may be responsible for the initiation 
of puberty, since mutations in  genes   such as GNRHR, GPR54, TAC3, TACR3, and 
KiSS1 result in pubertal failure [ 12 ] (Table  2.1 ). Functional studies have failed to 
demonstrate that any one of these single genes plays a commanding role in synchro-
nizing the neuronal and glial networks involved in the initiation of puberty. This has 
led to the current concept of genetic networks regulating the neuroendocrine control 
of puberty initiation [ 13 ]. This network is envisioned to be a host of functionally 
related genes hierarchically arranged. The highest level of control in this network is 
likely provided by transcriptional regulators that, by directing expression of key 
subordinate genes, impose an integrative level of coordination to the neuronal and 
glial subsets involved in initiating the pubertal process.

   The use of new techniques of genetic  analysis   coupled to systems biology strate-
gies should provide not only the experimental bases supporting this concept but also 
unveil the existence of crucial components of network control not yet identifi ed. 
The question of whether the fi rst step in the initiation of puberty is a loss of central 
restraint, or the activation of stimulatory inputs to GNRH neurons still remains unan-
swered. It may very well be that transcriptional repression and activation of key 

   Table 2.1    Genes implicated in the disorders of delayed  puberty     

 Gene  Protein  Function  Disease 

  KiSS1   Kisspeptin  GnRH secretion  NHH 
  GPR54 
(KiSS1R)  

 Kisspeptin receptor  GnRH secretion stimulation  NHH 

  GNRH1   Gonadotropin-releasing 
hormone 

 GnRH synthesis  NHH 

  GNRHR   GnRH receptor  GnRH signaling  NHH 
  TAC3   Neurokinin B  Unknown  NHH 
  TACR3   Neurokinin B receptor  Unknown  NHH 
  FGF8   Fibroblast growth factor 8  Migration of GnRH neurons  KS/NHH 
  FGFR1   Receptor for FGF8 protein  Migration of GnRH neurons  KS/NHH 
  PROK2   Prokineticin  Migration of GnRH neurons  KS/NHH 
  PROKR2   Prokineticin receptor  Migration of GnRH neurons  KS/NHH 
  CHD7   Chromodomain helicase 

DNA-binding protein 7 
 Development of GnRH 
neurons 

 CHARGE 
syndrome, KS/NHH 

  NELF   Nasal embryonic LHRH 
factor 

 Migration of GnRH neurons  KS 

  KAL1   Anosmin-1  Migration of GnRH neurons  KS 
  LEP   Leptin  GnRH secretion  Obesity and HH 
  LEPR   Leptin receptor  GnRH secretion  Obesity and HH 
  PC1   Prohormone convertase  Cleavage of POMC  Obesity and HH 
  HESX1   Pituitary transcription factor  Pituitary development  Hypopituitarism 
  LHX3   Pituitary transcription factor  Pituitary development  Hypopituitarism 
  PROP1   Pituitary transcription factor  Pituitary development  Hypopituitarism 

   GnRH  gonadotropin-releasing hormone,  NHH  normosmic hypogonadotropic hypogonadism, 
 HH  hypogonadotropic hypogonadism,  KS  Kallmann syndrome,  POMC  pro-opiomelanocortin  
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genes occur simultaneously to orchestrate this complex process. One recent advance 
in this direction is the identifi cation of the polymorphisms with age at menarche in 
the leptin and leptin receptor genes in humans [ 14 ,  15 ]. In addition, we are learning 
more about various transcription factors such as  thyroid transcription factor 1 (TTF1)   
and a transcription factor encoded by the gene C14ORF4 located on chromosome 
14q24.3 which modulate gonadotropin-releasing hormone (GnRH)  expression      [ 16 ] 
(Figs.  2.2  and  2.3 ).

        Metabolic Control of  Puberty   

 Both growth and reproduction consume high levels of energy, requiring suitable 
energy stores to face these physiological functions. The state of body energy 
reserves is a key determinant for the onset of puberty. During the last two decades, 
our knowledge concerning how peptides produced in the digestive tract (in charge 
of energy intake) and in adipose tissue (in charge of energy storage) provide infor-
mation regarding metabolic status to the CNS has increased dramatically. Moreover, 
these peptides have been shown to play an important role in modulating the 
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  Fig. 2.2    Different genes involved in disorders of delayed  puberty  .  HH  hypogonadotropic hypogo-
nadism,  CDGP  constitutional delay of growth and development (Reprinted from Gajdos ZKZ, 
Henderson KD, Hirschhorn JN, Palmert MR. Genetic determinants of pubertal timing in the gen-
eral population. Molecular and Cellular Endocrinology 2010; 324(1–2):21–29. With permission 
from Elsevier.)       
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gonadotropic axis with their absence or an imbalance in their secretion being able 
to disturb pubertal onset or progression [ 11 ]. 

 Leptin is an adipocyte-derived hormone and its synthesis is directly related to the 
amount of body fat. Thus, it is involved in the control of energy homeostasis and 
modulates several neuroendocrine systems, including the HPG axis. Animal knockout 
models have shown that infertility is characteristic of leptin-defi cient mice (ob/ob) 
and that this can be overcome by leptin treatment. Humans that are leptin defi cient 
due to homozygous gene mutations present with hypogonadotropic hypogonadism, 
with long-term recombinant leptin treatment being able to achieve pulsatile noctur-
nal gonadotropin secretion in these patients. Humans with leptin receptor defi ciency 
present with different degrees of hypogonadotropic hypogonadism. 
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  Fig. 2.3     Transcriptional regulation   of the initiation of puberty (Reprinted from Ojeda SR, Dubay 
C, Lomniczi A, Kaidar G, Matagne V, Sandau US, Dissen GA. Gene networks and the neuroendo-
crine regulation of puberty. Molecular and Cellular Endocrinology 2010; 324(1–2):3–11. With 
permission from Elsevier.)       
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 Leptin is considered to be the main peripheral signal providing information 
about the body’s energy stores to the hypothalamic circuits in charge of controlling 
energy homeostasis, thus communicating this information to the HPG axis by means 
of mechanisms that are far from being fully understood. Leptin appears to play a 
permissive role in the initiation of puberty and in the maintenance of the reproduc-
tive  function  . The earlier initiation of puberty seen in obese children may also be 
partly explained by higher leptin levels. The role of other adipokines such as adipo-
nectin and resistin on the HPG axis is currently poorly understood. 

 Growing evidence suggests that insulin and leptin interact to downregulate 
arcuate nucleus (ARC) production of orexigenic peptides such as NPY and AgRP 
and, in collaboration with serotonin, enhance POMC production and release. 
Thus, insulin could be another peripheral metabolic signal involved in HPG axis 
functioning. 

 Ghrelin is a gut-derived hormone, whose function as a growth hormone secreta-
gogue is well described. More recently, it has been shown that ghrelin modulates 
energy homeostasis by stimulating the expression of the genes encoding NPY and 
AgRP in the arcuate nucleus of the hypothalamus and by binding to presynaptic 
terminals of arcuate NPY and POMC neurons, respectively, stimulating and inhibit-
ing their activity and peptide release. This results in a net orexigenic effect, func-
tionally opposite to that produced by leptin. Thus, it is currently thought that ghrelin 
plays a role in reporting information regarding the fuel availability in the body to the 
CNS and that there is an inverse relationship between activation of the HPG axis 
and ghrelin levels. The role of other gut-derived  factors   such as peptide YY (PYY) 
is currently being explored.  

    Environmental Infl uences on  Puberty   

 Since genetic background explains 50–80 % of variability in the timing of puberty, 
it is not surprising that the observed environmental effects are rather modest when 
individual exposures are assessed. The fact that the age of onset of puberty has been 
declining in the USA since the mid-1990s, with similar trends are being seen more 
recently in Europe, points toward such rapid changes having environmental rather 
than genetic causes [ 17 ]. 

 Endocrine-disrupting chemicals have thus been implicated as being such environ-
mental factors affecting pubertal onset. Endocrine disrupters can cause pubertal 
disorders by several mechanisms. They can act as hormone agonists or antagonists 
or both depending on the dose and background hormone levels, i.e., the same com-
pound can be an agonist when the level of endogenous hormone is very low (child-
hood), whereas it can be an antagonist when the real hormone is available (adulthood). 
Multiple chemical exposures have been considered, but defi nitive studies are lacking. 
Examples of such chemicals include polychlorinated and polybrominated biphenyls 
(PCBs and PBBs), phthalates, dioxins, DDT, and lead. Apart from the association of 
lead and delayed puberty, the evidence is unclear.   
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    Summary 

 It is now clear that initiation of puberty involves complex neurohormonal stimuli 
that are regulated by various genetic and environmental factors. Advances in genetic 
technologies and a systems biology approach will help with diagnosis and treatment 
of disorders of pubertal development and help us understand environmental infl u-
ences that perturb the balance of pubertal development.     
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    Chapter 3   
 Hormonal Changes in Childhood and Puberty                     

     Rodolfo     A.     Rey     ,     Stella     M.     Campo     ,     María     Gabriela     Ropelato     , 
and     Ignacio     Bergadá    

          Introduction 

 The functional ontogeny of the  hypothalamic-pituitary-gonadal axis   has particular 
features that distinguish it from most organs and systems characterized by func-
tional differentiation in early fetal life and complete maturation reached by birth or 
infancy. Conversely, the gonadal axis displays an incomplete development in utero 
and during early postnatal life, followed by a functional quiescence of part of the 
axis during childhood and full maturation during puberty. Although this ontogeny 
seems to refl ect exclusively the changes in the activity of the hypothalamic- 
gonadotrope axis, a careful look into gonadal developmental physiology uncovers 
local distinctive features that are also involved in the resulting ontogeny of the 
reproductive system. In this chapter, we will address the latest understanding on the 
regulation of the gonadal axis in males and females during development. We will 
particularly focus on the concept that childhood is not a period of complete quies-
cence of the gonads and on the differences observed in gonadal function between 
the early postnatal activation period—which many authors call “mini-puberty”—
and canonical puberty. Finally, we will briefl y discuss the changes observed in other 
hormonal axes, which are also related to growth and development.  
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    Hormonal Changes in the Male Reproductive Axis 

     Fetal Life   

 Initial functional differentiation of endocrine testicular cell populations is indepen-
dent of pituitary gonadotropins (reviewed in ref [ 1 ]). Sertoli and germ cells aggregate 
to form the seminiferous cords during the seventh fetal week, whereas mesenchymal 
cells differentiate into Leydig cells in the interstitial tissue in the eighth week. Sertoli 
cells secrete  anti-Müllerian hormone (AMH)  , responsible for the regression of the 
Müllerian ducts, i.e., the anlagen of the uterus, fallopian tubes, and upper vagina, and 
Leydig cells secrete androgens and  insulin-like factor 3 (INSL3)  .  Androgens   drive 
fetal virilization of the genitalia and, together with INSL3, are required for testis 
descent to the scrotum. 

 In the fi rst trimester, the predominant gonadotropin is human chorionic gonado-
tropin (hCG) secreted by the placenta. The hypothalamic nuclei that secrete 
gonadotropin- releasing hormone (GnRH) and the pituitary gonadotrope differentiate 
later: luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are secreted 
into the bloodstream from the 17th fetal week (reviewed in [ 2 ]). Gonadotropin levels 
decrease in the third trimester [ 3 ], probably due to the negative feedback exerted by 
placental estrogens. 

 Placental hCG and pituitary LH induce androgen secretion in Leydig cells. 
Testosterone levels are high, reaching adult levels, between the 10th and 20th fetal 
weeks, and decrease during the third trimester (reviewed in [ 2 ]). 

 Basal AMH production is independent of  gonadotropins   throughout life; how-
ever, FSH increases testicular AMH secretion by stimulating Sertoli cell multiplica-
tion and upregulating AMH expression in each Sertoli cell [ 4 ]. FSH also induces 
inhibin B secretion by Sertoli cells; inhibin B exerts a negative feedback on FSH.  

     Birth and Infancy   

 The circulating levels of  gonadotropins   and testicular hormones are low at  birth   
(Table  3.1 ) [ 5 – 7 ]. During the fi rst week of life, gonadotropins increase [ 6 ]; in the 
male, LH levels are higher than  FSH   (Fig.  3.1 ). The LH surge drives testosterone 
and INSL3 secretion. Importantly, for testosterone measurement, serum samples 
must be extracted to avoid interferences that artifi cially overestimate results in the 
fi rst 2 weeks of life [ 6 ]. Peak levels of LH, testosterone, and INSL3 are reached dur-
ing the third month [ 7 – 9 ]; thereafter, they decrease to very low or undetectable from 
approximately 6 months of age until the onset of puberty (Fig.  3.1 ).

     AMH and inhibin B levels   also increase progressively through infancy (Table  3.1 ) 
[ 6 ,  10 – 12 ]. In the fi rst months of life, the surge may be linked to FSH-dependent 
Sertoli cell proliferation [ 13 ]. AMH and inhibin B are useful biomarkers of FSH 
action [ 14 ], as seen in neonates with congenital central hypogonadism [ 15 ]. 
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 This postnatal activation of the hypothalamic-pituitary-gonadal axis has been 
called “mini-puberty” and is refl ected in subtle clinical changes in the male: Sertoli 
cell proliferation results in a minor increase in testicular volume, which can only be 
detected by  ultrasonography   (reviewed in [ 16 ]), and Leydig cell androgen produc-
tion has a trophic effect on the genitalia. Interestingly, the high androgen levels 
observed during fetal life and the postnatal period are not capable of inducing 
Sertoli cell maturation and full spermatogenesis, as they do during puberty (see 
below). The lack of androgen effect on the seminiferous cords may be explained by 
the fact that the androgen receptor is not expressed in Sertoli cells in the fi rst year of 
life (Fig.  3.1 ) [ 17 ]. Actually, when the axis activation abnormally continues beyond 
the age of 1 year, persistently elevated testosterone results in signs of seminiferous 
tubule maturation like those observed during canonical puberty, e.g., AMH down-
regulation and inhibin B increase [ 18 ].

  Key Points 

•   In the fi rst week after birth, serum levels of gonadotropins and testicular hor-
mones are low.  

•   Testosterone levels in serum samples should be performed after steroid extrac-
tion in the fi rst 2 weeks of life.  

      Table 3.1    Reproductive axis  hormone levels   (median and 3rd and 97th percentiles) in boys from 
birth to puberty (Tanner stages G1 to G5)   

 Age 
 Tanner 
stage  LH (IU/L)  FSH (IU/L) 

 Testosterone  Inhibin B 
(pg/mL) 

 AMH 

 (ng/dL)  (nmol/L)  (pmol/L)  (ng/mL) 

 1–3 days a   0.13 
(0–1.10) 

 0.20 
(0–3.97) 

 48 (18–148)  1.66 
(0.62–5.13) 

 217 
(62–444) 

 328 
(140–819) 

 46 (20–115) 

 7–14 days a   3.50 
(0.08–9.57) 

 1.75 
(0.33–6.90) 

 71 (17–325)  2.46 
(0.59–11.27) 

 297 
(95–625) 

 411 
(119–877) 

 58 (17–123) 

 20–30 days a   2.60 
(0.51–5.90) 

 1.40 
(0.54–2.50) 

 113 
(43–508) 

 3.92 
(1.49–17.61) 

 309 
(203–540) 

 588 
(324–1197) 

 82 (45–168) 

 1–6 months b   0.29 
(0.10–2.92) 

 0.50 
(0.15–2.19) 

 193 
(18–355) 

 6.69 
(0.62–12.31) 

 421 
(320–640) 

 697 
(421–1470) 

 98 (59–206) 

 6 months–1.9 
years b  

 0.10 
(0.10–0.35) 

 0.56 
(0.30–1.26) 

 10 (10–10)  0.35 
(0.35–0.35) 

 240 
(80–609) 

 1132 
(684–2329) 

 159 
(96–326) 

 2.0–8.9 years b   0.10 
(0.10–0.18) 

 0.75 
(0.24–1.70) 

 10 (10–10)  0.35 
(0.35–0.35) 

 179 
(78–389) 

 684 
(236–1831) 

 96 (33–256) 

 9–18 years b   G1  0.10 
(0.10–2.78) 

 1.70 
(0.58–2.54) 

 10 (10–108)  0.35 
(0.35–3.74) 

 95 (43–282)  714 
(257–1371) 

 100 
(36–192) 

 G2  0.80 
(0.12–2.76) 

 2.08 
(1.20–4.08) 

 12 (10–182)  0.42 
(0.35–6.31) 

 156 
(67–227) 

 295 
(69–1017) 

 41 (10–142) 

 G3  2.43 
(0.67–4.65) 

 2.96 
(1.43–7.44) 

 182 
(12–368) 

 6.31 
(0.42–12.76) 

 201 
(91–371) 

 71 (30–423)  10 (4–59) 

 G4  3.03 
(1.44–5.03) 

 3.55 
(2.05–7.94) 

 392 
(187–664) 

 13.59 
(6.48–23.02) 

 154 
(115–271) 

 65 (33–164)  9 (5–23) 

 G5  2.90 
(1.34–6.31) 

 2.55 
(1.14–6.99) 

 438 
(114–682) 

 15.19 
(3.95–23.65) 

 174 
(110–278) 

 82 (38–195)  11 (5–27) 

   a Data from [ 6 ] 
  b Data from [ 10 ]  
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•   Until the age of 3–6 months, basal gonadotropin levels are useful markers of 
pituitary function, testosterone and INSL3 refl ect Leydig cell activity, and AMH 
and inhibin B are indicative of Sertoli cell function.     

     Childhood   

 After the third to sixth months of life in the male, gonadotropins, testosterone, and 
INSL3 are very low in serum (Fig.  3.1  and Table  3.1 ). Therefore, the assessment of 
Leydig cell function during childhood through testosterone or INSL3 determina-
tions requires stimulation with exogenous hCG administration (reviewed in [ 9 ]). 
The decrease in gonadotrope activity during childhood—refl ected in low LH and 
FSH circulating levels—does not seem to be dependent on a negative feedback by 
testicular factors, since it also occurs in anorchid boys [ 19 ]. 

  Fig. 3.1    Schematic representation of the  ontogeny   of pituitary-testicular serum hormone levels 
from birth to puberty (Tanner stages G1 to G5) and its relationship to androgen receptor (AR) 
expression in Sertoli cells and testicular histology. At 3 months ( A ), Leydig cells of the interstitial 
tissue secrete testosterone, but percentage of Sertoli cells positive for AR is extremely low or null; 
consequently, AMH production is not inhibited by testosterone, and spermatogenesis does not prog-
ress into meiosis. At 8 years ( B ), more almost 100 % of Sertoli cells express the AR, but the intersti-
tial tissue does not have mature Leydig cells and testosterone is low; therefore, Sertoli cells remain 
immature, AMH is high, and no meiosis occurs. At late puberty ( C ), Leydig cells produce high 
testosterone levels, which provoke the maturation of AR-positive Sertoli cells, refl ected in the inhi-
bition of AMH and also in the development of full spermatogenesis. Gn - gonadotropins (Adapted 
from Rey RA, Musse M, Venara M, Chemes HE. Ontogeny of the androgen receptor expression in 
the fetal and postnatal testis: its relevance on Sertoli cell maturation and the onset of adult spermato-
genesis. Microsc Res Tech 2009; 72: 787–95. With permission from John Wiley & Sons, Inc.)       
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 Classically, childhood has been described as a quiescent period of the gonadal 
axis, on the basis of low gonadotropin and testosterone serum levels. However, 
Sertoli cells remain active: they secrete high levels of AMH, a typical marker of the 
prepubertal testis, and inhibin B (Fig.  3.1 ). Serum AMH and inhibin B are useful 
biomarkers to study testicular function during the inadequately called prepubertal 
“pause” of the reproductive axis.

  Key Points 

•   During childhood, basal serum gonadotropins, testosterone, and INSL3 are very 
low or undetectable with routine methods in normal boys, so they are not useful 
markers of the pituitary-Leydig cell axis unless stimulation tests are used.  

•   Basal serum AMH and inhibin B are high and should be used as primary bio-
markers of testicular function.     

     Puberty   

 From a clinical standpoint, puberty refers to the period of life spanning 3–5 years 
characterized by the development of secondary sexual characteristics and the pro-
gressive acquisition of the reproductive capacity. In the male, the clinical landmark 
of pubertal onset is gonadarche, i.e., when testicular volume attains 4 ml (Fig.  3.2 ). 
However, it is clear that the physiology of puberty begins somewhat earlier, with a 
progressive increase in gonadotropin pulse amplitude and frequency (reviewed in 
[ 20 ]). Gonadarche occurs at a mean age of 11.5 years in boys [ 21 ]; when it occurs 
before the age of 9, puberty is considered to be precocious, while it is considered as 
delayed puberty when gonadarche occurs between 14 and 18 years of age.

   At the onset of puberty, the increase in FSH secretion by the gonadotrope induces 
the proliferation of immature Sertoli cells and boosts testicular volume from 2 to 
4 ml, clinically refl ected in Tanner stage 2. LH drives the maturation of Leydig cells, 
which provokes a progressive increase in androgen concentration within the testis 
resulting in Sertoli cell maturation (reviewed in [ 22 ]). Consequently, Sertoli cell 
proliferation stops, AMH production declines [ 10 ,  12 ], and inhibin B secretion rises 
[ 23 ,  24 ], as seen in Tanner stages 2–3 (Table  3.1 ). The increase in serum testoster-
one levels is a later event, occurring in Tanner stages 3–5 [ 25 ], when testicular vol-
ume is above 10 ml. Androgens are aromatized to estrogens, and breast development 
(“gynecomastia”) occurs in more than half of normal boys during mid- to late 
puberty. This physiological event usually reverses  spontaneously  . Steroid hormones 
are essential for the occurrence of peak height velocity in Tanner stages 3–4. INSL3 
secretion also increases during puberty but becomes gonadotropin independent 
once adult Leydig cells become fully differentiated (reviewed in [ 9 ]). 

 Germ cells undergo the complete spermatogenic process, leading to sperm pro-
duction (Fig.  3.1 ) and to the overt increase in testis volume to 15–25 ml in Tanner 
stages 4–5 (Fig.  3.2 ) (reviewed in [ 22 ]). FSH and spermatogenesis are essential for 
inhibin B production, which in turn acts as a negative feedback regulator of pituitary 
FSH [ 26 ]. Therefore, in puberty and adulthood, inhibin B is an extremely informative 
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biomarker of testicular function, since it refl ects the whole pubertal maturation pro-
cess, i.e., FSH and testosterone action on Sertoli cells and spermatogenesis. 

 It is noteworthy that gonadotropin and androgen levels are equally high during 
fetal life, the postnatal activation (or “mini-puberty”), and puberty, but clinical signs 
of seminiferous tubule maturation—like AMH downregulation and complete sper-
matogenesis leading to testis enlargement—only occur during pubertal develop-
ment. As mentioned before, the ontogeny of the androgen receptor in Sertoli cells 
seems to be the underlying explanation: in the human, androgen receptor expression 
appears faintly in few Sertoli cells by the end of the fi rst year. A progressive increase 
occurs between 2 and 8 years, and by the age of puberty, all Sertoli cells are strongly 
positive for the androgen  receptor   (reviewed in [ 22 ]).

  Key Points 

•   In the initial steps of puberty, serum LH and FSH increase by pulses.  
•   Serum AMH decreases and inhibin B increases, refl ecting Sertoli cell maturation 

induced by intratesticular androgens, before serum testosterone increases.  
•   Serum inhibin B is an excellent biomarker of androgen and FSH action on 

spermatogenesis.      

  Fig. 3.2    Schematic representation of the pubertal  events   in the pituitary-testicular axis. The fi rst 
events are clinically undetectable: when the boy is in Tanner stage 1, gonadotropin levels increase, 
FSH provokes Sertoli cell proliferation, and LH induces Leydig cell maturation. After some time, the 
increase in Sertoli cell number is refl ected in testicular volume (TV) progression to 4 ml, the clinical 
milestone of pubertal onset. During Tanner stage 2, intratesticular testosterone concentration increases 
and provokes Sertoli cell maturation, refl ected in downregulation of AMH, increase of inhibin B, and 
onset of adult spermatogenesis; testicular volume further increases. In Tanner stage 3, the increase in 
serum testosterone becomes evident, and secondary sex characteristics start developing. During 
Tanner stages 4 and 5, full testicular volume and secondary sex characteristics are attained       
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    Hormonal Changes in the Female Reproductive Axis 

     Fetal Life   

 The development of the ovary takes longer than that of the testis in fetal life, and it 
does not occur in the absence of germ cells. Another sexual dimorphism is that oogo-
nia enter meiosis during fetal life, whereas male germ cells only initiate meiosis at 
puberty. Primary oocytes become surrounded by fl attened follicular cells to form 
primordial follicles, which represent the quiescent follicle ovary reserve. Progressively, 
fl attened cells change to cubic (granulosa) cells, resulting in the formation of primary 
follicles at around 20 weeks of fetal life. By the 26th week, primary follicles have 
grown and produce low amounts of AMH [ 27 ], which have no effects on Müllerian 
derivatives because the AMH receptor is no longer expressed. Follicular maturation 
proceeds to the small antral stage during the last stages of intrauterine life. At this 
moment, the fi rst meiotic division reaches diplotene stage and becomes arrested until 
puberty.  Estrogen   production by the ovary during fetal life is minimal, as compared 
to high estrogen production by the placenta. Ovarian development up to the seventh 
month of fetal life occurs independently of fetal gonadotropins [ 28 ]. Indeed, follicu-
lar development until the small antral stage is mostly gonadotropin independent. 
During the fi rst half of gestation, female fetuses have higher serum LH and FSH 
levels than male fetuses. This sex difference has been explained by the absence of a 
negative feedback. LH and FSH levels decrease toward the end of  gestation   and are 
low at term due to high circulating estrogen levels [ 3 ].  

     Birth and Infancy   

 At birth, gonadotropin levels are low in girls (Table  3.2 ). Placental hormones are 
cleared from the newborn circulation during the fi rst postnatal days [ 5 ]. By the end 
of the fi rst week [ 6 ], FSH and LH levels start to increase and peak between the fi rst 
and sixth months [ 27 ]. A sexual dimorphism in gonadal inhibin production is evi-
dent in the newborn. This dimorphism starts during fetal development, when the 
inhibin α-subunit is not expressed in the fetal ovaries [ 29 ], and is refl ected at birth, 
when inhibins A and B are undetectable in  females   (Table  3.2 ). Serum levels of 
inhibins A and B increase during the fi rst weeks of life [ 6 ].

   The postnatal gonadotropin surge induces ovarian follicular development and 
increase of ovarian granulosa cell products, estradiol, inhibin B, and AMH. During 
the fi rst 2 years, FSH secretion predominates in girls and induces maturation of 
ovarian follicles; thus, large follicles and measurable estradiol concentrations might 
be observed [ 2 ,  27 ]. Estradiol levels fl uctuate—probably refl ecting maturation and 
atresia of ovarian follicles—and then decrease during the second year of life.
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  Key Points 

•   At birth, inhibin B and AMH are undetectable in serum. In the fi rst week after 
birth, gonadotropins and estradiol are low.  

•   Serum levels of FSH, LH, AMH, and inhibin B increase during the fi rst weeks of life.  
•   During the fi rst 2 years of age, FSH concentration is higher than LH.  
•   Serum AMH and inhibin B are useful markers of ovarian function, particularly 

when highly sensitive estradiol assays are not available.     

     Childhood   

 At the end of the 2nd year of life, a gradual dampening of GnRH secretion activity 
starts in girls, leading to its relative quiescence during childhood because of steroid- 
independent (predominant) and steroid-dependent inhibitory mechanisms [ 2 ]. 
Consequently, FSH, LH, and estradiol secretion are low (Table  3.2 ). FSH secretion 
is predominant (about 10–50 times higher than LH), largely higher than in boys [ 30 , 
 31 ]. This gender dimorphism may be due to the lower inhibin B production by the 
ovary [ 11 ]. Serum LH and estradiol levels are hardly detectable in girls, even using 
ultrasensitive assays [ 30 ,  32 ]. The presence of measurable serum levels of inhibin B 
and AMH in females during childhood refl ects functionally active gonads. However, 
the absence of inhibin A suggests that the follicles present in the ovary have not 
reached an advanced stage of antral development. During childhood, serum FSH 
levels are insuffi cient to sustain full follicular development, and a large number of 
small developing follicles become atretic.

      Table 3.2    Reproductive axis  hormone levels   (median and 3rd and 97th percentiles) in girls from 
birth to puberty (Tanner stages B1 to B5)   

 Age 
 Tanner 
stage  LH (IU/L)  FSH (IU/L)  E 2  (pg/mL) 

 Inhibin B a  
(pg/mL) 

 AMH 

 (pmol/L)  (ng/mL) 

 2–7 days  0.13 (0.10–1.0)  0.51 (0.19–17.5)  65 (27–94)  Non detectable  6 (ND–25)  0.8 (ND–3.5) 

 7–30 days  0.45 (0.10–1.8)  6.7 (0.30–20.7)  42 (27–55)  Not available  12 (ND-64)  1.6 (ND–8.9) 

 1–6 months  0.30 (0.10–0.50)  4.8 (3.5–9.0)  40 (10–60)  48 ± 8.5  15 (4.5–29.5)  2.1 (0.6–4.1) 

 6 months–2 
years 

 0.17 (0.10–0.30)  3.2 (0.57–7.5)  25 (10–40)  17.5 ± 1.6  8 (3.0–18.9)  1.1 (0.4–2.6) 

 2–8 years  0.10 (0.10–0.30)  2.2 (0.57–4.6)  10 (10–16)  38.0 ± 8.4  10.9 (1.9–39.2)  1.5 (0.3–5.5) 

 8–18 years  B1  0.50 (0.10–1.6)  2.8 (0.78–4.8)  25 (10–60)  39 ± 8.3  19.9 (4.7–60.1)  2.8 (0.7–8.4) 

 B2  1.2 (0.30–5.3)  4.6 (1.1–7.3)  34 (11–71)  60.6 ± 6.1 

 B3  2.97 (0.41–8.5)  5.4 (2.1–8.6)  42 (20–77)  133.5 ± 14.3 

 B4 and 
B5 b  

 4.97 (1.2–8.7)  5.4 (1.3–10.8)  68 (30–166)  66.9 ± 6.4 

   a Values are expressed as mean ± SEM 
  b At early follicular phase 
 ND - non detectable.  
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  Key Points 

•   FSH concentration is measurable and LH is very low or undetectable LH. FSH 
response is predominant to stimulation tests with GnRH or with GnRH agonists.  

•   AMH and inhibin B refl ect functionally active gonads and are markers of the 
ovarian reserve.     

     Puberty   

 Like in boys, in girls gonadarche follows a prior increase in the amplitude of GnRH 
pulses and—consequently—of LH and FSH secretion, taking place initially at night 
and then, as puberty advances, throughout the day. The clinical onset of puberty or 
gonadarche in girls is marked by breast development (“thelarche”), which occurs at 
a mean age of 9.7 years [ 21 ]. When thelarche occurs before the age of 8, puberty is 
considered as precocious. 

 Progressive increases in LH, FSH, and estradiol serum levels are observed all 
throughout puberty (Table  3.2 ). Serum LH concentrations increase 10- to 50-fold as 
compared to childhood, while FSH concentrations increase two- to threefold. As a 
result, the serum LH/FSH ratio is approximately 1 at Tanner stages 4 and 5. Also, 
the onset of puberty is characterized by an increased serum LH response to GnRH 
or GnRH agonists [ 33 ]. 

 From pubertal onset, the “initial recruitment” of primordial follicles to reach the 
small antral stage—which is gonadotropin independent—is followed by a tonic fol-
licular growth phase stimulated by FSH and fi nally by a “cyclic recruitment” of the 
follicle that will be ovulated during each menstrual  cycle  . 

 Levels of inhibin B increase through pubertal Tanner stages 2 and 3, possibly 
refl ecting its production by small antral follicles in response to gonadotropin stimula-
tion. Inhibin B levels attained at Tanner stage 3 are higher than those observed in adult 
women. AMH levels do not change considerably, although the peak seems to be 
reached peripubertally [ 34 ,  35 ]. It has been proposed that this stage of pubertal devel-
opment may represent a period of consistently high ovarian follicular activity before 
the development of the adult menstrual cycle, with ovulation and a luteal phase [ 36 ]. 
The progressive and sustained increment of inhibin B serum levels throughout puber-
tal development would be the signal that the pituitary gland receives to initiate a full 
functioning negative feedback mechanism between inhibin and FSH.

  Key Points 

•   Serum LH concentrations rise at puberty to levels 10–50 times higher than pre-
pubertal levels, while FSH concentrations increase 2–3 times during puberty.  

•   A rise in serum inhibin B levels during puberty may refl ect follicle development 
induced by FSH in early puberty.  

•   The increment of inhibin B throughout pubertal development initiates full func-
tioning negative feedback between this peptide and FSH.  

•   AMH reaches its peak levels peripubertally.     
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     Menstrual Cycle   

 The fi rst menstrual bleeding is known as menarche and occurs between 1.5 and 3 
years after thelarche (reviewed in [ 37 ]).  Gonadotropins  , follicular development, 
and ovarian steroids and inhibins exhibit a well-defi ned cyclic pattern during 
menstrual cycles. During the early postmenarcheal years, menstrual cycles can 
range from 21 to 45 days, and anovulatory cycles are predominant [ 38 ]. Regular 
menstrual cycles are attained 3–5 years post-menarche. The menstrual cycle is 
divided into a “follicular phase” (fi rst day of bleeding until ovulation) followed by 
a “luteal phase.” As each menstrual cycle begins, FSH concentrations rise over 
LH concentrations, and consequently, multiple small antral follicles are recruited 
to begin preovulatory development. By cycle day 8, one follicle becomes selected 
to ovulate due to its increased responsiveness to FSH and LH, while the remain-
der follicles become atretic. The dominant follicle reaches more than 10 mm in 
diameter and increasingly synthesizes estradiol. Later, at the end of follicular 
phase, it grows up to 20 mm in diameter. This follicle, known as Graafi an follicle, 
produces a sharp increase in serum levels of estradiol that becomes suffi cient to 
produce a positive feedback on pituitary LH secretion. This results in the mid-
cycle LH surge, which in turn provokes ovulation [ 39 ,  40 ]. After ovulation, dur-
ing the luteal phase, the remaining granulosa cells that are not released with the 
oocyte become luteinized and combine with the newly formed theca lutein cells 
and surrounding stroma in the ovary to form the corpus luteum, a transient endo-
crine organ that predominantly secretes progesterone. The high levels of estradiol 
and progesterone attained at mid- luteal phase slow GnRH pulse frequency [ 41 ], 
which results in a predominance of FSH secretion initiating the next cycle of fol-
licular development. 

 Serum AMH shows only minimal—clinically irrelevant—variations during the 
spontaneous menstrual cycle, since it refl ects the small follicle ovarian reserve [ 42 ]. 
Inhibin B increases primarily during the follicular phase, while inhibin A predomi-
nates in the luteal phase. Inhibin B is produced at early stages of follicular develop-
ment, whereas inhibin A is preferentially secreted by more differentiated follicular 
and luteinized cells [ 43 ]. The high-molecular-weight  precursor   of the inhibin 
α-subunit is present in circulation during the follicular phase as well as during the 
luteal phase.

  Key Points 

•   Menstrual cycles are irregular and frequently anovulatory in the fi rst 2 years after 
menarche.  

•   Gonadotropins, estrogens, and progesterone show a typical cyclic variation.  
•   AMH barely changes throughout the cycle, whereas inhibin B is higher during 

the follicular phase and inhibin A during the luteal phase.      
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    Hormonal Changes in Other Axes 

    The  Adrenal Axis   

 The ontogeny of the adrenal cortex shows major differences between fetal and postna-
tal steroidogenic activity. During fetal life, the so-called fetal zone of the cortex occu-
pies approximately 80 % of the gland. Steroid synthesis is predominantly represented 
by pregnenolone, dehydroepiandrosterone (DHEA), and dehydroepiandrosterone sul-
fate (DHEAS) in the fetal zone. The outer zone is responsible for cortisol production 
under the infl uence of fetal adrenocorticotropic hormone (ACTH) from the eighth 
week and aldosterone. However, the fetal adrenal gland has little 3β-hydroxysteroid 
dehydrogenase activity. The placenta is rich in this enzyme, catalyzing the conversion 
of pregnenolone to progesterone, which is used by the fetus in the biosynthesis of 
aldosterone and cortisol, thus closing the adrenal fetal- placental circuit. 

 After birth and during the fi rst months of life, a signifi cant regression (approxi-
mately 50 %) of the adrenal gland occurs concomitantly with a marked decrease in 
the production of DHEA. Serum concentrations of cortisol vary widely in neonates 
with low levels close to the detection limit of the assay [ 44 ]. The circadian rhythm 
of cortisol appears to be installed by the end of the fi rst year of life, although a wide 
interindividual variability exists [ 45 ]. Between the fi rst and fi fth years of life, serum 
concentrations of androstenedione and DHEAS remain very low. 

 From the age of 5–6 years, adrenarche occurs featuring a progressive increase in 
the secretion of androstenedione and  DHEA  . Although they are metabolites with 
weak androgen activity, in some cases they are responsible for some degrees of 
clinical manifestation such as body odor, pimples on the face, axillary hair, and/or 
pubic hair of different magnitude. Usually these manifestations are observed from 
the age of 7 years in girls and 8 years in boys. The physiological mechanisms of 
adrenarche have not been well characterized yet, but the potential mechanisms 
could be ACTH dependent [ 46 ]. 

 Basal and ACTH-stimulated levels of DHEA and DHEAS increase throughout 
puberty, with slightly higher DHEA levels in females in late puberty and higher 
DHEAS levels in males after puberty. Overall circulating adrenal androgens increase 
more than tenfold from the onset of adrenarche to peak adult values, around the 
third decade of life, and thereafter decline progressively. Cortisol secretion and the 
diurnal rhythm show no changes.  

    The  Growth Axis   

  Growth hormone (GH)/insulin-like growth factor (IGF) axis   is the main responsible for 
linear growth in humans. The role that each hormone plays in growth varies according to 
the ontogeny of human growth and development from fetal life to the end of puberty. 
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 Size at birth is the result of multifactorial factors that include environmental, 
maternal, placental, and fetal factors. Although GH is known to be produced from 
the end of the fi rst trimester of fetal life and its circulating concentrations reach very 
high levels by midgestation, the direct action of GH on fetal growth is limited. 
Probably IGF-I and IGF-II are the most important factors involved in fetal growth 
regulation. Both increase progressively in fetal circulation until the end of gestation 
when they drop abruptly. At term the serum concentrations of IGF-I are directly 
related to birth weight [ 47 ]. Circulating insulin-like growth factor-binding protein 3 
(IGFBP3) is present in very low concentrations from midgestation suggesting a 
negligible role comparing to its postnatal role in the maintenance of the binary and 
ternary complex with IGF-I and the acid labile subunit (ALS). On the contrary, 
insulin-like growth factor-binding protein 1 (IGFBP1) levels appear to be an indica-
tor of fetal nutrition [ 47 ]. 

 Markedly elevated GH values associated to low IGF-I levels are found during the 
fi rst weeks of life in full-term and preterm neonates. GH secretory pattern is pulsatile 
governed by neuroendocrine mechanisms [ 48 ]. High serum concentrations of GH 
levels may be due to the lack of negative feedback from low levels of circulating 
IGF-I and yet to other underdeveloped inhibitory mechanisms [ 49 ]. 

 By the end of the fi rst month of life, a progressive  maturation   of the regulatory 
mechanisms of GH secretion occurs. Somatostatin and GH-releasing hormone 
(GHRH), as well as other neuropeptides, lead to the characteristic basal and stimulated 
serum concentrations of GH during infancy and childhood [ 50 ]. GH release occurs 
over short intervals known as the ultradian rhythms and circadian rhythms that occur 
during 24 h. Ultradian rhythm of GH is every 20 min with maximum of spontaneous 
release during the night [ 51 ]. Amplitude and frequency of pulsatile GH secretory are 
regulated and infl uenced by a variety of different infl uences such as age, pubertal status 
and nutrition, and wake-sleep states through complex neural and humoral signals. 

 Close to pubertal onset, the secretion of growth hormone appears to decrease 
concomitantly with decreasing growth rate, suggesting a transient decrease in 
growth hormone secretion that recovers after the onset of puberty. Thereafter, 
marked changes occur. During puberty there are 1.5 times more amplitude pulses of 
GH due to higher pulse duration and amplitude, and the integrated GH secretion is 
2–2.5 times higher in late puberty [ 52 ]. This physiological increment in GH secre-
tion is associated with a signifi cant increase in IGF-I and IGFBP-3 serum  concen-
trations  , possibly in response to estrogens.  

     Insulin and Carbohydrate Metabolism   

  Insulin sensitivity   refers to the ability of insulin to stimulate glucose metabolism, 
while insulin resistance denotes a situation in which an excess of insulin is required 
to maintain adequate homeostasis of glucose metabolism. During puberty, there is a 
physiological transient drop in insulin sensitivity of approximately 30 %. Most of it 
occurs in Tanner stages 3–4, especially in females. Basal insulin increases throughout 
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puberty. Clearly, there is an inverse relationship between fat mass and insulin sensitivity. 
The drop in the insulin sensitivity is accompanied by an increase in acute insulin 
response to glucose and a fall in the disposition index of glucose. Interestingly, IGF-I 
levels rise and drop in a pattern similar to the rise and fall of insulin across the differ-
ent stages of puberty, suggesting that the GH/IGF-I axis might also contribute to the 
physiological insulin resistance of puberty.      
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Chapter 4
Physical Changes During Pubertal Transition

Ralitsa Robeva and Philip Kumanov

 Introduction

Puberty is a period of life during which secondary sex characteristics develop and 
the gonads reach their endocrine and exocrine maturity. The duration of the pubertal 
transition is approximately 3–4 years, and at the end of the process, slightly before 
the body growth ceases, individuals are able to reproduce.

Physical events during puberty reflect the profound endocrine changes in the 
hypothalamus, pituitary, gonads and adrenal glands. Adolescent reawakening of the 
hypothalamic–pituitary–gonadal (HPG) axis is preceded by a gender-specific secre-
tion of gonadotropins and sex hormones during foetal life as well as in the postnatal 
period (minipuberty) [1]. The hormonal peaks during early infancy are followed by 
a prepubertal HPG quiescence that takes several years. HPG reactivation during 
adolescence is crucial for the development of puberty, but the underlying mecha-
nisms are not completely understood.

 Onset of Puberty: Adrenarche and Gonadarche

The fundaments of pubertal development are two independent but chronologically 
related processes—adrenarche and gonadarche [2].
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 Adrenarche

Adrenarche is a phenomenon of adrenal zona reticularis activation leading to 
increased secretion of dehydroepiandrosterone (DHEA) and dehydroepiandros-
terone sulphate (DHEAS) [3]. Prepubertally low adrenal androgens begin to rise at 
around 6–7 years of age and continue to increase in accordance with age and puber-
tal stages in boys and girls [4]. The development of adrenarche contributes to the 
appearance of several androgen-dependent phenotypic features after the age of 
8–9 years such as occurrence of pubic (pubarche) and axillary (axillarche) hair, 
accelerated statural growth, stimulation of apocrine sweat and sebaceous glands 
associated with adult-type body odour and acne in some children [3, 5, 6]. According 
to traditional understanding, adrenarche is a process specific for humans and some 
primates; however, some data describe similar morphological and steroid changes 
in rat adrenal glands [7, 8]. Adrenal androgens might influence bone development 
and behaviour, but nevertheless physiological significance of adrenarche remains 
unknown [9, 10].

Adrenarche is independent of gonadal development and could occur even in 
patients with gonadal dysgenesis [11]. However, patients with Turner syndrome and 
ovarian failure showed earlier onset of adrenarche contrasting with significantly 
delayed pubarche in comparison to healthy girls [12]. These results demonstrate 
that pubic hair growth depends not only on adrenal hormonal production but also on 
the gonadal function, and thus terms adrenarche and pubarche could not be used 
interchangeably [2, 12]. Adrenal gland maturation is not crucial for puberty, and 
patients with central precocious puberty could undergo sexual development before 
the onset of adrenarche [13].

 Gonadarche

The pubertal key step is the reactivation of gonadotropin-releasing hormone 
(GnRH) pulse generator leading to the increased gonadotropin levels and sub-
sequent activation of ovarian or testicular hormonal production. The complex 
neuroendocrine mechanisms that trigger the GnRH neuron function in the 
hypothalamus result in the development of gametogenesis and fertility during 
pubertal maturation [reviewed in 14–18]. The physical expression of HPG 
reactivation is the enlargement of testicular and ovarian volume (gonadarche). 
The elevated steroid hormones in girls induce the onset of breast development 
(thelarche).

Profound changes in hypothalamus–pituitary–gonadal system, activation of 
adrenal glands as well as stimulation of somatotrophic axis are the main factors 
responsible for physical changes in boys and girls during puberty.
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 Physical Changes in Girls

 Breast Development

During puberty, the system and local effects of estrogens, growth hormone (GH) 
and insulin-like growth factor-1 (IGF1) stimulate the breast cell proliferation in 
maturing healthy girls [19]. Endocrine and paracrine interrelations induce mam-
mary gland development that progresses through several stages from preadolescent 
state to mature breast (Fig. 4.1).

Usually, the phenotypic changes are evaluated by a visual rating method devel-
oped in the late 1960s and widely known as “Tanner stages” [20]. The long preado-
lescent period (Stage B1) is followed by an initial breast development at the onset 
of puberty (Stage B2) characterized by a specific mound-like elevation of the 
breast and papilla as well as slight areolar enlargement. Further growth of the 
breast and areola without separation of their contours is typical for stage B3. The 
progression through B4 stage is marked by a formation of secondary mound due to 
areola and papilla elevation above the breast level. Restoration of areola to the 
general contour as well as overall breast enlargement indicates adult breast devel-
opment (Stage B5) [20–22].

Thelarche is an important sign of the puberty onset and it is usually observed 
in girls at the age of 10 years. However, progression toward Tanner B2 stage 
could occur at different time in girls from diverse racial and ethnic groups and 
from various geographic locations (Table 4.1) [22–33]. A Johannesburg study 
(1976–1977) showed that thelarche occurred at similar mean age of 11.5 years 
for black and white girls [34]. Twenty years later in the USA, the mean age of 
breast development onset was strikingly decreased especially in African-
American girls (8.87 ± 1.93 years) [26]. Similar secular trend was observed in 
European countries, but 15 years later [35]. Danish girls examined in 1990s 
developed B2 stage at the age of 10.88 years, not earlier than their peers inves-
tigated in 1960s [29]. However, a study conducted in 2006–2008 within the 
same geographical region showed significantly earlier breast development 
(mean age 9.86 years) [36]. The same process of earlier female pubertal devel-
opment was observed also in Asian countries in the last 50 years [37, 38], but 
the reasons remained unexplained. Obesity and endocrine- disrupting chemicals 
could affect pubertal maturation; however, other factors including ethnic differ-
ences, psychosocial environment and family conditions might be also of clinical 
importance [33, 39–41].

The transition from one breast stage to another takes about 12–18 months, while 
the whole breast maturation continues approximately 4–4.5 years [22, 25, 32, 33]. 
The appearance of pubertal signs in girls less than 8 years is traditionally considered 
as precocious sexual development, while the lack of breast development by 13 years 
is a sign of delayed or absent sexual maturation [42, 43].
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Fig. 4.1 Breast development in girls. M1–M5 correspond to breast stages B1–B5 in the text. 
[Reprinted from Biro F, Dorn L. Issues in Measurement of Pubertal Development. In: Preedy VR, 
editor. Handbook of Anthropometry: Physical Measures of Human Form in Health and Disease. 
New York, NY: Springer Science + Business Media; 2012:237–251. With permission from Springer 
Science + Business Media]
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 Androgen-Dependent Hair Growth

Androgen-dependent hair growth in women results from the neuroendocrine hypo-
thalamic–pituitary–adrenal and gonadal changes leading to increased DHEAS and 
testosterone levels [33].

 Pubarche

Pubic hair (PH) growth is an important phenotypic sign of sexual maturation. 
Magnetic resonance imaging data has shown an increase of adrenal volume in 
accordance with the chronological age and pubic hair stages in children [44]. 
However, adrenal androgen levels are not associated with adrenal size, and no hor-
monal cut-off values specific for pubarche have been estimated, because of pro-
nounced interindividual variability [44, 45].

The widely accepted method for evaluation of pubic hair development is 
Tanner staging (Fig. 4.2) [20–22]. Stage PH1 indicates preadolescent state with-
out pubic hair, while the sparse growth of straight slightly pigmented hair mainly 
along the labia characterized next pubic hair stage PH2. The progression of 
puberty is marked by the growth of darker, coarser and curled hair that spreads 
over the junction of the pubes and could be detected on white–black photographs 
(PH3). Stage PH4 resembles the adult pattern, but the covered area is still con-
siderably smaller than in grown-up women, and it does not spread over the inner 
thighs. The adult female pubic hair is distributed in the form of an inverse tri-
angle (PH5) [21, 22].

Usually, initial breast development occurs several months earlier than pubic 
hair growth, but in some girls pubarche could be the first sign of true sexual matu-
ration [2, 22]. According to the study of Biro et al., 58.6 % of the investigated 
female participants showed synchronous breast and pubic hair development, 
while in the rest separate “thelarche” or “pubarche” pathway of pubertal onset 
occurred [2]. The Avon Longitudinal Study of Parents and Children reported that 
in 46.3 % of girls, breast and pubic hair development began at the same time, 
while in 42.1 % of participants, B2 stage preceded pubic hair development (the-
larche pathway), and in 11.6 % of girls, the opposite sequence of events was 
observed (pubarche pathway) [46]. According to other authors, only 17.1 % of 
girls underwent synchronous breast and pubic hair development, while most of 
the girls (66.2 %) developed breast stage 2 before pubic hair growth [33]. The 
pubarche pathway of sexual development was rarely found in North Europe, but 
not so unusual in the USA and Turkey [30, 33, 45]. Thelarche pathway in girls 
was associated with increased weight gain during early childhood, increased 
prevalence of obesity at the age of 8 years, greater proportion of body fat at the 
onset of puberty and increased prevalence of obese mothers [2, 46, 47]. The 
pubarche pathway was related to significantly increased DHEAS levels, while no 
differences in estradiol and testosterone levels in comparison to the thelarche 
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Fig. 4.2 Pubic hair development stages (P-1–P-5). [Reprinted from Biro F, Dorn L. Issues in 
Measurement of Pubertal Development. In: Preedy VR, editor. Handbook of Anthropometry: 
Physical Measures of Human Form in Health and Disease. New York, NY: Springer 
Science + Business Media; 2012:237–251. With permission from Springer Science + Business 
Media]
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pathway were established [2]. The age of progression through the pubic hair 
stages according to different studies is shown on Table 4.1. Duration of pubic hair 
development takes approximately 3.5–4 years but could differ substantially 
among studies (Table 4.1).

 Axillarche

Axillarche is another important sign of increased androgen levels. Herman-Giddens 
et al. described a three-level scale for axillary hair (AH) estimation including stage 
1, no hair (AH1); stage 2, sparse curly or straight hair (AH2); and stage 3, mature 
adult-type hair (AH3) [26]. Accordingly, the mean age of AH2 in black and white 
girls was 10.08 and 11.80 years, respectively, or 1.3 years after entering stage PH2 
for both races [26]. Axillary hair appeared later in English and Lithuanian girls at 
the age of 12.53 and 12.7 years, respectively [24, 28]. Lithuanian girls developed 
axillarche 1.5 years after pubarche, while in Turkish girls axillary hair (AH2) 
emerged only several months after pubic hair onset (PH2) [28, 30]. The transition 
between the initial stage AH2 and mature axillary hair (AH3) took about a year 
(0.9–1.22 years) [24, 30]. In some populations, full axillary hair growth was 
observed in only 75 % of girls within B5 and PH5 stages [48].

 Internal and External Genitalia Development

 Internal Genitalia

The average ovarian volume rises from 1.01 cm3 in prepubertal girls to 2.60 cm3 in 
Tanner stage 2, while in the Tanner stage 5, it reaches 7.24 cm3 [49]. Significant 
changes in ovarian morphology with increased prevalence of polycystic ovaries dur-
ing puberty have been described by some but not all authors [50, 51].

The uterine volume in newborns regresses postnatally in accordance with the 
cessation of placental estrogens and remains consistently small until the age of 
7 years [52, 53]. Thereafter, it increases gradually in accordance to age, pubertal 
stages and estradiol levels [50, 52, 53]. The change in uterine volume could be con-
sidered as the earliest pubertal event in girls, since it occurs before the appearance 
of breast development or pubic hair [50, 52]. The female maturation is associated 
also with a concomitant increase of uterine fundo-cervical ratio and mean endome-
trial thickness [54].

 Menarche

The pubertal hormonal changes ensure the adequate development of internal geni-
talia and lead to the appearance of the first menstrual bleeding in healthy girls (men-
arche). Usually, menarche occurs between 12.0 and 13.5 years of age, but it could 
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vary among ethnical groups and in different study periods [55]. In the nineteenth 
and twentieth centuries, the mean age of menarche has decreased significantly, 
while nowadays the secular trend begins to slow down [56–59]. According to 
Marshall and Tanner, menarche is a late pubertal event occurring about 2.3 years 
after the onset of breast development mostly during stage B4 [22]. Interestingly, in 
recent studies menarche appears between stages B3 and B4, but again about two and 
a half years after the onset of puberty [30–32]. A lack of menarche by the age of 
15 years as well as more than 3 years after thelarche could be accepted as abnormal-
ity and needs clinical evaluation [60].

The median length of the first cycle after menarche is shown to be approximately 
34 days, and the first few postmenarcheal years are characterized by a pronounced 
irregularity with mixed short and long intervals between menstrual cycles [61, 62]. 
Different studies conducted in the second half of the twentieth century have found that 
a transition toward more regular menstrual pattern occurs about 5–7 years after men-
arche at the chronological age of approximately 20 years [61, 63, 64]. A study measur-
ing 24-h urine pregnanediol output as a marker of luteal activity found that the 
presence of ovulatory cycles depended on the postmenarcheal age. Ovulation was 
observed in 22.9 % of girls in the first postmenarcheal year, but in 71.8 % of adoles-
cents 5–8 years from the menarche [64]. However, recent studies showed that 65 % of 
adolescent girls had an established adult-type pattern (10 or more menstruations) even 
in the first postmenarcheal year [65]. Regular ovulatory cycles in some girls soon after 
menarche suggest faster HPG maturation in contemporary environment [66].

 External Genitalia

Female external genitalia undergo significant transformation during puberty such as 
deposition of subcutaneous fat in the mons pubis and labia majora and enlargement of 
the labia minora, introitus, vagina, vaginal fornices and cervix [67, 68]. A small increase 
in clitoral dimensions was also observed during puberty [69]. The vaginal changes 
include thickening and stratification of the epithelium, hormone-dependent deposition 
of intracellular glycogen, increase in cervico-vaginal secretion as well as a shift in 
vaginal biocoenosis with raised prevalence of lactobacilli and acidification of the vagi-
nal milieu [67, 68, 70]. The complex pubertal transformation of internal and external 
genitalia allows the achievement of full sexual maturity and ability to reproduce.

 Growth and Skeletal Maturation

 Pubertal Height Spurt

The pubertal growth spurt is an important event during the complex maturation 
process between infancy and adulthood. Growth velocity is low in the preadolescent 
years but accelerates rapidly during midpuberty due to increased interaction between 
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growth hormone (GH), insulin-like growth factor 1 (IGF-1), gonadal steroid hor-
mones and insulin [71, 72]. GH pulse amplitude increases significantly before 
pubertal onset in girls and reaches a peak at midpubertal stages [73]. Thereafter, GH 
secretion rate declines to prepubertal values at breast stage 5 [74]. Pubertal develop-
ment is associated also with increased growth hormone receptor gene expression 
and decreased levels of growth hormone-binding protein [75]. In healthy girls, 
IGF-1 and insulin levels show a parallel stepwise increase between each Tanner 
stage from prepuberty to breast stage 4, and decline afterward [76].

In accordance with the hormonal changes, normal pubertal growth is charac-
terized by acceleration, deceleration and cessation leading to a total height gain of 
approximately 25 cm during female puberty [71, 77]. The height velocity begins 
to rise at the mean age of 9 years and peaks in 11–12-year-old girls at Tanner 
breast stage 3 [22, 30, 77]. After reaching the maximal value of average 8.3 cm/
year, the growth velocity decreases to nearly zero at the age of 16 years [77, 78]. 
Peak height velocity (PHV) is achieved approximately 1 year before the onset of 
menstruation [22, 30].

 Pubertal Weight Changes

The pubertal growth spurt is accompanied by an increased bone mineralization as 
well as a significant weight gain. The bone mineral density shows a significant raise 
in girls during Tanner stage B3 and continues to increase in stages B4 and B5 [79]. 
The peak weight velocity reaches 7.81 kg/year and occurs several months after the 
PHV at the average age of 12.78 years [80]. The changes in body composition shape 
a specific for adult women fat distribution. Bioelectrical impedance analysis 
revealed a constant increase in fat mass percentage in adolescent girls that was inde-
pendent of their initial body weight and corresponded with a stable increase of 
leptin levels during pubertal transition [81]. Magnetic resonance imaging showed 
that intra-abdominal and subcutaneous fat areas increased in adolescent girls, while 
their intra-abdominal to subcutaneous ratio decreased [82]. Beyond fat tissue distri-
bution, different musculoskeletal changes in laxity, flexibility and strength of lower 
limbs during the female adolescent growth have been observed [83].

 Physical Changes in Boys

 Testicular Development and Spermarche

 Testicular Development

Reactivation of HPG axis in boys stimulates the endocrine and exocrine testicular 
functions leading to increased steroid hormone production from the Leydig cells as 
well as spermatogenesis. An adequate development of secondary sexual characteristics 
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indicates the presence of sufficient testosterone concentrations, while an increase of 
testicular volume reflects the enlargement of the seminiferous tubules following the 
follicle-stimulating hormone (FSH) concentration raise [84, 85]. Tanner stages are 
widely accepted as a visual rating method for evaluation of pubertal male genitalia: G1 
reflects the preadolescent state, while the G2 stage shows the initial pubertal develop-
ment with an increase of the testicular volume and scrotum as well as a discrete scrotal 
skin reddening; G3 stage is characterized by penile growth and further enlargement of 
the testis and scrotum; G4 stage is distinguished by the enlargement of the penis with a 
glance shaping; and further testis and penile growth leads to the adult appearance of 
male genitalia known as G5 stage [86].

The increase of testicular volume is the first physically detectable sign of puberty 
in boys and could be manually measured by Prader or other type of orchidometer 
(see Chap. 15: Fig. 15.2) [84, 87, 88]. Such objective measurement of the testicular 
increase can detect more precisely the onset and development of puberty compared 
to subjective estimation of the Tanner genital stages. Testicular volumes evaluated 
by orchidometer have shown high correlation coefficients with ultrasonographic 
measurements as well as with the actual size of testes from orchidectomized patients 
determined by the gold standard (water displacement of the surgical specimen) [88, 
89]. Determining of the gonadal size is more accurate using ultrasound technique, 
but the latter is rarely used in epidemiological studies because of the greater cost 
and complexity [88, 89].

A testicular volume of 3 ml or greater is usually considered as a hallmark of 
pubertal transition, even though some authors use the volume of 4 ml [90–92]. 
According to longitudinal data of Bulgarian boys, the mean age of reaching testicu-
lar volume of 3 ml is 11.50 (9–14) years for the right testis and 11.63 (9–14) years 
for the left testis [93]. Thus, the development of the right testis overtakes that of the 
left testis with approximately 1–2 months. Similarly, the boys in neighbouring 
Greece started pubertal transition at the mean age of 11 years, while the correspond-
ing age in Turkish children was 11.6 years [91, 94].

The sexual development in North-European children began at the mean age of 
11.92 years in 1991–1993, but significantly earlier at the mean age of 11.66 years in 
children investigated 15 years later [95]. A pronounced secular trend was described 
recently in a US study [92]. Gonadal enlargement begins earlier in boys who are 
overweight and obese than in normal weight children, while the slowest pubertal 
development was observed in underweight boys [96]. Thus, the increased preva-
lence of overweight nowadays could be one of the most important reasons for the 
earlier pubertal development of both sexes. Different other factors might influence 
the maturation process, such as heredity, general health condition, nutrition, physi-
cal activity, habits, environmental pollution and socio-economic state [35, 
97–100].

Usually, the increase of the testicular volume precedes the development of pubic 
hair as the first sign of sexual maturation in boys (testicular pathway), but in some 
adolescents the opposite sequence of events have been observed (pubarche path-
way). According to a transversal study in Bulgarian boys, pubarche occurred at the 
average age of 11.40 years, several months after gonadarche (mean age of 11.23 years) 
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[96]. A Danish longitudinal study showed that 59 % of boys entered puberty by the 
usual testicular pattern, 24.6 % by the pubarche pathway, and in 16.4 % pubic hair 
and testicular enlargement appeared synchronously [45]. According to other studies, 
only 1.4–3.8 % of US boys underwent synchronous pubertal development, 91.1–
95.1 % entered puberty by the testicular pathway and 1.1–7.5 % by the pubarche 
pathway [33, 101]. On the contrary, the Fels longitudinal study reported synchronous 
pattern of development in 75.3 % of investigated boys [47]. Distinct pathways of 
maturation in boys were not associated with differences in the pubertal body mass 
index or androgen levels [45, 47].

The gonadal development continues approximately 4.5–5 years, and boys reach 
genital stage 5 at the mean age of 15 years. Unlike pubertal onset, the age at stage 
G5 has not been changed in the last 50 years [85]. The appearance of genital stages 
according to various studies in different countries is shown at Table 4.2 [25, 29, 33, 
86, 90, 92, 94–96, 101–108]. Sexual development before 9 years is considered pre-
cocious, while the lack of testicular enlargement by the age of 14 years indicates a 
pubertal delay [42, 43].

 Spermarche

Maturation of germ cells during puberty is associated with a first appearance of 
spermatozoa in the urine (spermarche) as well as with onset of ejaculation (ejacu-
larche or oigarche). The sperm in the urine (spermaturia) could be observed in the 
earlier stages of male pubertal development and even in prepubertal boys [103, 
109]. Spermatozoa were found more frequently in urine samples collected in early 
than in late puberty suggesting different underlying mechanisms [110]. According 
to Pedersen et al., spermaturia might result from a spontaneous flow to the urethra 
in the beginning adolescence in contrast to postejaculatory peristaltic flow observed 
in late pubertal boys and adults [110].

The average age of spermarche varies between 13.4 and 14.5 years according to 
different studies [103, 111–113]. However, the passive spermatozoa flow in urine 
does not reflect the profound psychosomatic changes leading to a conscious ejacula-
tion. According to some authors, the first conscious ejaculation (FCE) is the puber-
tal milestone in boys corresponding to menarche in girls [114]. The FCE occurs at 
the mean chronological age of 13.17–14.25 years and at the average bone age of 
13.5 years [108, 114, 115].

Data from primate species show that first pubertal ejaculates might not contain 
spermatozoa. During the maturation process, the ejaculate volume as well as sperm 
count and motility increases [116]. The low quality of sperm in pubertal chimpanzee 
has been associated with insufficient epididymal maturation as well as impaired bal-
ance between seminal and prostatic secretions [116]. Similar data in boys was 
reported by Janczewski and Bablok: first ejaculations were characterized by small 
volumes and very high prevalence of azoospermia (over 80 %) [117]. During puber-
tal development sperm characteristics improved in parallel with the increase of tes-
ticular volume and androgen-dependent hair growth. An optimal spermatozoa quality 
was reached approximately 21 months after the first ejaculation [117, 118]. Thus, 
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spermarche and ejacularche are not completely identical events, and the presence of 
first conscious ejaculation is not equal to mature spermatogenesis.

 Androgen-Dependent Hair Growth, Voice Changes and Penile 
Development

 Pubarche

The gradual increase of androgen levels in pubertal boys ensures the development 
of secondary sexual characteristics including pubic, axillary and facial hair growth. 
The pubic hair pattern between stages PH2 and PH5 is similar in boys and girls, but 
in most men the triangular pubic hair typical for mature women spreads further 
along the linea alba (PH 6) [86]. The mean age at PH2 varies in different ethnic and 
racial groups: 10.9 years in German boys [119], 11.4 years in Saudi Arabia [120], 
11.50 years in Italy [121], 12.0 years in Thailand [122] and 12.67 in China [123]. 
The latest US study has found that PH2 emerges nowadays approximately 
6–12 months earlier than in the twentieth century, but definitive conclusions could 
not be drawn [92, 101].

The progression of pubic hair growth according to Tanner stages in several coun-
tries and in different periods is shown on Table 4.2. The duration of pubic hair 
development between PH2 and PH5 is about 4 years.

 Axillarche

The axillary hair stages in boys might be described by the same three-level scale as 
in girls (AH1–AH3), although some authors have used a more complicated four- 
level scale [92, 99]. Axillarche emerges at the age of 12 years in Greek and Bulgarian 
boys (average age 12.2 and 12.28 years, respectively) [94, 124], but 1–2 years later 
in other ethnic groups: 13.55 years in Egypt, 14.32 and 14.4 in boys from the UK 
and Sweden [24, 25, 125]. The progress from the appearance of axillary hair to AH3 
stage takes at least 1 year [25]. Thus, adult-type axillary hair growth is observed 
rarely in boys younger than 15 years, and in many adolescents this stage developed 
beyond the age of 17 years [94, 100].

 Facial Hair Growth

Facial hair is an important secondary sexual feature of men. Development of facial 
hair passes through several stages from absent (FH1) to adult-type abundant hair 
growth on the cheeks and chin (FH4) [24, 100]. The intermediate steps include the 
appearance of slightly long and pigmented hair at the upper lip (FH2) and the spread-
ing of hair growth on the upper part of the cheeks and below the lower lip (FH3) [24, 
100]. FH2 occurs 6–16 months after the axillarche at the age of 14 years, while the 
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subsequent progression toward FH3 takes about 2 years [24, 100]. Adult- type FH4 
develops rarely in adolescents boys and is more typical for young men (over 
18–20 years).

 Voice Break

Increased androgen production in pubertal boys leads to an enlargement of the 
laryngeal cartilages, muscles and ligaments mainly in posterior–anterior length with 
protrusion of the Adam’s apple resulting in a drop of the average voice pitch of 
about one octave [126, 127]. On the contrary, female larynx undergoes milder 
hormone- dependent changes predominantly in height leading to only one-third 
octave decrease of the lower terminal pitch in normoandrogenic girls [126, 127]. 
Thus, voice break (V) is an important event in the late puberty of boys. Voice change 
could be measured through voice recording and sound analysing computer system 
or simply by three- or four-level voice scales. Most pubertal studies use three-level 
scale describing the voice as unbroken (V1), not fully broken (V2) or completely 
broken (V3) [24, 128]. The onset of voice break (V2) occurs at the mean age of 
13.7–14.0 years [129, 130]. Decrease of the mean speaking frequency corresponds 
to the pubic hair development, and the greatest change has been observed between 
PH2 and PH3 stages [131].

A longitudinal study of UK men born in 1946 showed that boys with more 
advanced voice-breaking status at the age of 14 years grew faster than the others in 
early infancy and maintained higher body mass index as adolescents and adults 
[128]. Some studies found a secular trend in the age of voice break as a marker of 
accelerated pubertal development [129]. Different nutritional and social factors 
could have influenced the voice change in modern children such as the prevalence 
of obesity, diet quality, maternal unhealthy habits as well as socio-economic level of 
the family [99, 132, 133].

 Penile Growth

Normal penile growth is determined mostly by the increased androgen secretion 
and enhanced androgen receptor protein expression in the critical periods of male 
development including gestation, early postnatal months and pubertal transition 
[134, 135]. The penile length increases slightly during childhood, while rapid 
growth occurs during adolescence [107, 136]. Longitudinal data show that between 
9 and 14 years, the penile length in boys increases with 60 % [93]. The highest rise 
in the mean penile length could be observed between pubic hair stages PH1 and 
PH2 in Japan children, but later (between PH2 and PH4) in Bulgarian (Fig. 4.3) and 
Brazilian boys [107, 136, 137]. Cross-sectional and longitudinal data in Bulgarian 
boys show that the maximal increase in penile size coincides with the rapid growth 
of testicular volumes between 12 and 14 years [93, 107]. Interestingly, the average 
penile size is bigger at the end of sexual maturation in rural compared to urban 
Bulgarian male population [107].
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 Growth and Skeletal Maturation

 Pubertal Height Spurt

The height in children is comparable in both sexes, but pubertal growth is more 
pronounced in boys than in girls leading to a higher adult height in men compared 
to women. In prepubertal children, mean growth hormone production is similar in 
both sexes, while during pubertal transition, GH secretion rises first in girls and then 
in boys [74]. Accordingly, height velocity in boys begins to increase 1–2 years later 
than in girls [77]. Peak height velocity in male adolescents reaches 9.79 cm/year at 
the mean chronological age of 14.12 years corresponding to genital stage 4 [80]. 
The increased growth velocity during puberty leads to an overall height gain of 
about 27.5–30 cm in maturing boys [77, 107]. Thereafter, the growth velocity 
decreases, and the epiphyseal closure limits further growth usually after the age of 
17 years [71].

 Pubertal Weight Gain

Pubertal weight gain in boys is associated with the accelerated linear growth and 
increase of bone and muscle mass, while no significant raise in percentage of fat 
mass has been found [81, 98]. Nevertheless, in comparison to girls, boys accumu-
late greater amounts of fat intra-abdominally, and their intra-abdominal to subcuta-
neous ratio increases during puberty leading to the sex-specific android distribution 
of fat tissue [82]. Peak weight velocity coincides with the peak height velocity and 
reaches 8.64 kg/year at the mean age of 14.27 years [80]. Thereafter, weight veloc-
ity decreases in the later stages of pubertal development [80, 81].

Fig. 4.3 Increase in the testicular volumes and penile size of Bulgarian boys in accordance with 
the progression through the Tanner pubic hair stages. [Based on data from [107]
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 Other Changes

Beyond changes in growth, genital development and body composition, pubertal 
development in boys is associated with blood and metabolic alterations, such as 
increased haemoglobin and haematocrit values, as well as decreased total and high- 
density lipoprotein cholesterol levels [138, 139]. Sexually specific changes have 
been described also in brain development, cognition and behaviour of male adoles-
cents. Especially, the brain amygdala–hippocampus complex could be significantly 
influenced by the steroid levels during puberty [140]. Animal studies have shown 
that pubertal increase of sex steroid hormones might alter the sensory associations 
and could induce strong motivation to seek out reproductive opportunities by modu-
lating different brain zones including reward-related brain structures such as nucleus 
accumbens and dopaminergic pathways to the prefrontal cortex [reviewed in 141]. 
Thus, the physical changes in puberty are associated with mental alterations that 
both aim to create an optimal ability and willingness to reproduce.

 Conclusions

The first pubertal signs appear at the mean age of 10 years in girls and approxi-
mately 1–2 years later in boys. The progression between B2 and B5 stages takes 
about 4 years in girls, while the genital development in boys needs a little longer 
(approximately 4.5 years). Most girls reach B5 stage at the age of 14, while most 
boys complete their genital development after the age of 15 years.

Menarche occurs at the mean age of 12.8 years, while the mean age of sper-
marche or ejacularche is about a year later. The peak height velocity is achieved 
early in girls, mostly at stage B3 or about a year before menarche. On the contrary, 
peak height velocity is a midpubertal event in boys occurring at the stage G4 and 
very close to the time of ejacularche. The appearance of menarche or ejacularche 
does not mean complete fertility potential, since anovulatory cycles in the first post-
menarcheal year as well as low sperm quality in the first ejaculate samples are fre-
quent. The timing and duration of pubertal events could vary among different ethnic 
groups, but nevertheless, the sequence of events underlying pubertal development is 
similar in boys and girls worldwide as shown on the classical figure by Marshall and 
Tanner (Fig. 4.4) [86, 107].

The transitional period is also the time of great worry. Adolescents as well as 
their parents and often doctors observing them are concerned if the children develop 
normally. Therefore on reasonable time intervals, norms for growth, weight and 
pubertal physical characteristics should be established as we did with our compre-
hensive study on boys [107] in order to have an actual basis for comparison and 
evaluation of the changes in every single case.

Sexual development is a complex process of specific physical and psychical 
changes that transform healthy children into mature men and women who are moti-
vated and capable to create offspring.
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    Chapter 5   
 Growth in Childhood and Puberty                     

     Michael     Hermanussen    

          Introduction 

 After birth, the  human development   progresses through several states of maturation 
[ 1 ]. The transition from  infancy  to  childhood  by about age 3 years is characterised 
by the termination of maternal lactation, eating of soft and nutrient dense foods and 
the completion of deciduous tooth eruption. The   juvenile stage    spans from age 
7 years to onset of the adolescent growth spurt at approximately age 10 for healthy 
girls and age 12 for boys. Juveniles are sexually immature, but physically and men-
tally capable of providing for much of their own food and care. The juvenile stage 
starts with a change in cognitive function, a shift from the preoperational to concrete 
operational stage. Near the end of the juvenile stage, sexual maturation begins, and 
one measurable effect is the adolescent growth spurt. The   adolescent stage    is the 
period from around the age of 13–14 years in boys, and 11–12 years in girls, to the 
end of the spurt and the almost complete termination of growth of the skeleton. The 
end of adolescence usually coincides with the eruption of the third molar (if pres-
ent).  Adulthood  and reproductive maturity follow. Body height, weight, BMI and 
other anthropometric parameter can be plotted on   distance curves   .  Distance curves   
indicate the amount of height, weight, BMI, etc. achieved at a given age;   velocity 
curves   , or  rate of growth , indicate the annual increment at a given age. Velocity 
curves best coincide with the stages of maturation.   Age at take-off (ATO)    is the age 
just prior to the onset of the adolescent growth spurt;  adolescent growth  is the height 
increment between the ATO and fi nal height. 

 Some children are short, others are tall. But what is short and tall?  Short and tall 
are statistical terms ; their defi nition is arbitrary. Conventionally a child is consid-
ered short, when height is below the third centile, and tall when height is above the 
97th centile. The term   centile    indicates how many percent of the observations have 
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lower values. The third centile indicates that 3 % are smaller/shorter/lighter than 
children of a reference population. Shortness and tallness per se do not imply a 
pathological condition, but children with growth disorders are more often found 
among children who are short or tall. Centiles can be converted into  standard devia-
tion scores (SDS)  . SDS or  Z -values are the differences between the individual mea-
surements and the age- and sex-specifi c mean values of the reference population, 
divided by the standard deviation (SD) of the reference population. SDS or  Z -values 
should be given preference over centiles. 

 At this point it appears necessary to briefl y mention a very common, but ill- 
recognised dilemma. A  short child  is a child who is short. The statement is trivial 
and can be made after a single measurement. But a dilemma occurs when a child is 
repeatedly measured. Children never grow exactly parallel to their centiles. They 
can be short at one occasion and normal when measured later. When screening for 
short stature, up to 10 % of longitudinally measured children are temporarily caught 
at the third centile. 

 Growth is a   target-seeking process    [ 2 ]. Parental height strongly determines this 
target and, thus, can be used to predict this target. Tanner et al. [ 3 ] defi ned  target 
height (TH)   in centimetres as the  sex-corrected mean parental height :

  TH mean parental height cm 6 5.    

As the mean sex difference is typically 13 cm, +6.5 cm should be added for boys 
and –6.5 cm subtracted for girls. Tanner suggested a 95 % confi dence interval of 
TH ± 10 cm for boys and TH ± 9 cm for girls, independent of the population height. 
Yet, this approach ignores the parent–parent correlation with  r  = 0.27: assortative 
mating describes that tall women tend to choose tall men and vice versa and short 
women rather tend to choose short men. The approach also ignores that the parent–
offspring correlation is not 1.0, but  r  = 0.57 [ 4 ]. It is therefore recommended to 
replace the traditional Tanner approach by a formula that allows for  assortative mat-
ing   and the parent–offspring correlation. 

 We propose calculating the   conditional target height SDS  (cTHSDS)   as follows 
[ 5 ]:

  cTHSDS fatherSDS motherSDS .   0 72 2. /    

This estimate of target height has a 95 % confi dence interval of ±1.64 SDS. The 
formula is independent of sex, and if parental height SDS is obtained from growth 
charts dating back one generation, the formula is also independent of secular height 
trends. 

  Growth is a    dynamic process    and shows a characteristic pattern with three major 
growth spurts: the  postnatal spurt  followed by rapid growth deceleration during 
infancy and early childhood; the mild  mid-growth spurt  around the age of 6–7 years 
that however remains invisible in most velocity charts, this spurt possibly relating to 
adrenarche and the rise in adrenal steroids; and the  adolescent growth spurt  that 
parallels full sexual maturation. The maximum peak in height velocity (  peak height 
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velocity )   of the adolescent spurt tends to be higher in early than in late-maturing 
individuals. Body weight follows a very similar pattern. The majority of children 
grow non-linearly, but documenting non-linearity is not trivial. Children should 
preferably be measured at annual or semi-annual intervals, but reality usually dif-
fers. In addition semi-annual intervals are still too long to describe   short - term 
growth   . Short-term growth is growth at much shorter,  at weekly or even daily inter-
vals . Short-term growth patterns are characterised by irregular sequences of mini 
growth spurts. Measurements at intervals of less than 24 h are affected by circadian 
variation.  Circadian variation  by far surpasses the average 24-h increments in 
height and weight. Height measurements are most reliable when performed in the 
evening hours; weight measurements are most reliable in the morning shortly after 
getting up. 

  Mini growth spurts  are chaotic series of rapid height changes [ 6 ,  7 ]. In the 
American literature, this characteristic pattern of steep rises in height velocity fol-
lowed by stagnation has been named   saltation and stasis    [ 8 ]. Time series analysis 
confi rmed that mini growth spurts do not occur at strictly periodic intervals but at 
random intervals of a few days. 

 The analysis of short-term growth is diffi cult. It either requires highly accurate 
measuring techniques such as knemometry (lower leg length measurements [ 9 ,  10 ] 
for measuring child and infant growth [ 11 ]), or in case of conventional height mea-
surements, it requires series of measurements and appropriate statistical analyses. It 
is good to know that increasing the number of measurements is trivial and that 
measurements can be obtained at home. Parents are usually very cooperative, and 
serial   home-made measurements       [ 12 ] are amazingly accurate. Figure  5.1  illustrates 
daily measures in a growth hormone (GH) defi cient girl successfully treated with 
GH. Recent advances in statistics suggest using jump-preserving smoothing tech-
niques for the analysis of serial height data [ 13 ].

  Fig. 5.1    Growth in a  growth hormone (GH)   defi cient girl successfully treated with GH, measured 
daily by her parents. (Reprinted from Hermanussen M (ed). Auxology—studying human growth 
and development. Schweizerbart, Stuttgart, 2013 with kind permission of Schweizerbart,   www.
schweizerbart.de    )       
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       Tempo and Amplitude 

 Growth is the increase of size ( amplitude ) over time. But physical time is not directly 
relevant to the internal dynamics of growth. Individuals differ in  developmental 
tempo : their  calendar age  may not parallel their   biological age   . A slow-maturing 
child needs more; a fast-maturing child needs less calendar years for reaching the 
same stage of maturity. The slow-maturing child appears younger and temporarily 
short; the fast-maturing child appears older and temporarily tall. Good clinical prac-
tice attempts to separately assess tempo and amplitude, but developmental tempo is 
 an auxiliary construct . Whereas physical size is immediately measurable in abso-
lute terms by metric scales (centimetres, kilogram, kg/m 2 , etc.), and physical time 
by calendars and clocks, there is no apparent metric scale for maturity. Three tech-
niques are currently available to assess the physical aspect of tempo: (1) assessing 
skeletal maturity, (2) assessing the state of pubertal maturity, and (3) analysing mul-
tiple records of height standard deviation scores (SDS). 

   Skeletal maturity    of the bones of the hand and wrist is assessed by several meth-
ods; the Greulich–Pyle method [ 14 ] in combination with the growth prediction 
tables of Bayley and Pinneau [ 15 ] and the  Tanner–Whitehouse method   [ 16 ,  17 ] are 
the most commonly used. Thodberg [ 18 ] suggested replacing the manual assess-
ment of skeletal maturity by automatic techniques. 

   Pubertal maturity    can be rated by pubertal signs but only in healthy individuals. 
In disorders of sexual development, these signs often fail to refl ect the tempo of 
maturation. 

 Height measurements can be described in absolute terms, or they can be related 
to a reference population. This can be done by plotting measurements on  centile 
charts  or by transforming measurements into   standard deviation or Z-scores (SDS)    
[ 12 ]. A suitable reference population may be the same ethnic group, or people from 
the same regional area, or a population that lives under similar conditions. 

  Multiple records of height standard deviation score (SDS)  allow rough, but quick 
estimates of tempo. Figure  5.2  illustrates the height SDS of nine healthy boys (blue) 
and nine healthy girls (pink) from the fi rst Zürich longitudinal study and shows the 
association between developmental tempo and patterns of SDS [ 19 ].  Delays in 
developmental tempo  tend to result in steadily declining height SDS and a down-
ward peak shortly before the individual’s peak height velocity and a rise thereafter, 
resembling a fl at V.  Tempo    acceleration    leads to upward rising in height SDS, with 
a characteristic peak in height SDS shortly after  peak height velocity   and a decline 
thereafter, resembling a roof.

   Tempo is a very persistent characteristic throughout an individual’s development: 
fast-maturing children tend to be fast from early childhood onwards and remain 
accelerated until maturity. Slow-maturing children tend to be slow from the very 
beginning and usually remain delayed. Differences in developmental tempo become 
particularly apparent during adolescence—40 % (girls) and 50 % (boys) of adoles-
cent height variation is variation in tempo [ 20 ,  21 ]. The tempo of physical matura-
tion may grossly differ from the tempo of mental, emotional or social maturation. 
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  Fig. 5.2    Height SDS of nine healthy boys ( blue colour ) and nine healthy girls ( pink colour ) from 
the Zürich study (numbers correspond to the original numbering of the study population). The 
upper two rows of the graphs indicate children with average developmental tempo, the central rows 
show children with delayed developmental tempo, and the lower rows show children with acceler-
ated developmental tempo. Vertical bars denote the  age at peak height velocity (APHV)   in years. 
(Reprinted from Hermanussen M (ed). Auxology—studying human growth and development. 
Schweizerbart, Stuttgart, 2013 with kind permission of Schweizerbart,   www.schweizerbart.de    )       
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 Developmental tempo is infl uenced by a variety of factors of which malnutrition, 
illness and stress are only a few.  Catch-up growth   after short intermittent illnesses in 
otherwise healthy children is  catch up in tempo . Even chronically  ill patients  are usu-
ally not short because of losses in amplitude, but because of delay in tempo. Aswani 
et al. [ 22 ] provide an excellent example in patients suffering from  cystic fi brosis 
(CF)  . CF patients grow poorly at all ages, they are short up to early adulthood, but 
they achieve normal fi nal height in their mid-20s. Wiedemann et al. [ 23 ] stated that 
in a group of 4306 CF patients, the initially low height SDS increased with age and 
normal height was achieved by almost all patients when reaching the adult age.  

    Migrants and  Adoptees      

  Migrants are persons who  transitorily or permanently  change residency . In Europe, 
migrants mainly originate from the Mediterranean region, the Near and Middle East, 
and Africa. Migration occurs in the direction of improvement in socioeconomic cir-
cumstances and usually exhibits signifi cant effects on growth and development in chil-
dren and adolescents. Migrants tend to become as tall as their host population. When 
two populations merge, the shorter population tends to catch up in height towards the 
taller target. Maya children born to families from Guatemala who migrated to the USA 
are 11.5 cm taller than Maya children living in Guatemala [ 24 ]. Non-adult migrants 
tend to mature early and reach taller adult height than their nonmigrant relatives. 
Migrants are prone to obesity [ 25 ,  26 ]. Growth references need to consider migration. 
Separate references for native and migrant populations have been published, e.g. for 
Turkish- and Moroccan-born Dutch [ 27 ,  28 ] and Turkish-born German children [ 29 ]. 

  Adopting  infants from a third-world environment may be considered a particular 
form of child migration. In Sweden, over 6800 children from India have been 
adopted during the last four decades [ 30 ]. Many were severely undernourished and 
suffered from infectious illnesses upon arrival, but their health improved when they 
were integrated in their foster families, and they usually caught up in height and 
weight. Only the severely stunted children caught up less. Low birth weight appears 
to be a limiting factor for later catch-up growth. Adopted girls tend to  prematurely 
start pubertal development  at 11.6 years (range of 7.3–14.6) which was earlier than 
Swedish (13.0 years) and wealthy Indian girls (12.4–12.9 years). The adolescent 
growth component was on average 1.5 years earlier, but the fi nal height was reduced 
to 154 cm.       Eight percent of the adopted Indian girls even remained 145 cm or shorter. 
It is not known why this phenomenon is not so frequently observed in adopted boys.  

    Proportions 

 Humans follow a   cephalocaudal  ( head - to - tail )  gradient of growth   . A special feature 
of the human pattern is that between birth and puberty, legs grow relatively faster 
than other body segments. This gives the human species a distinctive body shape. 
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Adolescent growth proceeds in a  distal - to - proximal pattern . Body proportions 
change with age. First, the feet, the hands and the distal parts of the lower and upper 
extremities start to grow, thereafter the proximal, then the central parts of the skel-
eton. The peak height velocity of total body height may precede the peak height 
velocity of sitting height by several months. Rump growth can proceed into the third 
decade of life. The adolescent spurt is larger in early than in late-maturing children 
[ 31 ]. 

   Proportional age    defi nes the biological age by the change of head–trunk–extrem-
ity proportions.  Sitting height  is a useful parameter to estimate the trunk–leg propor-
tion. Particularly in younger children, the increase in body length largely refl ects the 
increase in leg length. 

 Also   skeletal robustness    (e.g. pelvic or relative elbow breadth) is subject to 
distinct changes both during individual life and in populations over periods of 
several decades. Skeletal robustness is associated with daily physical activity. A 
recent analysis of elbow breadth, pelvic breadth (bicristal) and thoracic depth and 
breadth of up to 28,975 healthy females and 28,288 healthy males aged 3–18 years 
from cross-sectional anthropological surveys performed between 1980 and 2012 
by the Universities of Potsdam and Berlin, Germany, showed that relative elbow 
breadth and, to an even greater extent, absolute and relative pelvic breadth signifi -
cantly decreased in both sexes since 1980 [ 32 ]. The trend towards slighter built 
coincides with the modern decline in physical activity and underscores the phe-
notypic plasticity of humans while adapting to new environmental conditions.  

    The Historic Aspect 

 The aspect of tempo and amplitude is not limited to individual growth, but it is obvi-
ous also in the population data as exemplifi ed in Fig.  5.3 . During World War II, Oslo 
schoolgirls suffered from marked growth impairment during the German occupa-
tion [ 33 ], but caught up later and achieved normal adult height. The  Oslo growth 
impairment  was impairment in tempo, limited to the time of hardship; it was not 
impairment in amplitude.

    Measuring tempo  in a population is not easy. Menarcheal age has been used for this 
purpose. There is a marked  secular trend in menarche . In most European countries, 
the average age at menarche decreases [ 34 ] from some 18 years in the mid- nineteenth 
century to about 16 years around 1900 and to modern values in the urban centres 
already in the 1930s, e.g. in Germany: 12.6 years in Leipzig 1934 and 13.3 years in 
Halle 1939 [ 35 ]. At present, the mean menarcheal age in Germany is 12.7 years (low 
social class), 13.0 years (high class), 12.5 years (migration background) and 12.9 years 
(no migration background) [ 36 ]. Menarcheal age in Mediterranean countries is about 
1 year earlier than in Northern Europe. Menarcheal age in the USA has mildly declined 
over the past 40 years, with black girls maturing 0.5–1 year earlier [ 37 ]. 

 The average age at onset of the adolescent growth spurt may also be taken as a 
substitute for adolescent maturation in a population. The faster a given population 
matures, the earlier the adolescents start their adolescent growth spurt. Quantifying 
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the pattern of adolescent growth in a population needs some mathematical model-
ling. Among several models we preferentially use the Preece–Baines model [ 38 ] for 
this purpose. The model explicitly calculates the  height and age at take-off (   HTO    
and  ATO)  and   age at peak height velocity (APHV)    and thus provides two useful 
parameters for estimating the state of maturation. The Preece–Baines model can be 
applied to population data, and it is mathematically not very sophisticated. 

 Table  5.1  illustrates the forward displacement of ATO, the rise of  HTO  , the ado-
lescent growth and the adult height in six male Japanese growth surveys published 
in 1955, 1960, 1970, 1980, 1990 and 2000. Japanese boys in 2000 spurt about 1 year 
earlier than in 1955, and their adolescent growth is 6 cm larger than in 1955. The 
table illustrates that the secular trend in height is both a trend in tempo and a trend 
in amplitude.

   The intermingling of tempo  and amplitude   often leads to misinterpretation when 
analysing secular trends in populations. When depicting differences between average 
height and a reference for height, for the same populations at different historic moments, 
populations behave similar to individuals. Figure  5.4  exemplifi es the differences 

  Fig. 5.3    Oslo schoolgirls suffered from marked growth impairment during the German occupa-
tion [ 33 ], but caught up later and fi nally achieved normal adult height. (Reprinted from 
Hermanussen M (ed). Auxology—studying human growth and development. Schweizerbart, 
Stuttgart, 2013 with kind permission of Schweizerbart,   www.schweizerbart.de    )       

   Table 5.1     Age at take-off (ATO)  , the rise of  height at take-off (HTO)  , the  adolescent growth (AG)   
and the adult height (AH) in six male Japanese growth surveys published in 1955, 1960, 1970, 
1980, 1990 and 2000   

   ATO (years)  HTO (cm)  AH (cm)  AG (cm) 

 Japan2000  8.1  125.4  171.1  45.7 
 Japan1990  8.3  126.3  170.5  44.2 
 Japan1980  8.3  125.1  169.8  44.6 
 Japan1970  8.7  126.0  167.5  41.5 
 Japan1960  9.1  124.4  165.4  41.0 
 Japan1955  9.3  122.9  162.6  39.7 
 Difference 2000–1955  1.2  2.5  8.5  6.0 

  Based on the data from [ 39 ,  40 ], Satake (2012, personal communication)  
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between average height and the WHO standards/references for height [ 41 ] in modern 
and historic Japanese children [ 39 ,  40 ] (Satake, 2012, personal  communication). At all 
ages, Japanese are shorter than WHO standards/references—Japanese differ in ampli-
tude at all ages. But the patterns also show that the historic cohorts steadily decline in 
height compared with WHO height, with a downward peak at mid-adolescence and a 
rise thereafter, and that the modern cohorts (though still shorter than the reference at all 
ages) partially resemble the accelerated pattern in Fig.  5.2 , with a characteristic peak in 
height SDS at mid-adolescence. Modern children are taller and they mature faster. At 
12 years, modern boys are taller and biologically older than their fathers at age 12. The 

  Fig. 5.4    Height difference between modern and historic Japanese children (Based on data from: 
[ 39 ,  40 ], Satake (2012, personal communication); WHO standards/references [ 41 ])       
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 trend in tempo superimposes the trend in amplitude . The superimposition of the two 
trends needs to be disentangled. This is important for the understanding of secular 
changes in growth.

   The rise in adult height observed in recent history is spectacular.  Old World 
Europeans   increased in height by some 11–19 cm since the mid-nineteenth century 
[ 42 ]. Interestingly this was different in Europeans who lived abroad. Late-nineteenth 
century white US conscripts were already almost as tall as today [ 43 ]. White South 
African males reached an average body height of near 172 cm at the turn of the 
nineteenth to twentieth century, with no remarkable trend since [ 44 ]. European 
Australians reached 175 cm at the beginning of the twentieth century [ 45 ]. The 
discrepancy in growth of white Europeans born within and outside the European 
continent strongly contrasts the notion that adult height is  one of the most heritable 
human phenotypes  [ 46 ]. The data rather support the vision that adult height depends 
on environmental cues. 

 This contradicts traditional concepts of   growth as a target - seeking process    [ 2 ]. 
Since decades, growth has been considered being regulated by genes, nutrition, 
health and the state of an individual’s social and economic environment. Social, 
economic and demographic history has produced multiple evidence for interactions 
between living conditions, technology, economy and body height [ 43 ,  47 ]: optimal 
conditions lead to marked improvements in the average height of populations; poor 
populations are short. But this evidence appears to only hold true at the population 
level. This concept fails to provide convincing explanations why the healthy and 
well-nourished members of poor populations are also short. Well-nourished and 
healthy people should be tall, but they are not when living among short and poor 
people.  Growth appears to seek its target at the community level. Tall stature com-
munities appear to generate tall people ;  short stature communities appear to gener-
ate short people . We named this the  community effect in height  [ 48 – 50 ]. 

 At fi rst view this idea appears bizarre, and it has already generated vivid debates. But 
evidence has accumulated that social and psychological phenomena are directly 
involved in the regulation of adult height. The pathomechanism of this regulation is still 
far from being understood. But it appears that self-determination, autonomy, democracy 
and happiness of the modern people tend to correlate with the recent trends in adoles-
cent growth (Fig.  5.4 ). At this moment it is too early for any conclusive statements, but 
new evidence may provide more insights into the complex regulation of adolescent 
growth and lead to a better understanding of the plasticity of adult height [ 49 ].     
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    Chapter 6   
 Bone Development in Children 
and Adolescents                     

     Mihail     A.     Boyanov    

          Introduction 

 Bone is a living tissue and integrated into the compact skeleton it has to fulfi ll a 
number of vital functions: (1) to provide a  mechanical barrier   for the protection of 
soft tissues and internal organs; (2) to allow movement, together with muscles (the 
so-called muscle–bone unit); (3) to store  calcium   and other molecules involved in 
the equilibrium of the extracellular space; and (4) to protect the bone marrow and to 
interact with its cell lines, as well as many other functions. Bone development dur-
ing childhood and adolescence is a process of great complexity and can be viewed 
from many aspects [ 1 – 3 ]. Among the most debated ones are the development and 
maintenance of the growth plate, the bone mineral accrual at the different skeletal 
parts, and the factors contributing to the regulation of all these events. The imple-
mentation of bone age is another interesting point combining classical clinical use 
with up-to-date computerized applications. These aspects will be commented below.  

    Mechanisms of Bone Development: The Role and Structure 
of the  Growth Plate   

 The bone tissue is derived from different parts of the mesoderm. Craniofacial ele-
ments develop through the process of intramembranous ossifi cation, while long bones 
are the product of endochondral ossifi cation. In the latter type of ossifi cation, the 
mesodermal stem cells form condensed groups and differentiate into chondrocytes 
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producing an extracellular matrix, rich in collagen type 2. The chondrocytes in the 
midportion become hypertrophic and start to secrete collagen type 10, which can be 
then mineralized. Cells from the perichondrium can differentiate into osteoblasts pro-
viding the basis for the so-called bone collar—the initiation site for the cortical enve-
lope. A critical step in this process is the invasion by blood vessels, followed by 
apoptosis of terminally differentiated chondrocytes and resorption of the calcifi ed 
cartilage matrix. The cartilage is replaced by bone and vascular elements, building the 
primary ossifi cation center. 

 The remaining chondrocytes at both ends of the long bones provide the basis for 
further bone growth—the growth plate. The  growth plate   is entrapped between the 
epiphyseal and metaphyseal bone and consists of distinct layers with different func-
tions. The most superfi cial layer (adjacent to the epiphysis) is built by round chon-
drocytes (resting zone), followed by more mature and strongly proliferating columnar 
ones (proliferation zone). They further mature to the so-called hypertrophic chondro-
cytes (which build the differentiation zone). The chondrocytes adjacent to the 
metaphysis are subjected to apoptosis and cell death. The junction between the 
growth plate and the metaphysis is the site for invasion of new vessels, osteoclasts, 
and osteoblasts. The osteoclasts resorb the calcifi ed cartilage matrix, while the osteo-
blasts deposit mineralized bone matrix on the remnants. So, the chondrocytes in the 
growth plate are both spatially and temporarily differentiated. The linear bone 
growth, in its turn, leads to an age gradient in the metaphysis [ 4 ]. The newest part of 
the metaphysis is adjacent to the growth plate, while the oldest one—to the epiphy-
sis. During childhood, the growth plate matures and it fuses (closes) at the end of 
puberty under the infl uence of gonadal steroids and other specifi c factors. A very 
comprehensive depiction of these processes might be found elsewhere [ 1 – 3 ]. 

 Modern molecular biology allows a closer look into the mechanisms of bone 
development and the key regulating factors. A number of questions concerning the 
growth plate maturation and fusion, as well as growth factors and local regulators, 
are still being debated. Most data come from mice. A very comprehensive picture of 
all these factors is provided in the review by Emons et al. [ 5 ]. Chondrocytes receive 
a variety of signals from the perichondrial cells, including  bone morphogenetic pro-
teins (BMPs)  , fi broblast growth factors (FGFs), and other highly conserved secreted 
signaling molecules that regulate cell-to-cell interactions during development and 
adult tissue homeostasis such as Wnt signaling. BMP signaling is essential for con-
verting the mesenchymal cells into chondrocytes, as well as in the later stages of 
cartilage development. BMPs have distinct and sometimes opposing effects in the 
different chondrocytic zones (agonistic in the hypertrophic and antagonistic in the 
resting and proliferative zones) [ 6 ]. The Wnt signaling pathway is a conserved path-
way in animals: the name Wnt being resultant from a fusion of the name of the 
 Drosophila  segment polarity gene  wingless  and the name of the vertebrate homolog 
 integrated or int-1 . 

 FGF-18 and FGF-9 are considered important in regulating chondrogenesis [ 7 ,  8 ]. 
FGFs may act as antagonists to BMPs. Activating mutations in FGF-3 receptor may 
lead to achondroplasia or hypochondroplasia, while loss-of-function mutations in the 
responsible gene are accompanied by tall stature in humans [ 9 ,  10 ]. The activation of 
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the canonical Wnt pathway results in activation of β-catenin and induction of osteo-
blast, instead of chondrocyte formation [ 11 ]. A number of transcription factors (such 
as Runx2, Sox9, and others) and growth factors (such as transforming growth factor-
beta, TGF-β) are also implicated in the complex regulatory processes.  Vascular endo-
thelial growth factor (VEGF)   is a potent stimulator of blood vessel invasion and 
expansion. It is also considered crucial for the estrogen-driven growth plate fusion. 
A study in rats found that the expression of VEGF in the growth plate was stimulated 
by estradiol, although the precise role of VEGF in estrogen- mediated growth plate 
fusion could not be demonstrated [ 12 ]. Key factors in the regulation of the growth 
plate are also the hormonal and paracrine factors, such as parathyroid hormone 
(PTH),  parathyroid hormone-related peptide (PTHrp)  , vitamin D, and Indian hedge-
hog (Ihh). Ihh and PTHrp form a negative feedback loop regulating the hypertrophic 
differentiation of chondrocytes. Ihh, produced by the early hypertrophic chondro-
cytes, stimulates the expression of PTHrp, which in turn slows down the differentia-
tion and keeps the chondrocytes in the proliferative stage [ 13 ]. A homozygous 
mutation in the Ihh gene may lead to disproportional short stature, brachydactyly, 
and premature fusion of the growth plates [ 14 ]. An inactivating mutation in the PTH 
receptor may lead to chondrodysplasia with advanced bone maturation (Blomstrand 
chondrodysplasia), while an activating mutation leads to short stature and delay in 
bone maturation in Jansen chondrodysplasia [ 15 ,  16 ]. Vitamin D defi ciency is known 
to result in increased width of the hypertrophic chondrocytic zone due to decreased 
cell death and in delayed invasion by angiogenic and bone cells [ 17 ]. All these hor-
monal, transcriptional, and other regulating factors have their origins in distinct pat-
terns of gene expression. A recent study, looking for evolutionary conserved 
networks, identifi ed a number of growth pathways (Notch, VEGF, TGF-β, Wnt, and 
glucocorticoid receptor) [ 18 ]. 

 The classical model of growth plate maturation and epiphyseal fusion involves 
the  sex steroids—estrogens   and androgens. It is derived from the observation that 
precocious puberty is accompanied by early skeletal maturation and early growth 
stop, while delayed puberty or hypogonadism leads to slow skeletal maturation and 
excessive growth of the long bones. There was active debate on the relative contri-
butions of estrogens and androgens in both sexes. A role has been clearly attributed 
to the estrogen receptor-α (ER-α), while the role of the estrogen receptor-β (ER-β) 
remains to be elucidated [ 19 ,  20 ]. Estrogen is thought to accelerate growth plate 
senescence (maturation and aging), in addition to a genetically programmed mecha-
nism intrinsic to the growth plate itself [ 21 ]. Estrogens can also be produced locally 
in the growth plate. Androgens were thought to act mainly via conversion into estro-
gens, but recent work has shown an independent pathway for androgenic substances, 
since androgen receptors are found in the human growth plate, as well as on human 
osteoblasts [ 22 ,  23 ]. 

 While sexual maturation and puberty progress, the growth plate is a subject of 
structural and functional changes—the so-called senescence. It is partly due to 
genetic programming and fi nite proliferative capacity. The classical  hypothesis   is 
that of apoptosis resulting in cell shrinkage, DNA fragmentation, and degradation of 
the cytoplasm and nucleus in the absence of signs of infl ammation. Other suggested 
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mechanisms include autophagy,  trans -differentiation of hypertrophic chondrocytes 
into osteoblasts (the oldest hypothesis), hypoxia, and others. However, human stud-
ies focused on the growth plate have not provided conclusive evidence for all these 
hypotheses [ 24 ].  

    Osteoclastogenesis and  Osteoblastogenesis      

 Two cell types are indispensable for the development of mature bone tissue—osteo-
blasts and osteoclasts. Once the hypertrophic cartilage is invaded by blood vessels 
and VEGF is secreted, it is the osteoclasts that resorb cellular and matrix debris to 
free space for the newly built bone. Osteoblasts, in their turn, react to signals such 
as BMPs, TGF-β, and others and start building collagen and non-collagen proteins, 
which further become mineralized. A number of regulating factors are key players 
for osteoclast recruitment, differentiation, and survival. Both macrophages and 
osteoclast precursor cells originate from a common myeloid precursor under the 
action of transcription factor PU [ 25 ]. This factor also enhances the transcription of 
the receptor for another crucial regulator, the so-called receptor activator of nuclear 
factor-k-β (RANK) [ 26 ]. The ligand of this receptor (RANKL), together with the 
 macrophage colony-stimulating factor (M-CSF)  , is critical for osteoclastogenesis. 
The M-CSF acts in the earlier stages of osteoclastogenesis, while the RANKL is 
responsible for osteoclast recruitment, differentiation, maturation, and survival 
[ 27 ]. The activation of the nuclear factor-k-β by the binding of RANKL to the 
membrane- bound receptor leads to c- fos  expression and induction of osteoclast- 
specifi c genes [ 28 ]. RANKL is secreted by the osteoblasts in response to different 
cellular signals. RANKL is regulated negatively by a soluble decoy receptor called 
osteoprotegerin (OPG), which is also secreted by the osteoblasts [ 29 ,  30 ]. Thus, one 
of the key regulating cells for the osteoclastogenesis and survival is the osteoblast 
itself. The osteoblast is the primary target for different signals to the bone in physi-
ological and pathological conditions, such as vitamin D, parathyroid hormone, 
PTHrp, different cytokines—interleukins (in infl ammatory and immune diseases)—
and many others [ 31 – 33 ]. It is interesting to note that the osteoclast gives signals 
back to the osteoblast, thus modulating the equilibrium between RANKL and 
OPG. Among these are different BMPs, TGF-β, and others [ 34 ]. The discovery of 
RANKL led to the development of a targeted, fully human antibody, used in the 
treatment of postmenopausal osteoporosis [ 35 ]. The scientifi c work in the fi eld of 
postmenopausal osteoporosis led to the discovery of the third important cell type in 
the development of bone. Osteocytes, previously thought to be aging and exhausted 
osteoblasts, play an important role in the suppression of bone formation and the 
induction of resorption. Through their dendritic processes, they sense mechanical 
forces, communicate with each other, and send signals to the bone-forming cells, 
such as the inhibitor of the canonical Wnt pathway—osteosclerostin (SOST) [ 36 , 
 37 ]. SOST binds two synergistically acting receptor families and stabilizes the so-
called β-catenin protein, which regulates the expression of downstream target genes 
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[ 38 ]. The homozygous loss-of-function mutation in SOST may lead to scleroste-
osis, while mutations, affecting its transcription, cause van Buchem disease—both 
associated with high bone mass phenotypes [ 39 ]. The discovery of SOST gave way 
to the development of antagonistic antibodies, which promise to become one of the 
most potent bone-forming agents under study [ 40 ]. 

 At the structural level, bone development during  childhood      and adolescence is 
the net result of two processes—bone modeling and bone remodeling [ 41 ]. The 
evolutionary role of bone modeling is to build new bone, while during bone remod-
eling, damaged bone is fi rst removed and the resorption cavities are subsequently 
mineralized [ 1 ]. Bone modeling is typical for the growing bone and results in bone 
mineral apposition and bone size increases. During bone modeling, osteoclasts and 
osteoblasts are uncoupled; they act separately at different sites of the bone. Bone 
modeling is most active until skeletal maturity and was believed to stop at skeletal 
maturity, although recent work has shown some modeling to occur at later ages at a 
very modest rate [ 42 ]. Bone remodeling is characterized by the coupling of osteo-
blasts and osteoclasts, which build the so-called  bone remodeling unit (BMU)   [ 43 ]. 
The osteoclasts fi rst excavate a resorption lacuna, which is then fi lled by the osteo-
blasts and subjected to a slow process of mineralization. The frequency of activation 
of the BMU and the depth of the resorption cavities are among the key factors 
determining the bone loss in adulthood and senescence [ 44 ]. 

 During childhood and adolescence, bones grow in both length and width. 
Periosteal apposition is responsible for the growth in width, while endochondral 
ossifi cation for the growth in length. Resorption occurs inside the bone, while new 
bone is deposited on the outer surface (subperiosteal apposition driven mainly by 
osteoblasts and bone modeling).  Bones      are subject to constant changes in shape and 
size. This process terminates around the time of skeletal maturity with the bone 
resorption continuing throughout life at different rates according to age [ 1 ,  45 ].  

     Bone Mineral Accretion   in Children and Adolescents 

 The question of bone mineral accrual during adolescence and of the timing of peak 
bone mass is very diffi cult to address. Firstly, bone mass can be measured at differ-
ent sites—the vertebrae, femur, radius, tibia, and whole body—which grow and 
develop at different rates and time scales. The different skeletal parts are affected by 
different factors (e.g., weight-bearing activities). Secondly, there is a great variety 
of measuring techniques—dual-energy X-ray absorptiometry (DXA), quantitative 
computed tomography (QCT), high-resolution computed tomography, and mag-
netic resonance imaging (hr-pQCT, hr-MRI). The most widely used technique, 
DXA, provides data on  bone mineral content (BMC)   and  bone mineral density 
(BMD)  . DXA-derived BMD is bidimensional; it is called areal BMD and does not 
properly refl ect the contribution of the third dimension (bone depth or the antero-
posterior diameter). BMC and aBMD change rapidly during growth because of 
bone size increases. An attempt to overcome this intrinsic methodological problem 
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is to measure the true volumetric BMD by QCT or its peripheral modifi cation, 
pQCT. Volumetric BMD can also be calculated if bone density scans in two planes 
are available, such as vBMD of the vertebrae derived from anteroposterior and lat-
eral spine scans. In a previous study, an algorithm for calculation of forearm vBMD 
has been proposed, although the accuracy of all calculated parameters is debatable 
[ 46 ]. The third problem is due to the different proportions of cortical and trabecular 
bone in the skeletal parts. Cortical and trabecular bone might be regarded as two 
distinct components and their interaction determines the net effect on bone develop-
ment. In an experimental model, calculated cortical and trabecular forearm BMD 
showed a distinct pattern of changes over time in adult women [ 47 ]. Only the QCT, 
pQCT, and high-resolution techniques are capable of distinguishing both compo-
nents of the bone. And fourth, a large number of factors are affecting bone growth 
and development, such as heredity, age, sex, race, physical activity, nutrition, puber-
tal stage, etc. It is almost impossible to dissect a single factor and defi ne its contribu-
tion to the whole. To summarize, the problem of different skeletal sites, measurement 
techniques, and biological factors should be kept in mind, when interpreting data 
about bone mineral changes during childhood and adolescence. 

 A DXA-based study in healthy Italian children showed that before puberty, 
boys and girls had equal BMD at the lumbar spine, while the femoral neck BMD 
was higher in boys [ 48 ]. In the areas rich of cortical bone, the boys showed higher 
values before puberty, while trabecular bone was equivalent until the age of 9 and 
increasing more steeply in girls thereafter. The authors concluded that male sex 
and lean mass were predictors for the higher cortical bone mass in boys, while 
female sex and pubertal stage predicted the higher trabecular bone accrual in girls 
[ 48 ]. Another DXA-based study explained the differences in  BMC   as mainly due 
to the differences in body size [ 49 ]. Body size was held responsible for most of the 
racial/ethnic differences in BMC. In a cohort of Spanish adolescents, females had 
higher values of the DXA-derived BMC and BMD at most of the sites, probably 
due to the smaller diameters of bones [ 50 ]. Bone growth from 11 to 17 years was 
studied by pQCT at the distal forearm [ 51 ]. This study showed that bone width and 
mineral content increased with age albeit independently, which resulted in a mod-
est decrease of vBMD during early puberty followed by a rapid increase. Physical 
growth occurred at a higher tempo than bone growth. By the age of 17, boys had 
attained 86 % of the reference adult BMC and vBMD, while girls had attained 93 
and 94 %, respectively [ 51 ]. A very interesting study assessed the structural and 
biomechanical basis for sexual dimorphism at the hip by using the  DXA-derived 
FN   areal BMD and measured the periosteal diameter to estimate the endocortical 
diameter, cortical thickness, section modulus (a measure of bending strength), and 
buckling ratio (indices for structural stability) [ 45 ]. In this study, FN cortical thick-
ness or volumetric density did not differ in young adult women and men after 
adjustment for height and weight. The sex differences in geometry were best 
described by the further displacement of the cortex from the FN neutral axis in 
young men, which produced a 13.4 % greater bending strength than in young 
women. The changes in FN diameters,  cortical thickness, and geometry during 
puberty are presented in Fig.  6.1  according to [ 45 ].
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   The effects of sex, race, and puberty on cortical bone were examined by pQCT 
of the distal tibia [ 52 ]. This study found higher cortical measures in blacks than 
whites in Tanner stages 1–4; however, differences were negligible in Tanner stage 5. 
Cortical BMC, periosteal and endosteal circumferences, and section modulus were 
higher in pubertal males than females; however, cortical BMD was higher in Tanner 
3–5 females. The authors were unable to explain maturation-specifi c differences in 
cortical  BMD   and dimensions solely by differences in bone length or muscle [ 52 ]. 
Cortical porosity at the distal radius and tibia was studied during pubertal growth by 
hr-pQCT [ 53 ]. At the radius, girls had higher cortical density and lower cortical 
porosity than boys, while boys had higher trabecular bone volume ratios and larger 
cortical cross-sectional areas. These results could provide a solid basis for the sex- 
and maturity-related differences in bone microarchitecture and strength [ 53 ]. 

 The task of describing bone changes is further complicated by the contribution 
of muscle development to the so-called muscle–bone unit. Bone and muscle proper-
ties were studied prospectively by tibial DXA and pQCT—the growth velocity of 
the muscle cross-sectional area peaked earlier than tibial BMC and later than tibial 
outer dimensions [ 54 ]. Tibial length was the fi rst to stop increasing 2 years after 
menarche, while all other muscle and bone parameters continued to increase even at 
the age of 18 years. This study corroborated the hypothesis that the development of 
lean mass precedes that of bone mass but did not support the role of the muscles as 
the central driving force for bone growth during puberty [ 54 ]. In summary, all the 
data coming from bone measurement techniques show an absence of gender- specifi c 
differences in bone mass until the onset of puberty. The bone maturation period 
seems longer in males than females, and the increase in bone size is greater in 

  Fig. 6.1    Changes in FN 
diameters, cortical 
thickness, and geometry 
during puberty. Cortical 
thickness or volumetric 
density does not differ in 
young adult women and 
men; the sex differences in 
geometry are best 
described by the further 
displacement of the cortex 
from the FN neutral axis in 
young men [ 45 ]. This is 
now thought to be partly 
due to the longer 
prepubertal growth and 
intrapubertal growth in 
males than females 
(Courtesy of Prof. 
E. Seeman)       
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males. Changes in vBMD between sexes are negligible at the end of puberty; the 
differences in BMD are due mainly to the differences in bone size and architecture, 
as stated by other authors [ 1 ,  55 ]. 

  Peak bone mass (PBM)   is essential for the future risk of osteoporosis and fragil-
ity fractures. The exact age, at which PBM is attained, remains a matter of debate. 
A DXA-based study found that in males, bone mass at different skeletal sites con-
tinued to increase between 15 and 18 years, while in girls, it slowed down at the 
levels of both lumbar spine and femoral neck (FN) at 15–16 years of age [ 56 ]. Girls 
attained values near PBM at an earlier age than boys. In the 14–15-year-old female 
group, BMD in L2–L4, FN, and femoral shaft corresponded to 99.2, 105.1, and 
94.1 %, respectively, and BMC in L2–L4 to 97.6 % of the mean values for 
20–35-year-old women [ 56 ]. In a similar study, the contribution of the third decade 
of life to BMD in women was found to be only 6.8 % at the LS and 4.8 %—at the 
forearm [ 57 ]. The authors located the end of bone mass acquisition around the age 
of 28.3 and 29.5 years. The sex differences in bone mass acquisition during growth 
were estimated in the Fels Longitudinal Study [ 58 ]. This study showed that PBM 
and density are attained generally between the ages of 20 and 25 years and occur 
earlier in females than males. vBMD was shown to rise much slower than BMC and 
aBMD, due to the different contributions of bone size and density [ 59 ]. Peak vBMD 
of the lumbar vertebrae was reached between 22 and 29 years of age, while peak 
values were reached substantially earlier for the femoral neck (around 12 years of 
age) and ultradistal radius (around 19 years of age) [ 59 ].  

    Factors Contributing to Bone Development in Children 
and Adolescents 

 Bone development occurs under the infl uence of many contributing factors—age, 
sex, race, pubertal development, body  weight and height   (size), physical activity, 
nutrition, and many others. Age, sex, and pubertal stage also affect the skeleton by 
supporting a specifi c hormonal milieu. Some of these factors have been extensively 
studied in the last decades. 

 The infl uence of being overweight was studied in 11–13-year-old boys by DXA 
at the LS, FN, and whole body (WB) [ 60 ]. Overweight boys displayed similar val-
ues for LS and WB and lower for the FN, compared to  normal-weight controls  . In 
normal-weight boys, fat-free mass was the major determinant of bone mineral indi-
ces, while in overweight boys, it correlated only with the FN; the LS and WB BMD 
correlating better with the fat mass [ 60 ]. This study showed that the infl uence of 
body weight on BMD is not uniform and cannot be explained as putting more 
mechanical stress on the skeleton and thus stimulating the growth of the muscle–
bone unit. Another study tested the association of lean and fat body mass with bone 
mass during  pre- and midpuberty   and found appendicular lean mass to be the stron-
gest determinant [ 61 ]. These associations were also studied by tibial pQCT in the 
Avon Longitudinal Study of Parents and Children [ 62 ]. Lean mass showed a  positive 
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correlation with cortical BMC in both boys and girls and its correlation with perios-
teal circumference was stronger in girls. Fat mass showed a stronger correlation 
with cortical BMC and periosteal circumference and a negative one with endosteal 
circumference in girls. The authors concluded that lean mass stimulated the devel-
opment of cortical bone mass in a similar way in boys and girls, while fat mass was 
a stronger stimulus only in girls [ 62 ]. The diffi culty in differentiating the relative 
contributions of lean and fat mass to the BMD values was confi rmed in adult women 
also (see Table  6.1 ) [ 63 ].

   Physical activity is a crucial activator of skeletal modeling and remodeling. The 
effect of physical activity early in life was tested at ages 5, 13, and 15 years in the 
Iowa Bone Development Study [ 64 ]. In boys,  physical activity   predicted later spine 
BMC, while this was not the case in girls. In another longitudinal study in boys, 
vigorous physical activity and sedentary time had a signifi cant effect only on FN 
BMD [ 65 ]. The negative infl uence of sedentary time on bone mineral parameters 
was tested prospectively in peripubertal boys and was confi rmed for all areas of 
interest (WB, LS, FN) with the strongest negative effect on FN BMD [ 66 ]. The type 
of sport or vigorous physical activity should also be kept in mind. The infl uence of 
different sports on bone mass was studied in girls [ 67 ]. In the pubertal group, arms 
BMD, pelvis BMD, and FN BMD were higher in soccer and handball players than 
in the control group, while swimmers had signifi cantly higher values in the arms 
BMD. The authors recommended sport activities that support body weight as an 
important factor for achieving an optimal peak bone mass [ 67 ]. A meta-analysis of 
the effect of exercise on pediatric bone and fat revealed a small positive effect of 
bone-targeted exercise on WB, FN, LS BMC, and fat mass [ 68 ]. Another  meta- 
analysis   examined the effects of weight-bearing exercise in girls and found that 
these were site specifi c and affected primarily LS BMD, while BMC was increased 

   Table 6.1    The  correlation coeffi cients   ( R -square) from curve estimation analyses with lumbar 
spine BMD (as the dependent variable) and body weight, % body fat, and fat and lean mass (as the 
independent variables) are in the same magnitude   

 Model   R -square 

 Equation  Fat mass  Lean mass  Total body weight  % Body fat 

 Linear  0.181  0.160  0.231  0.106 
 Logarithmic  0.207  0.177  0.258  0.095 
 Inverse  0.209  0.190  0.275  0.077 
 Quadratic  0.226  0.202  0.280  0.117 
 Cubic  0.229  0.202  0.280  0.112 
 Compound  0.181  0.154  0.232  0.109 
 Power  0.212  0.174  0.265  0.097 
  S   0.220  0.191  0.288  0.079 
  Exponential    0.181  0.154  0.232  0.109 

  The signifi cance was  p  < 0.001 for all equations including body weight, fat, and lean mass and 
0.01 >  p  > 0.001 for the % of body fat (Reprinted from Boyanov M. Body fat, lean mass and bone 
density of the spine and forearm in women. Central European Journal of Medicine 2014;9(1):
121–125. With permission from Springer Science + Business Media)  
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at both LS and FN [ 69 ]. The authors also noted that physical activity for more than 
3 days per week resulted in signifi cantly greater values [ 69 ]. All these studies sup-
port the benefi cial effect of exercise on bone development and health. The impor-
tance of mechanical infl uences for bone development in children has led to the 
formulation of a “mechanostat paradigm” [ 70 ]. 

  Nutrition   is another important aspect for optimal bone health. International and 
national agencies have adopted recommendations for optimal daily calcium and 
vitamin D intake at different ages. An epidemiological study in women aged 
20–49 years revealed that milk consumption during childhood and adolescence was 
correlated with bone density and fracture risk later in life [ 71 ]. The positive associa-
tion of calcium intake with bone mass was displayed in another study in adolescents 
[ 72 ]. The effect of calcium supplementation was more pronounced in cortical-rich 
(radius and femur) than in trabecular-rich bone (LS) [ 72 ]. An interventional study 
in 8-year-old prepubertal girls showed an increase in bone mass by 0.25 standard 
deviations only in those with very low-calcium intake at baseline [ 73 ]. A more 
recent study examined the interaction of low-calcium diet and low 25(OH)D levels 
in late-pubertal girls and found that LS BMC and BMD were not associated with 
25(OH)D, except when calcium intake was below 600 mg/day [ 74 ]. The response to 
calcium intake interacts also with physical activity: the higher the calcium intake, 
the more pronounced is the effect of physical activity on bone growth [ 75 ,  76 ]. In 
two other studies (a cross-sectional and longitudinal one) the effect of physical 
activity on WB BMC accrual varied only among Tanner stages after adjustment for 
calcium intake [ 77 ,  78 ]. The positive interaction of high-protein intake and physical 
activity on bone strength and microstructure from prepuberty to mid-to-late adoles-
cence was shown in a study using hr-pQCT of the tibia [ 79 ]. Bone mass accrual 
might be infl uenced also by harmful habits, such as early initiation of smoking and 
alcohol drinking, as shown in a cohort study in late adolescent girls [ 80 ]. 

  Puberty      is one of the main driving forces of bone development. The timing of 
puberty was shown to be inversely associated with peak bone mass, e.g., individuals 
with late puberty had lower bone mass in young adulthood [ 81 ,  82 ]. In Tanner stage 5, 
height growth was found to exert a more pronounced effect on bone accrual than at 
puberty start [ 81 ,  82 ]. It is intuitive to make the assumption that puberty acts on 
bone through a variety of mechanisms, among which the hormonal ones play a lead-
ing role [ 83 ,  84 ]. However, it is very diffi cult to dissect (discern) the relative contri-
bution of every single hormone or factor. BMD, bone markers, and gonadal steroids 
were studied in girls and boys in different pubertal stages [ 85 ]. BMD signifi cantly 
increased until Tanner stage 4 in girls, while in boys at  Tanner stage 4  , it was higher 
than in all other pubertal stages. There was a modest correlation of BMD with tes-
tosterone (T) and estrogen (E) in boys and only with estrogen in girls. Bone alkaline 
phosphatase was a better predictor of bone mass in girls than in boys [ 85 ]. In another 
study, estradiol was the most signifi cant determinant of bone mass only during mid-
puberty and not before that [ 61 ]. A similar result was obtained in boys with 
 constitutional delay of growth and puberty [ 86 ]. In this study, the strongest correla-
tion coeffi cients were found between BMD and serum estradiol levels among hor-
mones, with estradiol being the most potent determinant in pubertal boys. Puberty 
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also interacts with the infl uence of physical activity on bone. A  meta-analysis   found 
gains in BMC due to exercise only in prepubertal subjects [ 87 ]. The effi cacy of 
training in terms of bone mineral accrual was substantially affected only by the 
maturational status of the participants [ 87 ]. 

 At the cellular level, it is well known that testosterone and estradiol are very 
potent stimulators of bone formation, and this knowledge will not be further dis-
cussed into detail. Testosterone exerts its effect on bone cells in boys mainly through 
conversion to estradiol, with its direct actions being more important for the muscle 
growth and development. A steep rise in testosterone levels in boys and girls was 
shown to precede the pubertal increase in bone mass [ 85 ]. A relationship between 
polymorphisms of the  aromatase gene   and BMD was described in young men [ 88 ]. 
The role of androgens for the stimulation of muscle growth, independent of other 
hormones such as IGF-1, was summarized in reviews by Vanderschueren et al. 
(2004) and de Oliveira et al. (2012), while the actions of estrogens were described 
in the review by Clarke et al. (2010) [ 22 ,  23 ,  89 ]. The role of androgen aromatiza-
tion was further emphasized in a randomized trial of the nonaromatizable androgen 
dihydrotestosterone (DHT) in healthy adult men [ 90 ]. In this study, DHT treatment 
suppressed serum testosterone resulting in bone loss at the lumbar spine as no estra-
diol was formed [ 90 ]. 

 Another  hormonal group  , well known for its leading role in the development of 
the muscle–bone unit, comprises growth hormone (GH) and IGF-1. GH can stimu-
late longitudinal bone growth and increase the effect of physical stress on bone for-
mation [ 91 ]. At the cellular level, it stimulates bone formation on endosteal and 
subperiosteal surfaces. For many years it has been thought that GH exerts its effect 
on bone mainly through IGF-1 [ 1 ]. IGF-1 is involved in direct actions on growth 
plate chondrocytes and osteogenic cells, building the cortical and trabecular bone. 
IGF-1 can modulate the production of 1,25(OH) 2 -vitamin D and the transport system 
of inorganic phosphate [ 1 ]. A recent study has shown, however, that growth hormone 
can mediate pubertal skeletal development separately from hepatic IGF-1 production 
[ 92 ]. In this study, liver-specifi c IGF-1-defi cient mice were treated with pegvisomant 
(a GH antagonist), separating the role of GH from IGF-1, whose production by the 
liver was basically reduced. The amount of cortical tissue formed in the treated mice 
was substantially lower, showing an independent contribution of GH to the effects of 
the GH–IGF-1 axis [ 92 ]. The strength of the association of IGF-1 versus 25(OH)D 
with BMC accrual was tested in  prepubertal females   followed up for a period of up 
to 9 years [ 93 ]. IGF-1 was more strongly associated with BMC accrual than vitamin 
D at the total body, proximal femur, radius, and lumbar spine. In multistep regression 
analysis, 25(OH)D did not have a predictive effect on BMC accrual beyond that of 
IGF-1 [ 93 ]. The expression of IGF-1 and its contribution to bone acquisition in mice 
have been related to the presence of thyroid hormones [ 94 ]. Other insulin-like  growth 
factors   may also contribute to the acquisition and maintenance of bone mass. In an 
experimental study, mutations in the  insulin- like factor 3 receptor were associated 
with decreased bone mass in both mice and men (by dual X-ray bone densitometry), 
as well as with reduced mineralizing surface, bone formation, and osteoclast surface 
in mice (dynamic histomorphometric and micro-CT analyses) [ 95 ]. 
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  Adiponectin   and  leptin   are among the other hormones that were studied for their 
associations with bone growth. The association of adiponectin with bone mass was 
studied by using DXA and pQCT in the Avon Longitudinal Study of Parents and 
Children [ 96 ]. Adiponectin was found to be inversely related with DXA-derived 
bone parameters (BMC, bone area) as well as with endosteal relative to periosteal 
expansion (from pQCT) resulting in increased cortical thickness [ 96 ]. The associa-
tions of leptin with tibial speed of sound (tSoS) were tested in early and late- pubertal 
girls [ 97 ]. In this study, adiposity and leptin were both negative predictors of tSoS, 
with leptin being specifi cally predictive in the postmenarcheal group [ 97 ]. 
Osteosclerostin levels were also studied in relation to bone development during 
childhood. They were measured in 6–21-year-old girls and boys and related to tra-
becular and cortical bone  microarchitectural parameters   using hr-pQCT [ 98 ]. Serum 
sclerostin levels were higher in boys as compared to girls and declined in both sexes 
following the onset of puberty. The authors found no consistent relationship between 
sclerostin levels and trabecular bone parameters in either sex, in contrast with an 
inverse association with cortical vBMD and cortical thickness in girls and a positive 
one with the cortical porosity index in both girls and boys [ 98 ]. 

 In conclusion, bone development during childhood and adolescence is under the 
infl uence of so many hormonal factors, whose actions cannot always be differenti-
ated from one another. On the other hand, bone itself may act as an independent 
endocrine organ, modulating the insulin resistance and secretion, gonadal function, 
and others [ 99 ,  100 ]. It should also be noted that the pubertal growth spurt is an 
event typical for the human species, which cannot be fully reproduced in animal 
models. Different hypotheses explaining that observation have been proposed, but 
the evolutionary meaning of these particular time events is not fully understood.  

    The Use of  Bone Age (BA)   in Clinical Practice 

 Skeletal development and maturity have been traditionally studied by the use of 
bone age (BA) based on hand and wrist radiographs. Two methods are most widely 
used: the Greulich and Pyle atlas and the Tanner–Whitehouse method [ 101 ]. The 
former is based on comparisons with reference images while the latter—on scores 
applied to the maturity indicators. At the end of the 1980s, another method was 
developed—the FELS method [ 102 ]. There are many good editions depicting those 
and other methods for BA assessment [ 103 ]. The inter- and intra-observer variabil-
ity of BA assessment has been a major concern for many years. A recent study in 
four ethnicities from Los Angeles found a mean standard error of 0.45 years, which 
is slightly better than the fi gures reported by older studies [ 104 ]. This error might 
seem signifi cant from a scientifi c point of view, but is negligible in everyday clinical 
practice. In recent years, the use of automatic BA assessment has gained more and 
more followers. For instance, a fully automated computer-based system, which was 
the fi rst to be introduced in Europe, was the BoneXpert (Visiana, Denmark) [ 105 ]. 
The advantage of this system is the practical lack of variance between readings. 
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 BA is used as the main indicator of skeletal maturity and is routinely compared 
to chronological age. However, bone mineral accrual and muscle development, 
height velocity, and others might better correlate with BA than just chronological 
age.  BA   is used in a variety of clinical situations [ 106 ,  107 ]. In precocious puberty 
BA is a part of the routine work-up and is performed at regular intervals thereafter. 
It is very useful in decisions regarding treatment. BA is assessed also in cases of 
premature adrenarche. A recent study found that bone age advancement by 2 or 
more years is common in children with premature adrenarche and is generally 
benign [ 108 ]. BA is also used in children with unknown chronological age, as well 
as in delayed puberty. In delayed puberty, BA can help to differentiate between 
reversible and permanent hypogonadism. Children with skeletal dysplasia remain a 
diffi cult population in BA assessment. The hand and wrist radiographs might also 
be used for other diagnostic purposes, such as in rickets, hypothyroidism, hypo-
chondroplasia, and many others as well as in sports medicine. 

 Comparisons of different cohorts by the use of BA provided information on secular 
trends in skeletal maturity. A 35-year difference between the years of birth (1930–1964 
versus 1965–2001) resulted in more advanced skeletal maturity (maximum difference 
of 5 months at age 13 years for girls and 4 months at age 15 years for boys) [ 109 ].  

    Conclusions 

 Bone development during childhood and adolescence is a very complex process. 
This complexity mirrors the important evolutionary and biological role of the skel-
eton. There is a long way to go to the full understanding of all processes implicated 
in bone growth and development.      
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    Chapter 7   
 Body Weight and Puberty                     

     Analia     Tomova    

          Introduction 

 In mammals, reproduction is acutely regulated by metabolic status [ 1 ]. The body 
weight is an important factor that infl uences on the initiation and progression of 
 puberty  . In the childhood the overweight as well as the underweight could infl uence 
the development of puberty. In recent years excessive food consumption and seden-
tary behavior in developed societies are the cause of  overweight and obesity  . The 
lower intake of food and increased physical activity induce unfavorable energy bal-
ance and underweight, which also may disturb the sexual function. 

 Globally, about 10 % of school-age children are obese or overweight, and this 
percentage is highest in the USA (32 %), followed by Europe (20 %) and the Middle 
East (16 %) [ 2 ]. The worldwide prevalence of childhood obesity increased from 4.2 
to 6.7 % between 1990 and 2010 [ 3 ]. 

 In the USA, the 85th and 95th percentiles of body mass index ( BMI)      for age and 
sex based on nationally representative survey data have been recommended as cut-
off points to identify overweight and obesity, respectively, which are the same as 
those, proposed by the Expert Committee [ 4 ]. 

 In most publications, the  underweight   is defi ned within different limits: 5th or 
15th percentile of BMI for given age. According to World Health Organization’s 
cutoff points, BMI of 18.5 kg/m 2  in young adults is equivalent to the 12th percentile 
in children [ 5 ]. 

 Unfortunately, the data on children with  underweight   and its effect on sexual 
development are scarce. But underweight can negatively affect both the onset and 
progression of puberty, and also the reproductive capacity later in adulthood, espe-
cially in girls. The publications on this subject are mainly related to patients with 
 anorexia nervosa  . 
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  Pubertal maturation   consists of two associated processes: adrenarche, the 
increase of adrenal androgen production, and gonadarche, the pubertal reactivation 
of  hypothalamic-pituitary-gonadal (HPG)   axis. The development of  breast tissue   in 
girls (thelarche) and testicular growth in boys are signs of the onset of puberty. 
Typically, adrenarche occurs before gonadarche. Some authors believe that adrenal 
androgens may be one of the factors necessary for the reactivation of the hypothalamic- 
pituitary-gonadal axis [ 6 ]. 

 The severity of the disturbances in sexual sphere depends on the degree of the 
variations in body weight as more severe deviations in body weight cause more 
prominent abnormalities in sexual function.  

    Body Weight and Puberty in  Girls   

 The adiposity in early childhood is probably linked to advanced puberty in girls [ 7 , 
 8 ]. It is generally accepted that overweight and obesity are related with early appear-
ance of menarche [ 7 ,  9 ]. Multiple studies from several continents have demonstrated 
that levels of childhood obesity in girls are associated with earlier onset of puberty 
or menarche: in the USA [ 10 – 14 ], in South America [ 3 ], in Europe [ 15 ,  16 ], and in 
Asia [ 17 ]. Nevertheless there are some authors who suggested that the population- 
level shifts in BMI and the timing of menarche are largely independent processes, 
although sometimes they coincide [ 18 ]. 

 Data from several epidemiological studies in the past 30 years present a link 
between the earlier onset of puberty in girls and increased BMI, which is the most 
available method for indirectly determining body fat stores [ 19 ]. Girls with greater 
BMI reach breast stage 2 at younger ages. Higher BMI is the strongest predictor of 
earlier age at breast stage 2 in the study of Biro et al. [ 14 ]. Pubertal signs occur 
before 8.0 years of age in <5 % of the normal BMI female population in the USA 
[ 20 ]. Breast and sexual pubic hair developments are premature before 8 years of age 
in girls with normal BMI in general population. Girls with excessive BMI have 
signifi cantly higher prevalence of breast appearance from ages 8.0–9.6 years and 
pubarche from ages 8.0–10.2 years than those with normal BMI [ 20 ]. Menarche is 
also signifi cantly more likely to occur in preteen girls with an elevated BMI [ 20 ]. A 
study in Denmark found that early-matured girls had higher BMI, but similar body 
fat percentage, compared with late-matured similarly aged girls [ 21 ]. Results of a 
study in Brazil indicate that early sexual maturation is associated with a higher 
prevalence of excessive body weight in  girls  . Compared to the reference group (nor-
mal sexual maturation), early-maturing females have higher prevalence of excess 
body weight and increased height for age [ 3 ]. Lee et al. found a strong association 
between elevated body weight at all ages and the early onset of puberty as deter-
mined by breast development and the onset of menstruation [ 13 ]. Fat mass at age 
8 years is strongly associated with stage and onset of puberty in both sexes. However, 
by age 11 year, lean mass accretion is more closely associated with more advanced 
puberty [ 22 ]. Four-year longitudinal study in China demonstrated that childhood 
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obesity contributes to an earlier onset of puberty, and the mean estradiol concentra-
tion is higher in obese girls in comparison to normal or underweight girls during this 
period [ 17 ]. 

 The increased incidence of childhood obesity in recent decades may be 
responsible for dramatic increase in early puberty in girls. From the late nine-
teenth century, evidence from several European countries shows a decrease in 
the age of menarche—as a result of the earlier achievement of the required 
weight for the initiation of menarche [ 23 ]. The age of the onset of menses (men-
arche) declined in North America and Europe from age 17 years in the mid-
nineteenth century to less than 14 years in the mid-twentieth century. In a study 
in Bulgaria, done by the beginning of twentieth century (1904–1906), the mean 
age of menarche was 15 years, while at the end of the century, it was 12 years 
[ 24 ]. Similar trends also occurred in the age of onset of breast development 
(thelarche) and pubic hair development (pubarche) [ 25 ]. Moreover, in recent 
years an inverse correlation of BMI was found with the age of onset of men-
arche [ 26 ,  27 ]. The nutrition in the postnatal period and rapid weight gain can 
predict the onset of earlier puberty [ 28 ,  29 ]. 

 For the changes in reproductive axis in girls with underweight can be judged 
mainly on the studies done in adolescents with anorexia nervosa, where the 
considerable weight reduction causes delay in puberty or its discontinuation. 
This disease is associated with unfavorable changes in the reproductive axis—
hypogonadotropic hypogonadism. The degree of weight loss is associated with 
the degree of hormonal disturbances in the gonadal axis. The basal levels of 
gonadotropins are lower, and the responses of  luteinizing hormone (LH)   to 
 gonadotropin-releasing hormone (GnRH)   are diminished, but those of  follicle-
stimulating hormone (FSH)   are exaggerated. The basal levels of LH are signifi -
cantly correlated with body weight, BMI, and percentage of weight loss [ 30 ]. 
The changes in the gonadal axis are due to disturbances in the hypothalamus, 
and all hormonal alterations are in relationship with the degree of weight  loss  . 
The severe weight loss is mainly associated with the reduced amount of adipose 
tissue and with considerably decreased leptin levels [ 31 ]. Several other hor-
mones and mediators are implicated in this process and can send signals to the 
hypothalamus that infl uence on its activity.  

    Body Weight and Puberty in  Boys   

 Data from studies on the infl uence of body weight (especially overweight and 
obesity) on the onset and development of the puberty in boys are controversial. In 
some studies male obesity was associated with delayed pubertal development [ 11 , 
 32 ,  33 ], while in others earlier start of puberty in overweight boys was found [ 34 , 
 35 ]. In a small study Laron has not observed any difference in pubertal develop-
ment between boys with obesity and those with normal weight [ 8 ]. Some authors 
found that earlier sexual maturation in boys was associated with greater height for 
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age [ 3 ,  36 ], but not with the weight. Others considered that in contrast to the girls, 
there was no evidence of an association between adiposity and pubarche in boys 
[ 20 ]. The analyses of  National Health and Nutrition Examination Survey 
(NHANES)   III data by Karpati et al. [ 37 ] and by Wang [ 11 ] suggested that over-
weight and obesity might result in delayed instead of advanced puberty in boys. 
However, these studies have some limitations as the authors evaluated the genital 
stages only visually, without measuring the  testicular   volumes and penis sizes. 
With these methods the data could be more diffi cult for interpretation, because of 
the subjective evaluation of early stages and subsequent physical progression 
through puberty. It is not possible to defi ne exactly the pubertal events in boys 
without assessment of testicular volumes. Perhaps for this reason, the infl uence of 
body weight and BMI on sexual maturation in males has not been clarifi ed for a 
long period of time. 

 A volume of 3 ml is considered the most reliable and valid marker of male puber-
tal onset generally accepted to date [ 38 – 40 ]. According to Tanner and Whitehouse 
[ 41 ], a mean testicular volume of 12 ml indicates that adolescent is proceeding 
toward the late stage of pubertal development. 

 Results from study of Tomova et al. [ 42 ], based on objective data obtained by 
determining testicular volume, found earlier enlargement of the testicular vol-
ume in overweight and obese boys as well as earlier pubertal maturation in com-
parison to normal-weight children. The increase in testicular volume begins 
initially in boys with obesity, but subsequently overweight children have the 
fastest pubertal development in comparison to these with obesity and those with 
normal weight. Delayed pubertal development was observed in underweight 
boys, who were clearly behind at every stage of puberty relative to the normal-
weight  children   (Fig.  7.1 ). At the beginning of the puberty at the age of 11 years, 
the testicular volume of 3 ml has been found in 69.6 % of the boys with over-
weight and obesity, in 51.5 % of the boys with normal weight and only in 29.7 % 
in those who were underweight. The results concerning the late stage of puberty 
(testicular volume ≥12 ml) were similar. At the age 13 the percentage of the 
boys with overweight and obesity, who had testicular volume of 12 ml or more, 
was 43.5 %, whereas in the group of underweight children, it was only 2.70 %. 
An early increase of penis length as well as of penis circumference was found 
in overweight children, while a signifi cant delay was observed in boys with 
underweight and obesity [ 42 ]. From this data it is clear that the boys with over-
weight and obesity start puberty development earlier and fi nished it faster in 
comparison to those who are underweight [ 42 ]. In all investigated groups, it has 
been established a positive signifi cant correlation of the body weight and BMI 
with the indices of pubertal development: pubic hair, penis length, and circum-
ference as well as with the volume of the testes. Moreover, according to this 
study, the onset of puberty is expected at a certain threshold of the  body weight   
(40.17 ± 9.10 kg) (median 39.0 kg) [ 42 ].

   Similar are the observations of Vizmanos and Martí-Henneberg [ 35 ] that reveal 
a positive relationship between BMI and the initiation of sexual development in 
boys as well as the fi ndings of Juul et al. [ 43 ] of the association of prepubertal BMI 
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with earlier age at voice break. The other study in Denmark found that early-matured 
boys had higher BMI, but similar body fat percentage, compared with late-matured 
similarly aged boys [ 21 ]. Boyne et al. reported that fat mass at age of 8 was strongly 
associated with the stage and onset of puberty in both sexes. Birth size and growth 
through infancy and childhood were signifi cantly associated with testicular size. 
Pooling both sexes together, growth in infancy, late infancy, and childhood is associ-
ated with more advanced puberty [ 22 ]. Supportive evidence was found also by Fu 
et al. [ 44 ], who observed an earlier activation of the inhibin B/follicle-stimulating 
hormone axis in boys with obesity during puberty. These authors found signifi cantly 
greater testicular volume as well as advanced bone age and increased values of 
dehydroepiandrosterone and  dehydroepiandrosterone sulfate (DHEAS)   in obese 
prepubertal boys compared to age-matched controls [ 44 ]. Sørensen at al. reported 
that the mean age at onset of male puberty has declined signifi cantly during period 
of 15 years, and this decline was associated with the coincident increase in BMI 
[ 45 ]. All these data support the hypothesis for a close relationship between body 
weight and maturation of the  boys  .  
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  Fig. 7.1     Mean testicular volume (ml)   in boys with underweight, normal weight, overweight, and 
obesity ( p  > 0.05 for age groups 7, 10, 18 years;  p  < 0.05 for age groups 8, 9, 15, 16, 17, 19;  p  < 0.001 
for age groups 11, 12, 13, 14)       

 

7 Body Weight and Puberty



100

    Links Between Body Weight and Puberty Development 

    Overweight and Obesity 

 According to many studies, there are clear associations between  childhood   obesity 
and earlier onset of puberty and pubertal development in both sexes. 

  Puberty   is initiated in the late childhood through a cascade of endocrine changes 
that lead to sexual maturation and reproductive capability [ 7 ,  46 ]. It begins with 
increasing of GnRH secretion from the hypothalamus, which gains rhythmic, pulsa-
tile character and in turn leads to release of gonadotropins, activation of gonadal 
axis, and beginning of the puberty. The  gonadotropins   regulate both steroidogenesis 
and gametogenesis. The large variability between individuals in the onset and pro-
gression of puberty indicates that the timing of puberty is not simply a function of 
chronological age. The  neurotransmitter and neuromodulatory systems   that impact 
upon the GnRH secretory network convey information about metabolic fuels, 
energy stores, and somatic development [ 47 ]. 

 Growth and development are extremely complex processes that are regulated 
from many humoral and neural factors acting on the genetic basis. The secretion of 
GnRH is under the control of the so-called  hypothalamic pulse generator   which is 
located in the nucleus arcuatus [ 48 ,  49 ]. The physiological mechanisms that trigger 
activation of the hypothalamic-pituitary gonadal axis are still unknown, but attain-
ment of a set point in growth, body composition, and energy balance seems impor-
tant [ 40 ]. A lot of neurotransmitters, adipocytokines, and hormones, such as leptin, 
kisspeptin, neuropeptide Y, insulin, and opioids, which control food intake, also 
have a link to the release of GnRH. 

 Despite many human and animal studies, it is still unclear how the GnRH pulse 
generator manages to provoke the onset of puberty in both sexes. However, there are 
clear evidences that a critical amount of fat during the childhood is necessary to 
provoke revival of hypothalamic secretory function. Alwis et al. [ 50 ] reported that 
bone mass, lean body, and fat mass, measured by  dual-energy X-ray absorptiometry  , 
increased at a constant rate from age 6 until the puberty, when all these indexes 
showed a rapid increase in both sexes. Total lean body mass increased with 21.2 % 
in the boys and with 18.4 % in the girls at age 6 to 8 years, while the total amount of 
fat mass enhanced with 34.5 % in the boys and with 28.6 % in the girls [ 50 ]. During 
the growth spurt at the age of 7 years in both sexes, the rate of fat tissue accumula-
tion was found to be at least 10 % greater than that of the lean mass [ 50 ]. 

 After the initiation of this process neurotransmitter systems, which stimulate 
(neuropeptide Y and noradrenaline) and inhibit (opioids) the gonadal axis, are 
involve in the control of the GnRH release. During this period  gonadal steroids   also 
infl uence these mechanisms. For the initiation of the puberty, it is necessary to gain 
a certain “critical” body weight, which is a limiting factor for further processes. The 
probable messenger between adipose tissue and the nervous system seems to be 
leptin. There are numerous examples of the relationship between eating behavior, 
leptin, and sexual maturation. In light of these data, the proposed hypothesis from 
Frisch and Revelle for “ critical body weight  ” in girls, according to which a certain 
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minimum body weight or body fat percentage is required for appearance of men-
arche [ 51 ], acquires a completely modern vision. 

 The  hypothalamic nucleus arcuatus   is a crucial site for the regulation of both 
reproduction and metabolism. The arcuate nucleus contains  proopiomelanocortin/
cocaine- and amphetamine-regulated transcript (POMC/CART)-expressing neu-
rons  , whose activation suppresses feeding. In contrast, the activation of another 
population of arcuate neurons,  neuropeptide Y/agouti-related protein (NPY/AgRP)-
expressing neurons  , stimulates feeding [ 52 ,  53 ]. Although much of the cellular and 
molecular mechanisms associated with the energy balance and reproduction, as 
well as sites in the brain that mediate these functions are not completely understood, 
it is well known that the reproductive axis has the ability to respond to changes in 
the metabolic state of the body. 

 There are several potential mechanisms by which body fat stores might infl uence 
onset of pubertal development as well as the progression of puberty. One is through 
the direct action of adipocytokines, such as leptin, signaling energy reserves as well 
as having other direct metabolic effects. In addition, aromatase activity is pro-
nounced in adipose tissue, which increases androgen conversion to estrogens. 
Adipose tissue is also related to insulin resistance, which increases during puberty, 
thus lowering  sex hormone-binding globulin (SHBG)   levels and hence increasing 
bioavailability of sex steroids [ 54 ]. 

 Adipose tissue should be considered as an  endocrine organ  . A wide range of dif-
ferent active products are released from it into blood stream. Some of them are 
synthesized de novo, while others are converted from already existing substances. 
All factors might act locally in auto-/paracrine manner or may exert metabolic, 
immunologic, and endocrine effects [ 55 ]. Through them the link between adipose 
tissue and hypothalamic-pituitary system is realized, which modulates the function 
of other endocrine glands. Some of these adipocytokines are actively involved in the 
function of the reproductive axis. 

  Leptin  , an adipocyte-secreted hormone, is a metabolic factor that bridges the reg-
ulation of the fat mass with reproduction [ 56 ]. Its levels are elevated in individuals 
with overweight and obesity and decreased in persons with underweight. Moreover, 
leptin concentrations correlate with amount of fat mass, and for the timing of puberty, 
certain levels of this hormone are required [ 19 ]. Matkovic et al. found an inverse rela-
tion between menarche and serum leptin. An increase of 1 ng/mL in serum leptin 
level lowers the timing of menarche by 1 month, and a gain in body fat of 1 kg is 
associated with an earlier onset of menarche by approximately 13 days [ 57 ]. Sex dif-
ferences are also observed in the concentrations of  leptin  , LH, and FSH before and 
during the puberty. In girls, a peak in leptin concentrations was observed at Tanner 
stage 2, followed by a peak in LH and FSH concentrations at Tanner stage 3. In boys, 
no peak in leptin levels was observed at Tanner stage 2, as leptin decreased from 
Tanner stage 2 onward and LH and FSH concentrations increased from Tanner stage 
1–4 [ 58 ]. In girls leptin levels rise during the age, according to the changes in body 
weight, and this trend is maintained with age. In boys leptin concentrations are as a 
rule lower than in girls, but the pattern of gradual increase at an early age is similar. 
After 10 years of age, leptin levels decrease, and this could be coupled with a con-
comitant increase of testosterone [ 48 ,  59 ].  Testosterone   inhibits differentiation of 
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preadipocytes into mature adipocytes [ 60 ]. The net result of these androgen actions 
at multiple sites in the adipogenic processes is a reduction in fat mass [ 60 ]. 
Testosterone stimulates the weight gain through increased muscle mass but reduces 
the percentage of body fat, resulting in decrease levels of leptin. It is possible that in 
boys after the initial onset of puberty, this hormone is not more needed for the puber-
tal development. In girls, however, it is necessary that a certain threshold level of 
leptin to be maintained. Perhaps leptin signals the presence of a suffi cient amount of 
adipose tissue, i.e., energy resources, that is necessary for the normal reproductive 
function [ 59 ]. In that regard, leptin may be a factor which allows the start of puberty. 
This thesis is supported by the fact that leptin is increased years before any other 
hormone associated with pubertal development [ 58 ]. 

 The administration of leptin stimulates the growth of cells from cartilaginous 
tissue, which can result in epiphyseal cartilage growth in long bones [ 3 ].  Fat mass   is 
an important determinant of bone density, and leptin acts directly on bone, infl uenc-
ing both osteoblasts and osteoclasts. The direct bone effects of leptin tend to reduce 
bone fragility and contribute to the high bone mass and low fracture rates of obesity 
[ 61 ]. Peripheral leptin is essential for normal bone resorption and enhances bone 
formation. The results indicate that leptin acting primarily through peripheral path-
ways increases osteoblast number and activity in mice [ 62 ]. 

 The absence of signaling-competent leptin receptor expression on GnRH neurons 
strongly suggests that intermediary factor or pathway mediates the essential effects of 
leptin on activation of GnRH neurons [ 56 ]. The  kisspeptin   appears to play a role in repro-
ductive effects of leptin. Kisspeptin stimulates the secretion of LH, after binding with the 
receptor GPR 54, which is located on the surface of the GnRH neurons. Inactivating gene 
mutations are associated with hypogonadotropic hypogonadism. In such patients, puberty 
does not occur. It is assumed that the system kisspeptin-GPR 54 is absolutely necessary 
to the activation of gonadotropin secretion in early sexual maturation and maintenance of 
reproductive function in adults [ 63 – 65 ]. It is believed that leptin stimulates expression of 
 kisspeptin 1 (KISS-1)   and thereby initiates the production of kisspeptin and subsequently 
stimulation of GnRH release [ 53 ]. Thus, the increased levels of leptin in obese and over-
weight children can be the cause of an earlier puberty start. Some authors consider that 
leptin serves as a metabolic signal for puberty to progress and appears to be a permissive 
factor rather than the trigger of the onset of puberty [ 66 ]. 

 Discovered in 1999  galanin-like peptide (GALP)   shows close structural similar-
ity with galanin and specifi cally stimulates GnRH-mediated LH secretion. GALP- 
expressing cells are mainly found in the arcuate nucleus of the hypothalamus and 
the posterior pituitary, where they appear to be in contact with multiple neuromodu-
lators, which are involved in the regulation of energy homeostasis and reproduction. 
 GALP   gene expression is regulated by several factors that refl ect metabolic state 
including the metabolic hormones leptin and insulin, thyroid hormones, and blood 
glucose. Since the onset of puberty is so tightly regulated by metabolic status, it is 
possible that GALP plays a role in the onset of puberty [ 67 ]. 

  Insulin   is an important nutritional signal from periphery that may regulate the 
reproductive axis by direct effects on the GnRH neurons and specifi cally by stimu-
lating GnRH gene expression [ 1 ]. Furthermore, there is clear evidence that insulin 
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can act directly on the ovaries, since they have receptors for insulin and  insulin-like 
growth factor (IGF)   [ 68 ]. 

 Children normally experience transient insulin resistance at puberty. Insulin 
resistance is increased immediately at the onset of puberty (Tanner 2) but returns to 
near prepubertal levels by the end of puberty (Tanner 5). The peak of insulin resis-
tance occurs at Tanner 3 in both sexes, and girls are more insulin resistant than boys 
at all Tanner stages [ 69 ].  Insulin resistance   is associated with compensatory hyper-
insulinemia and decreased SHBG concentrations, which in turn causes increase in 
the bioavailability of sex steroids. In addition, hyperinsulinemia decreases hepatic 
production of SHBG. Insulin resistance is strongly related to BMI and waist cir-
cumference [ 69 ]. Obesity appears to be linked with marked insulin resistance, and 
the higher levels of insulin during this period may have more pronounced stimula-
tory effect on the reproductive axis. It may also increase the bioavailability of IGF- 
1, which is positively correlated to the level of obesity [ 70 ]. 

 The increased amount of adipose tissue may play a crucial role also for the 
release of suprarenal androgens and consequently of adrenarche, which precedes 
the activation of gonadal axis. The role of adipocytes and their hormone leptin in the 
pubertal  processes   is shown in Fig.  7.2 .

   Other factor that has been implicated in the accelerated growth of obese children 
includes increased adipose tissue aromatization of androgens into estrogens [ 70 ]. 
Recently it was reported that maternal obesity before pregnancy may be related to 
earlier timing of pubertal milestones among sons [ 71 ]. The formula  milk feeding   
may also have an impact on pubertal development, because it is more energy dense 
than breast milk, and this could explain the differences in rate of early weight gain 
between formula-fed and breastfed infants [ 29 ,  72 ]. Earlier beginning of artifi cial 
feeding of infants may be relevant to the earlier onset of puberty and to be a risk 
factor for childhood obesity. Exposure to other environmental agents such as phy-
toestrogens and endocrine disruptive chemicals can cause early pubertal develop-
ment and early onset of menarche [ 54 ,  73 ].  

     Underweight   

 Underweight status may be related to genetic factors, acute or chronic undernutri-
tion, or chronic diseases. It is a result of negative energy balance, which is most 
often due to reduced food intake, increased energy expenditure, or both together. 
Typically this occurs in patients with anorexia nervosa or in certain diseases which 
are associated with malnutrition. In recent years excessive exercise alone may be 
another cause of weight loss. Underweight status has been associated with higher 
rates of morbidity and mortality, although to a lesser extent that obesity. 

 Changes in reproductive axis in underweight children are poorly understood. 
The observations are mainly in patients with anorexia nervosa. Nutritional depriva-
tion has a suppressive effect on gonadotropin secretion and gonads, regardless of its 
etiology. The main mechanism of gonadotropin suppression is inhibition of the 
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secretion of GnRH. Severe malnutrition leads to decreased levels of gonadotropins 
[ 30 ,  74 ], which can be increased with normalization of food imports, and this can 
cause a temporary increase in estrogen production [ 74 ] with the development of 
gynecomastia in boys (see Chap.   13    ). It is assumed that the decreased response of 
the pituitary is due to the dysfunction of the hypothalamus and the changes in the 
levels of certain neurotransmitters and neuropeptides. Also, some studies have 
found a decrease in insulin [ 75 ] and leptin [ 31 ,  74 ] levels and increase of SHBG 
concentrations [ 75 ], which may lead to disturbances in the function of gonadal axis 
in adolescents. Leptin stimulates the secretion of GnRH, and its lowering in 
 conditions of negative energy balance leads to the diminish effect on the cells 
expressing GnRH. However, after a rise of leptin to physiological levels, its impact 
on GnRH is not recovered [ 76 ]. Other hormonal changes as increased levels of GH 
and cortisol are well described. The disturbances in patients with anorexia nervosa 
and malnutrition can be seen as adaptive mechanism in conditions of energy insuf-
fi ciency. Increased cortisol levels intensify proteolysis in muscles to amino acids 
that are necessary for gluconeogenesis and for the synthesis of essential functional 

  Fig. 7.2    The role of adipocytes and their hormone  leptin   in the pubertal processes       
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proteins in the liver. The increased GH on the background of reduced levels of 
IGF-1 does not have an anabolic effect and leads to cessation of the growth. 
However, lipolytic effect of GH is preserved. Gonadal axis in this extreme situation 
returns to prepubertal levels to keep the individual, and the reproductive  function   is 
discontinued.   

    Consequences of the Disturbances in Body Weight 
for the  Pubertal Development   

 In girls as well as in boys, there is a positive relationship between body weight and 
the pubertal development. In the overweight children puberty begins and progresses 
earlier in comparison with the normal-weight individuals, whereas the underweight 
in adolescents is related to later onset and development of puberty. Early onset of 
puberty could have serious health and social consequences, such as increased rates 
of cancer in reproductive organs later in life and engagement in early sexual activity 
and alcohol use [ 34 ]. Overnutrition between 2 and 8 years of age will not be benefi -
cial from a fi nal height point of view, as the temporary increase in height gain in 
childhood will be compensated by an earlier maturity and subnormal height gain in 
adolescence. Each increased unit of BMI gained in childhood reduces the height 
gain in adolescence with 0.88 cm for boys and 0.51 cm for girls [ 77 ]. In recent 
years, the efforts have mainly focused on obesity prevention, since there is a greater 
risk for developing cardiovascular disease and diabetes in later life, but little atten-
tion is paid to underweight in children, which, especially in girls, can cause severe 
disturbances in function of gonadal axis and may affect the processes of reproduc-
tion. These data support the need of wide promotion activities regarding the optimal 
and healthy nutrition in children and regular physical activity.     
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    Chapter 8   
 The Environmental Factors and Epigenetics 
of Gametogenesis in Puberty                     

     Sezgin     Gunes      and     Mehmet     Alper     Arslan   

          Introduction 

 Puberty is initiated by secretion of  gonadotropin-releasing hormone (GnRH)   and reac-
tivation of  hypothalamic-pituitary-gonadal (HPG)   axis. The age of onset of puberty 
varies greatly from one person to another and between the genders [ 1 ,  2 ]. This vari-
ability can be determined by both genetics and environmental exposure of individuals. 
Twin studies indicated alterations in pubertal timing of even monozygotic twins though 
it is much more common in dizygotic twins [ 3 ]. This fi nding demonstrated the role of 
environmental factors in the timing of  puberty  , including nutrition and chemicals [ 1 ]. 

  Environmental factors   can involve a large variety of exposures, such as occupa-
tional exposures (workplace exposures), environmental exposures (ultraviolet light, 
radon gas, infectious agents, pesticides, traffi c pollution), and exposures resulting 
from lifestyle choices (nutrition, smoking, cosmetics, physical activity) or medical 
treatments (radiation and medicines including chemotherapy, hormone drugs, drugs 
that suppress the immune system) [ 4 ]. Dioxin-like chemicals, metals, phytoestro-
gens, polychlorinated biphenyls, polycyclic aromatic hydrocarbons, phthalates, and 
several classes of pesticides are certain types of environmental pollutants that may 
interact with epigenetic mechanisms [ 5 ]. There is common belief that exposure to 
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 environmental factors   can impair development, onset of puberty, and gametogenesis 
(both spermatogenesis and oogenesis) in adults and reduce fertility. 

 Several studies have demonstrated detrimental effects of occupational exposures on 
gametogenesis. In a study,  dibromochloropropane (DBCP)  , an active ingredient in 
nematicides, was shown to cause severe impairment of spermatogenesis and mostly 
irreversible fertility in highly exposed men [ 6 ,  7 ].  Persistent organic pollutants (POP)   
such as organic compounds including  dichlorodiphenyltrichloroethane (DDT)   and 
 polychlorinated biphenyls (PCBs)   are widely used around the world for industrial and 
agricultural processes and accumulate in adipose tissues. Bjerregaard and colleagues 
have found high  PCB   concentration in plasma lipid levels (67 %) of women at repro-
ductive age and concluded that substantial portion of Greenlandic fetuses is prenatally 
exposed to harmful concentrations of PCBs [ 8 ]. However, other studies found no major 
link between occupational exposures and the impairment of gametogenesis [ 9 ,  10 ]. 

  Endocrine-disrupting chemicals (EDC)      are exogenous agents that interfere with 
the hormone action or aid in the elimination of hormones in the body that are 
responsible for the maintenance of development, behavior, and reproduction [ 11 , 
 12 ]. Skincare products and basic toiletries contain some chemicals such as  parabens 
and phthalates  . In addition, phthalates and  bisphenol A (BPA)   are monomers of 
plastics. The EDCs and phthalates are antiandrogenic chemicals and therefore affect 
males greatly, compared to females. However, BPA and cadmium are estrogenic 
[ 13 – 15 ]. The potential adverse effects of parabens and phthalates on testosterone 
metabolism and spermatogenesis have been reported in a number of animal studies 
[ 16 – 18 ]. A few studies have found a signifi cant relationship between urinary levels 
of monobutyl phthalates and poor semen parameters [ 19 ,  20 ]. 

 Published studies on the reproductive toxicity of the pesticides and associated 
with semen parameter or oocyte quality are limited. Recent studies have demon-
strated a link between impairment of gametogenesis and some  environmental chem-
icals  . Two studies have reported an association between nonpersistent insecticides 
and alterations in steroid hormone levels and sperm concentration, motility, and 
DNA integrity [ 21 ,  22 ]. Nevertheless, Swan and colleagues have shown a suffi -
ciently signifi cant correlation between  urinary metabolite levels   of the currently 
used pesticides (alachlor, atrazine, diazinon) and low sperm counts in males living 
in mid-Missouri, Colombia [ 23 ]. In this chapter, we have reviewed and discussed 
current evidence indicating that environmental factors may have a detrimental role 
in gametogenesis.  

    Epigenetics and Gametogenesis 

 Epigenetic modifi cations are heritable and reversible processes to regulate gene 
activity and expression, without any alteration of DNA sequences. These modifi ca-
tions include DNA methylation, histone tail modifi cations, and short noncoding 
RNAs and can be inherited through both mitotic and meiotic divisions. Epigenetic 
modifi cations can be altered by internal and external factors, including environmen-
tal chemicals, nutrition, and stress [ 24 ]. 
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     DNA Methylation      

 DNA methylation is the addition of a methyl group from  S -adenosylmethionine to 
the fi fth position of the cytosine ring (5meC) in the  CpG islands (CGIs)  . CGIs are 
short interspersed C+G-rich DNA sequences and are localized in the promoters or 
regulatory regions of almost all housekeeping genes, developmental genes, and 
some tissue-specifi c genes [ 25 ,  26 ]. Methylation of these cytosines is correlated 
with inactivation or silencing of the associated promoter, whereas hypomethylation 
usually leads to activation of gene expression [ 26 ,  27 ]. Silencing of gene expression 
is either due to inhibition of transcription factor binding to methylated cytosines or 
repression mediated by methyl-CpG-binding proteins [ 26 ,  28 ]. 

 DNA methylation is catalyzed by maintenance  DNA methyltransferases 
(DNMTs)   (DNMT1) and de novo DNMTs (DNMT3A, DNMT3B, DNMT3L) [ 29 ]. 
DNMT1 is responsible for maintenance of DNA methylation during DNA replica-
tion and termed as maintenance methyltransferase. DNMT3A, DNMT3B, and 
DNMT3L mediate de novo methylation of genomic DNA during early phase of 
embryonic development specifi cally in germ cells. 

 Sertoli cells proliferate in fetal life, postnatal/neonatal period, and prior to 
puberty. Sertoli cell number can be infl uenced by environmental factors during 
any of these periods.  Sertoli cells   can support only a limited number of mature 
germ cells; therefore, Sertoli cell proliferation during fetal life is critical for the 
number of sperms produced in adulthood. This proliferation is controlled by tes-
tosterone during fetal life and postnatal/neonatal period and by  follicle-stimulat-
ing hormone (FSH)   during puberty. Environmental factors may affect the 
proliferation of Sertoli cells during any one of these three periods, which may 
have an impact on sperm counts. Maternal lifestyle choices during pregnancy may 
be a determining factor for sperm count of the son during  adulthood      through the 
subsequent decrease in the number of Sertoli cells in testes [ 4 ,  30 ]. DNMT1 main-
tains DNA methylation patterns during mammalian oogenesis [ 31 ], and  DNMT1  
gene homozygous mutations in mice cause severe genomic imprinting defects and 
X inactivation abnormalities [ 32 ].  

    Reprogramming of  Non-imprinted Genes   

 The methylation marks of  primordial germ cells (PGCs)   are erased in a number of 
sequential reactions during the development of embryo between 8 and 13.5 days post 
coitum (dpc) in both sexes [ 33 – 35 ]. By 12.5 dpc, methylation marks of some single-
copy genes including  alpha actin  and myosin light chain ( mylc ) are erased. Furthermore, 
some repetitive elements undergo substantial demethylation of their methylation 
marks, while other repetitive sequences are not completely erased [ 36 ,  37 ]. By 13.5 
dpc, PGCs enter mitotic/meiotic arrest [ 34 ,  36 ]. The second demethylation mechanism 
removes methyl groups from CGIs within the inactive X chromosome, imprinted loci, 
and some genes expressed in germ cells [ 38 ]. After this demethylation process, a 
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specifi c remethylation program starts to reestablish parental genomic imprints in germ 
cells. Remethylation program begins at around 15.5 dpc in spermatogonia and type I 
spermatocytes; hence, spermatozoa transmit the paternal imprint [ 39 ,  40 ]. In the mouse 
female germline, DNA remethylation takes place in oocytes that have entered meiosis 
and been arrested in diplotene of meiotic prophase I [ 37 ]. 

 The methylation sequences of the oocyte and the sperm are both inside the genes 
and between the genes [ 38 ]. On the other hand, repeat methylation level in oocyte is 
lower than in  spermatozoa   and somatic cells [ 41 ].  

    Reprogramming of  Imprinted Genes   

 Spermatozoa have unique DNA methylation patterns that are formed during early 
stages of development and are essential for proper sperm production and spermato-
genesis [ 33 ]. Some genes are imprinted differentially by DNA methylation depend-
ing on which parent they are inherited from, which causes alterations in gene 
expression depending on the allele transmitted from the father or the mother [ 42 ]. 
 Igf2/H19 ,  Rasgrf1 ,  Dlk1-Gtl2 , and  Zdbf2  loci of sperm genome are methylated only 
in male germ cells [ 43 ]. Many imprinted genes are involved in the regulation of 
growth and development [ 44 ]. Several studies have demonstrated a signifi cant asso-
ciation between methylation statuses of both maternally and paternally imprinted 
genes and sperm abnormalities [ 42 ,  45 – 51 ]. During mammalian oogenesis, the 
reprogramming process takes place for histone modifi cation and short noncoding 
RNAs changed by both internal and external causes [ 52 ,  53 ]. DNA methylation pat-
tern of imprinted genes in oocytes of mice and murine is altered by diabetes and 
obesity [ 54 ,  55 ]. Epigenetic alterations can occur at any time of life and can be 
transmitted to the future generations [ 56 ]. DNA methylation is the most common 
epigenetic aberration induced by environmental agents. These epimutations can be 
transgenerational or non-transgenerational in germline cells [ 57 ]. 

 Environmental toxicants infl uence gene expression by epigenetic mechanisms 
and by directly binding to promoter regions of target genes. Additionally, in ani-
mal models, epigenetic modifi cations during  oogenesis   are effected by maternal 
diets [ 58 ].  

     Histone Modifi cations   

 Histones are basic proteins rich in lysine and arginine located in nucleus and are 
subject to posttranslational modifi cations on their N- and C-terminal tails via acety-
lation, methylation, phosphorylation, and ubiquitination [ 59 ]. These chemical mod-
ifi cations change binding capacity of regulatory factors to DNA and thus lead to 
alterations in gene activity and expression during development and in response to 
the environmental factors. Generally, acetylation of lysine (K) residues of histone 3 
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(H3) and histone 4 (H4) leads to active transcription by inducing open chromatin 
confi guration and facilitating transcription factor binding in spermatogonial stem 
cells [ 60 ,  61 ]. On the contrary, deacetylation causes inactivation of transcription and 
generally correlates with methylation of histones [ 62 ]. 

 During spermatogenesis, methylation of H3K and H4K histone tails is regulated 
by  histone methyltransferases (HTM)   and  histone demethylases (HDM)   [ 63 ,  64 ]. 
Acetylation of H2A, H2B, H3, and H4 were shown to be high in mouse spermato-
gonia, and these histones were deacetylated throughout meiosis in round spermatids 
and reacetylated in elongating spermatids [ 61 ]. Hyperacetylation of H4K has been 
shown to be responsible for the conversion of histone to protamines in elongating 
spermatids [ 61 ]. Recently, a few studies have investigated the role of histone tail 
modifi cation in spermatogenesis. La Spina and colleagues evaluated the methyla-
tion of H3K4Me, H3K4Me3, H3K9Me2, H3K79Me2, and H3K36Me3 and acetyla-
tion of H3K4Ac and H4K5Ac in normal and abnormal human sperm. They reported 
the presence of unexpected and unexplained heterogeneous histone modifi cations, 
and the presence of H3K4Me1, H3K9Me2, H3K4Me3, H3K79Me2, and H3K36Me3 
marks in poorly functional human sperm [ 65 ]. Further studies are required to evalu-
ate the impact of  histone   tail modifi cations induced by environmental exposures.  

     Protamination   

  Sperm chromatin packaging   is a critical process that serves to accommodate enor-
mous amounts of DNA into a small sperm cell. Fertilization requires many physio-
logical events including movement of sperm cells along the entire female 
reproductive system, attachment to zona pellucida, and penetration into the oocyte. 
For accomplishment of all these phases, a regulatory mechanism controlling the 
replacement of 85–95 % of histones by protamines becomes effective [ 66 ]. 
Protamines are small proteins rich in arginine. They are located in sperm nucleus 
and synthesized during later stages of spermatogenesis. Protamination of sperm 
chromatin facilitates compaction of nucleus required for sperm motility and also 
protects sperm genome from oxidation and harmful molecules within the female 
reproductive system [ 66 ]. 

 Replacement of histones by protamines involves translocation of histones by 
selected histone variants which are expressed during spermatogenesis. 
Hyperacetylation of histone tails causes the unwinding of chromatin structure and 
stimulates DNA strand breaks by topoisomerase enzyme that, in turn, facilitates 
separation of histones and replacement by  transition proteins (TPs)   [ 67 ,  68 ]. TP1 
and TP2 bind to DNA and are completely replaced by protamines. Transition pro-
teins play a critical role in separation of histones and facilitate the condensation of 
sperm DNA by protamines at later stages [ 68 ]. Despite controversial publications, 
it is abundantly clear that deviations in protamine ratio might be associated with 
various phenotypic features including decreased sperm counts and function and 
poor embryonic  quality   [ 69 ,  70 ].  
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    The Role of miRNAs in  Gametogenesis   

  Spermatogenesis   is a complex differentiation process that consists of at least three 
major phases starting with diploid spermatogonial stem cells and ending with hap-
loid mature spermatozoa. The process requires prompt and timely transitions 
between mitotic, meiotic, and postmeiotic stages, which, as expected, are tightly 
regulated at both transcriptional and posttranscriptional levels [ 71 ]. Growing evi-
dence has indicated that a specialized group of short noncoding RNAs termed 
microRNAs (miRNAs) exert an essential posttranscriptional control on each step of 
male germ cell differentiation [ 72 ]. 

 miRNAs are 21–25 nucleotide long, endogenous noncoding RNAs that inhibit 
gene expression by binding to their target mRNAs, leading to either mRNA cleavage/
degradation or translational repression. The biogenesis of miRNAs is a multistep pro-
cess starting with RNA polymerase II-driven transcription of large precursor RNA 
molecules called  pri-miRNAs   [ 73 ]. Pri-miRNAs are processed in the nucleus by a 
type III RNase termed Drosha and its cofactor Pasha/DGCR8 to become pre- miRNAs. 
Pre-miRNAs are then exported from the nucleus into the cytoplasm by exportin 5. In 
the cytoplasm, cleavage of pre-miRNAs by another type III RNase called Dicer results 
in the generation of mature duplex miRNA molecules [ 74 ]. Either strand of the duplex 
may be incorporated into the so-called  RNA-induced silencing complex (RISC)   to 
downregulate its target mRNA via complementary base pairing at its  3′ untranslated 
region (3′UTR)  . The degree of miRNA-mRNA complementarity is considered to be 
the key factor in the choice of posttranscriptional mechanism employed by miRNAs 
[ 75 ]. Perfect base pairing results in mRNA cleavage and its subsequent degradation, 
whereas imperfect pairing leads to translational repression. 

 Recent studies have indicated that miRNAs are expressed in all phases of male 
germ cell differentiation and are required for spermatogenesis in mammalians [ 72 ]. 
The absolute requirement for miRNAs for spermatogenesis has been shown by two 
initial studies where   Dicer1  gene   was knocked out in two different mouse models [ 76 , 
 77 ]. Germ cell-specifi c deletion of Dicer1 in these models led to complete male infer-
tility due to alterations in meiotic progression, increased spermatocyte apoptosis, and 
failure of haploid male germ cell differentiation. Since Dicer processes both miRNAs 
and endogenous siRNAs (endo-siRNAs) while Drosha is only limited to miRNA bio-
genesis, to dissect between the specifi c effects of  miRNAs   and endo- siRNAs, a fol-
lowing study has utilized  Drosha  and  Dicer  conditional knockout mouse models. In 
this study, it has been reported that both knockout males were infertile due to impaired 
spermatogenesis characterized by depletion of spermatocytes and spermatids leading 
to oligoteratozoospermia or azoospermia [ 78 ]. Interestingly, when compared to ones 
from  Dicer  knockouts, testes from   Drosha  knockouts   were more severely disrupted in 
terms of spermatogenesis, which further highlights the signifi cance of miRNAs for 
normal spermatogenesis and male fertility [ 78 ]. 

 There have been several studies investigating the role of miRNAs in human sper-
matogenesis, and results have so far supported the abovementioned observations 
obtained from animal models.  Next-generation sequencing analysis   of short RNA 
transcriptome from three normal human testes has identifi ed a total of 770 known 
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and fi ve novel human miRNAs, indicating the abundance and complexity of miR-
NAs in the human testis [ 79 ]. The most abundant miRNAs detected in this study 
were let-7 family members, miR-34c-5p, miR-103a-3p (meaning from the 3′arm), 
miR-202-5p, miR-508-3p, and miR-509-3-5p, which target gene transcripts 
involved in regulation of meiosis, spermatogenesis, germ cell apoptosis, testicular 
development, p53-related pathways, and homologous recombination pathways 
[ 79 ]. In a more recent study where the expression levels of 736 miRNAs were tested 
in spermatozoa from ten normozoospermic fertile men, 221 miRNAs were found to 
be consistently present in all individuals [ 80 ]. Potential targets of these miRNAs 
were found to be enriched in processes involved in development, morphogenesis, 
spermatogenesis, and embryogenesis. In the same study, three most stably expressed 
miRNAs, namely, miR-532-5p (meaning from the 5′arm), miR-374b-5p, and miR- 
564, have also been proposed by the authors to be used as  fertility biomarkers   [ 80 ]. 

 Although cell stage-specifi c expression of miRNAs during spermatogenesis and 
their genuine and potential targets are relatively well defi ned in rodents, such stud-
ies are largely missing in humans [ 72 ,  74 ,  81 ]. Recently, one such study has isolated 
human spermatogenic cell populations from different stages of  spermatogenesis      and 
identifi ed their miRNA expression profi les by microarray analysis [ 82 ]. A total of 
559 miRNAs were found to be distinctively expressed by human spermatogonia, 
pachytene spermatocytes, and round spermatids. Comparative analyses revealed 32 
miRNAs to be signifi cantly upregulated and 78 miRNAs to be downregulated 
between human spermatogonia and pachytene spermatocytes, suggesting that these 
miRNAs have a role in  meiotic and mitotic phases   of spermatogenesis, respectively. 
In addition, 144 miRNAs were found to be upregulated, while 29 miRNAs were 
downregulated between pachytene spermatocytes and round spermatids, indicating 
a potential role for these miRNAs in the regulation of spermiogenesis [ 82 ]. Taken 
together, it has become more evident that in humans, as well as in rodents, miRNAs 
play essential roles in spatial and temporal control of gene expression, driving pre-
cise transitions between the major stages of spermatogenesis. 

 Finally, it is noteworthy to mention here the contribution of environmental fac-
tors to the epigenetic regulation of  spermatogenesis  . As is widely acknowledged, 
the male epigenome is subject to change due to certain environmental stressors, and 
these environmentally induced epigenetic changes can be transmitted to the next 
generations even though they are not exposed to the stressors themselves [ 83 ]. A 
miRNA microarray study performed with spermatozoa from adult men living in an 
environmentally polluted region in China has revealed 73 signifi cantly upregulated 
and 109 downregulated miRNAs compared to the control group [ 84 ]. Since  environ-
mental pollution   is one of the well-known factors accounting for decreased sperm 
quality in humans [ 4 ], these results suggest that differentially expressed miRNAs 
under such in men exposed to electronic waste pollution conditions might help 
explain the detrimental impact of environmental pollution on sperm quality and 
count [ 83 ]. 

 Compared to  spermatogenesis  , investigating the connection between miRNA 
activity and oocyte development and oogenesis in humans has remained a poorly 
studied area. This may in part be due to the fi nding that despite their presence, gene 
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regulation by miRNAs is kept in an inactive state in both mouse oocytes and early 
embryos [ 85 ,  86 ]. Although  endo-siRNAs   are thought to replace miRNAs in regu-
lating gene expression and mRNA degradation at these stages [ 87 ], further studies 
are required to address the mechanism of action of endo-siRNAs and miRNAs in 
human oogenesis.   

    Conclusion 

 For several environmental exposures, it has been shown that these chemicals can alter 
the epigenetic profi les and subsequently lead to various diseases [ 57 ]. Epigenetic 
aberrations caused by environmental factors can be transmitted from oocyte and sper-
matozoan to the offspring. Germline cells undergo developmental epigenetic altera-
tions during both spermatogenesis and oogenesis. Spermatogenesis does not start 
before puberty; however, the foundations of spermatogenesis begin during the fetal 
life, and abnormalities during this period may have subsequent effects on the quality 
of spermatogenesis in adulthood more than in adolescence period [ 3 ]. Environmentally 
induced germ cell differentiation and regulation in puberty is poorly understood. 
More work is necessary to understand the extent of epigenetic aberrations induced by 
environmental exposures during puberty. Epigenetic factors known to cause aberrant 
changes in epigenetic pathways are well documented; however, their exact mecha-
nism in puberty has not been properly clarifi ed. Further studies are required to eluci-
date the mechanisms relating to the origin of these alterations and to determine their 
signifi cance and functional consequences for gametogenesis in puberty.     
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    Chapter 9   
 Timing of Puberty and Secular Trend 
in Human Maturation                     

     Anastasios     Papadimitriou    

          Introduction 

 Puberty is a milestone in the transition from the immature child to the mature and 
capable for reproduction adult. Puberty refers to the physical changes that occur as 
a result of the reactivation of the  hypothalamic-pituitary-gonadal (HPG)   axis result-
ing in gonadal estradiol and testosterone secretion, whereas adolescence refers not 
only to somatic but the psychological changes that occur as a consequence of the 
HPG axis activation. The  HPG axis   is transiently activated during early infancy fol-
lowed by a long period of relative quiescence. The process of puberty lasts for 3–5 
years, and adolescence may last 10 years or more. 

 The timing of pubertal onset has been related to public health issues, e.g., early 
onset of puberty has been related to  metabolic syndrome  , hence increased cardio-
vascular risk, breast cancer in women, all-cause mortality, and testicular cancer in 
men [ 1 – 4 ], whereas delayed puberty has been linked to osteoporosis [ 5 ]. Therefore, 
there is a continuous interest on the timing of pubertal onset in the various popula-
tions and whether the age that puberty begins is decreasing.  

    Defi nitions 

   Onset of puberty    is defi ned in girls as the fi rst appearance of breast tissue (breast 
budding) and in boys as the attainment of a testicular volume more than 3 mL. Breast 
development must be determined by palpation, to avoid misclassifi cation of fat 
(lipomastia) as breast, when the examination is only visual.  Testicular volume (TV)   
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is reliably determined by the Prader orchidometer, a graded series of ellipsoid beads 
on a string [ 6 ], in experienced hands. Nevertheless, the more accurate method of 
determining TV is by  ultrasonography (US)  , because, in the measurements by US, 
scrotal skin and epididymis are not included [ 7 ]. 

  Menarche  is a girl’s fi rst menstrual bleeding, and  spermarche  is the boy’s fi rst 
conscious ejaculation, which is more appropriate to be called   ejacularche    that often 
occurs during sleep, i.e., nocturnal emission. Spermarche, i.e., the onset of sperm 
production, precedes ejacularche and is usually detected as spermatozoa in a morn-
ing urine specimen (spermaturia) [ 8 ].  

    Factors Infl uencing the Timing of Puberty 

 The various factors that are infl uencing the onset of puberty are covered in detail in 
other chapters of the book. 

 Here, within the limited space of this review, I refer briefl y to the role of genetic 
and epigenetic, ethnic/racial, and environmental factors. Table  9.1  shows some of 
the main factors that infl uence the timing of  puberty  .

       Genetic and Epigenetic   

 Although almost half of the variance in the age at menarche has been attributed to heri-
tability [ 9 ,  10 ], knowledge of the specifi c factors regulating the onset of puberty is lim-
ited. Rare mutations have been identifi ed as the cause of disordered pubertal timing, e.g., 
 ESR1 ,  KISS1 ,  KISSR1 , and  MKRN3 ; however, these genes do not seem to determine the 
timing of puberty in the population.  Genome Wide Association Studies (GWAS)      exam-
ining genetic variations using large numbers of data explain only about 15 % of the 
variance in menarcheal age [ 11 ]. It is notable that for a single nucleotide polymorphism 
rs314276 in intron 2 of  LIN28B  on chromosome 6, each major allele was associated 
with 0.12 years earlier menarche. In girls there was also association of this allele with 
earlier breast development and in boys with earlier voice breaking, suggesting earlier 
pubertal  maturation  . In line with early timing of puberty were the associations of  LIN28B  
with a faster tempo of growth and shorter adult height in both sexes [ 12 ]. In a recent 
large-scale meta-analysis of 57 GWAS including data from 182.416 women, the authors 
found robust evidence for 123 signals at 106 genomic loci associated with age at men-
arche. Moreover, menarche signals were enriched in imprinted regions, with three loci 
( DLK1/WDR25 ,  MKRN3/MAGEL2 , and  KCNK9 ) demonstrating parent-of-origin spe-
cifi c associations concordant with known parental expression patterns [ 11 ]. Further 
analysis implicated retinoic acid and gamma-aminobutyric acid-B2 receptor signaling 
pathways as novel mechanisms regulating pubertal timing in humans. 
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 The stronger genetic infl uence on pubertal onset in girls, so far, has been a  poly-
morphism   related to  follicle-stimulating hormone receptor (FSHR)   [ 13 ]. In girls 
homozygous for  FSHR -29AA (reduced FSH receptor expression) pubertal onset 
occurred 7.4 months later than those with the common genotype variants  FSHR - 
29GG+GA. Furthermore when  FSHR -29GG+GA was combined with  FSHB - 
211G>T (reduced FSH production), the age at pubertal onset increased with the 
number of minor alleles across the genotypes. 

 The role of epigenetic modifi cation of genes in the control of pubertal onset has 
only recently been unraveled. Lomnizci et al. [ 14 ] demonstrated that increased pro-
moter  methylation   and decreased expression of two  polycomb group proteins   ( Cbx7 
and Eed ) leads to disinhibition of  kiss1  expression signaling pubertal onset. In the 
same study administration of 5-azacytidine, a pharmacological inhibitor of DNA 
 methylation  , prevented the increase of  Kiss1  expression that occurs prior to pubertal 
onset, resulting in pubertal delay.  

   Table 9.1     Factors   infl uencing the onset of puberty   

 Genetic and epigenetic 

 Effect 

 Boys  Girls 

 Mutations of ESR1  Normal puberty  Delayed puberty 
  KISS1 and KISSR1   Hypogonadotropic 

hypogonadism 
 Hypogonadotropic 
hypogonadism 

  MKRN3   Precocious puberty  Precocious puberty 
 SNP rs314276 of  LIN28B   Earlier onset of puberty  Earlier onset of puberty/

menarche 
 Polymorphism of  FSHR -29AA   –   Later onset of puberty 
 Epigenetic changes in polycomb 
group proteins ( Cbx7 and Eed ) 

 Signal pubertal onset 

 Ethnic/racial differences 
 Black race  Early puberty/no effect  Early puberty/menarche 
 Environmental factors 
 Low socioeconomic status  Uncertain  Late menarche 
 Higher parental education  Uncertain  Early puberty 
 Absence of biological father  Uncertain  Early puberty 
 Urban environment  Uncertain  Early puberty 
 Adoption of Third World 
children 

 Inconsistent  Early puberty 

 Chronic stress (e.g., illness, 
wars) 

 Delayed puberty  Delayed puberty 

 Endocrine disruptors 
 Phthalates  Uncertain  Early puberty/no effect 
 Bisphenol A  Uncertain  Early puberty/no effect 
 Pesticides (DDT, DDE)  Uncertain  Early puberty/no effect 
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     Ethnic/Racial Infl uences   

 Several studies have shown the existence of ethnic/racial differences in the timing 
of pubertal maturation or menarche. Most of these studies refer to children in the 
USA and have been performed mostly in girls. 

 In a longitudinal 10-year study, which begun in 1986–1987 [ 15 ], black or white 
girls were examined annually. Mean onset of puberty in the white girls was 10.2 and 
in the black girls was 9.6 years. In the same study the age at menarche was 12.6 and 
12.0 years, for the white and black  girls  , respectively. 

 In the Bogalusa Heart Study, black girls experienced menarche, on average, at the 
age of 12.3 years, 3 months earlier than did white girls experiencing menarche at 
12.6 years [ 16 ]. Anthropometric differences, such as weight and height, which could 
be a confounding factor were controlled for; however, menarche remained signifi cantly 
earlier among black girls, suggesting that race is an independent factor of pubertal 
development and timing of  menarche  . Black girls present higher insulin response to a 
glucose challenge and also have increased IGF1 levels compared to white girls [ 17 ]. 
Probably these biological differences have a genetic basis and are related with the more 
advanced skeletal and sexual maturation of the black compared to the white girls. 

 Contrary to the girls, only a few studies evaluated the existence of ethnic differ-
ences in the timing of puberty in boys. In the NHANES III study, conducted by the 
 National Center for Health Statistics   between 1988 and 1994, the median age at 
onset of pubertal maturation was approximately 9.2 years for black boys, 10.0 years 
for white boys, and 10.3 years for Mexican American boys, suggesting that, as 
African American girls do, African American boys enter  puberty   earlier than their 
peers of other origins [ 18 ]. 

 However, in another US study, two hundred and twelve practitioners across the 
USA, in 144 well-child care pediatric offi ces, collected, cross-sectionally, Tanner 
stage and TV data on 4131 boys [ 19 ]. The data were collected between 2005 and 
2010. Mean ages for attainment of TVs of 3 mL were reported to be 9.95 years for 
white, 9.71 years for African American, and 9.63 years for Hispanic boys and for 
4 mL were 11.46, 11.75, and 11.29 years, respectively. Therefore, the latter data 
do not support the suggestion that African American boys mature earlier than 
European American boys. In line with this is an older observation in American 
 children   in which no difference was found at a testicular volume of 3 mL that usu-
ally heralds the onset of puberty (indeed most boys had attained a testicular  volume   
of 4 mL within the next 6 months) between black and white children [ 20 ].  

    Environmental Factors 

 Environmental factors that impose a  health hazard   to the human are numerous and 
include air, water and food quality, waste disposal, hazardous substances, unsafe 
public space, and conditions within the house, e.g., stressful family environment. 
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 Environmental factors that have been related to the timing of puberty include 
socioeconomic factors, place of residence, and endocrine-disrupting chemicals. 
More studies refer to females, and furthermore the results on boys are inconsistent 
or do not show a clear impact of the environmental factors to  pubertal timing  . Girls 
from families of low socioeconomic status experience menarche later than girls 
from affl uent families [ 21 ,  22 ].  Parental education   has been associated with the tim-
ing of puberty, higher education related to earlier onset of puberty. The absence of 
biological father, especially in the fi rst 5 years of life, is also related to earlier 
puberty, and the association becomes stronger when the absence of biological father 
is combined with the presence of a stepfather and a stressful family environment 
[ 23 ,  24 ]. The place of residence during  childhood   is also important for the timing of 
puberty, urban girls experiencing menarche earlier than rural girls [ 25 ,  26 ]. 

 Adoption of Third World children in Western Europe has been related to early 
puberty, especially in girls. The early  sexual maturation   may be triggered by the 
catch-up growth that is the usual growth pattern of these children after undernutrion 
[ 27 ] or recovery from psychosocial deprivation [ 28 ]. 

 On the other hand,  chronic illnesses  , conditions of war [ 29 ], and in general con-
ditions related to chronic stress result in suppression of HPG axis and delay in 
pubertal onset. 

    Endocrine Disruptors 

 Endocrine disruptors or endocrine-disrupting chemicals (EDCs) are mainly man- 
made, exogenous compounds (chemicals) that can interfere with the activity of 
endogenous hormones or disturb hormone signaling systems. EDCs mimic or block 
hormone  signaling   through the relevant hormonal receptor or modulate the synthe-
sis, metabolism, and binding or elimination of natural hormones. EDCs are mainly 
used in  industry  , as solvents/lubricants [polychlorinated biphenyls (PCBs), polybro-
minated biphenyls (PBBs), dioxins], plastics [bisphenol A (BPA)], plasticizers 
(phthalates), pesticides [methoxychlor, chlorpyrifos, dichlorodiphenyltrichloroeth-
ane (DDT)], fungicides (vinclozolin), and also as pharmaceutical agents [diethyl-
stilbestrol (DES)] [ 30 ]. EDCs may also be made by nature, e.g.,  phytoestrogens   that 
interfere with endogenous endocrine function are produced by plants. 

 EDCs may affect the reproductive system via peripheral actions. Endocrine dis-
ruptors may have  estrogenic activity  , e.g., BPA; thus, their action is exerted through 
estrogen receptor; others, e.g., vinclozolin, interact with the androgen receptor, while 
other EDCs, e.g., fadrozole and ketoconazole, inhibit aromatase or steroidogenesis, 
respectively. On the other hand EDCs may affect puberty via  CNS  regulation  . 
Atrazine delays puberty, reducing circulating LH and prolactin, in Sprague-Dawley 
(SD) and Long-Evans hooded (LE) rats [ 31 ]; phthalates and PCBs have been associ-
ated with earlier breast development and menarche, respectively [ 32 ]. 

 The most commonly used and studied endocrine-disrupting chemicals are 
phthalates, bisphenol A, and pesticides. 
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 Human exposure to phthalates is extremely prevalent and may occur through oral, 
inhaled, and topical routes. In a study on 129 Danish children and adolescents, the authors 
determined the concentrations of 11 phthalate metabolites of fi ve different  phthalate dies-
ters   on 24 h urine samples [ 33 ]. They found that phthalate metabolites were detectable in 
the urine of almost all children; younger children and boys were more exposed than older 
children and girls. The effect of phthalate exposure on the timing of puberty is controver-
sial. In Puerto Rico high phthalate levels have been linked to premature thelarche [ 34 ]. In 
a study of 725 healthy Danish schoolgirls, it was demonstrated that high phthalate excre-
tion in urine was associated with delayed pubarche, but not thelarche, which suggests 
antiandrogenic actions of phthalate [ 35 ]. Similar results were obtained in a study of US 
girls [ 36 ]. Some studies report early or precocious puberty, whereas others do not fi nd such 
an association [ 37 ]. Moreover, in a study performed in China, elevated levels of phthalates 
were associated with constitutional delay of growth and puberty [ 38 ]. Therefore more 
studies are warranted to explore the effect of phthalate exposure on pubertal timing. 

  BPA   is found in plastics (e.g., bottles, food cans, Tupperware, etc.), humans being 
exposed mainly through food contamination from plastic packaging. BPA is the most 
commonly found estrogen-like endocrine disruptor in the environment. Although it has 
been shown, in experimental animals, that  BPA   advances puberty [ 39 ], results on 
humans are inconsistent. In a study of 1151 girls, BPA had no infl uence on breast devel-
opment [ 40 ]; however, in a Turkish study idiopathic central precocious puberty was 
associated with higher levels of BPA than control girls [ 41 ]. Thus, more studies are 
needed to clarify the existence of an association between BPA and pubertal maturation. 

  Pesticides   are classifi ed in various classes, e.g., insecticides are used for killing 
insects, and herbicides and fungicides are used against unwanted plants and fungi, 
respectively.  Pesticides   enter the human body through water, air, and food, and also, they 
can pass from the mother to the fetus via placenta and to the infant through mother’s 
milk. Most of these substances cannot be broken down by the body, are lipophilic, and 
accumulate in adipose tissue, where they remain for long periods of time. The most 
widely studied pesticide compounds are DDT and its metabolite  dichlorodiethyl dichlo-
roethane (DDE)  . Although the agricultural use of  DDT   has been banned worldwide, in 
some developing countries, it is still used against the mosquitoes, as vectors of malaria. 

 Vasiliu et al. reported decrease in menarcheal age to girls exposed in utero to 
DDE [ 42 ]. However, when weight at menarche was controlled for, the signifi cance 
of the association disappeared. In a Danish study of mothers who worked in green-
houses in the fi rst trimester of  pregnancy  , the mothers were prenatally categorized 
as exposed or unexposed to pesticides. The female offspring of the exposed green-
house workers had a signifi cantly decreased age at onset of breast development at 
8.9 years, compared with 10.4 years in the unexposed, and 10.0 years in a Danish 
reference population [ 43 ]. In a study examining the prenatal DDT exposure in rela-
tion to  anthropometric and pubertal measures   in adolescent males, no associations 
between prenatal exposure to any of the DDT compounds and any pubertal mea-
sures were noted [ 44 ]. Adopted or immigrant girls in Belgium, who presented cen-
tral precocious puberty ( CPP)     , had increased plasma levels of pesticides (DDE); 
thus, the authors suggested that CPP could be attributed to pesticide exposure [ 45 ]. 
However, other studies did not fi nd an association between DDE levels and timing 
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of menarche [ 46 ]. Also, in inner-city girls  DDE  , Pb, and dietary intakes of phytoes-
trogens were not signifi cantly associated with breast stage [ 47 ]. 

 The inconsistency of the results of the various studies examining the association of pes-
ticides with onset of puberty makes imperative that more studies on the subject are needed.    

    Secular Trend in Human Maturation 

    Historical Data 

 One of the oldest inscriptions relating to age at menarche was from India, mainly by 
legislators, and they usually referred to  upper-class girls  . It is remarkable that from 
500  BC  until 500  AD,  the age at menarche was reported to be 12 years [ 48 ]. 

 At about the same time, the Greek philosopher and biologist Aristotle (384–322 
 BC ) in his writings “ Historia Animalium  ” reported the age at menarche to occur at 
14 years and that at the same age ejacularche occurred in boys. Other  physicians   of 
the Greek-Roman era, i.e., Soranus of Ephesus (second half of fi rst century  AD ), 
Galen (129–199  AD ), and Oribasius (325 ca 400  AD ), the personal physician of 
Julian the Apostate, also reported that in the majority of girls, menarche occurred at 
14 years. However, these writings should be considered with care, since the age at 
menarche of 14 years may be related to the traditional mystical number 7. 

 For  Chinese female  , life is dominated by the number 7, fi rst teeth erupting at 7 
months of age and puberty, as marked by menarche, at 14 years. For boys the domi-
nant number was 8, teeth erupting at 8 months and puberty, presumably ejacularche, 
occurring at 16 years [ 49 ]. 

 In the medieval years, the age at  menarche   is generally reported to be similar to 
the classical years, i.e., 14 years, with a range from 12–15 years [ 50 ]. 

 The age at menarche started to delay at the beginning of the modern era, espe-
cially after the  industrial revolution  , due to deterioration of hygiene and increasing 
population density that resulted in the spread of diseases. From available data it is 
estimated that in the second half of the eighteenth century, menarche occurred at 
15–16 years of age. By mid-nineteenth century, the age at menarche in France was 
15 years, whereas in Scandinavia was 17 years, suggesting the existence of a north 
to south gradient in pubertal maturation [ 51 ,  52 ].  

    Girls 

    Onset of Puberty in Girls 

 In the twentieth century the improvement of the  socioeconomic conditions and the 
hygiene   of the population resulted in increased somatic growth and earlier pubertal 
maturation of the children. The latter was most clearly evident in the age at menarche, 
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which decreased substantially during the previous century. Although there is an 
abundance of studies on menarche and its secular trend in many countries, the stud-
ies that report on the timing of onset of puberty, i.e., breast development-B2 (thelar-
che), are much fewer. As far as pubic hair development is concerned, most experts 
believe that the  onset of pubic hair development (PH2)   is highly variable, depending 
on the individual, ethnicity, and race; therefore, the data are insuffi cient to establish 
a secular trend for  PH2   [ 53 ]. 

 Most studies on the secular trends of the onset of puberty refer to American or 
European girls. 

 In a developed country like Denmark, in a study performed in Copenhagen, 
onset of puberty, i.e., B2, occurred signifi cantly earlier in the year 2006 (esti-
mated mean age 9.86 years) compared to 1991 (estimated mean age 10.88 years), 
the difference remaining signifi cant after adjustment for  BMI   [ 54 ]. In the 
Netherlands in a study examining the secular trend in three time points, i.e., in 
1965, 1980, and 1997, it was shown that there was a decrease in the age of B2 
between 1965 and 1980, but afterward the trend tended to stabilize, and median 
B2 was 11.0 years in 1965, 10.54 in 1980, and 10.7 years in 1997 [ 55 ]. In Krakow, 
Poland, age of thelarche declined between 1983 and 2010 from 10.9 to 10.3 years, 
respectively, that may be related to the socioeconomic changes that took place in 
Poland in the late twentieth century [ 56 ]. In Istanbul, Turkey, in a  transitional 
society  , i.e., a society undergoing large socioeconomic changes, the age at B2 
decreased from 10 years in 1973 to 9.65 in 2009 [ 57 ]. In Athens, Greece, our 
group ,  in the 1990s, performed two studies, one cross-sectional and one  longitu-
dinal  , examining the age of onset of female puberty [ 58 ]. In the cross-sectional 
study in 1995, we reported mean age at B2 to occur at 10.3 years, and in the lon-
gitudinal study, from 1990 to 1997, median age of onset of puberty was 10.0 years, 
and mean age was 9.9 years. In a study of Athenian girls in 1979, breast develop-
ment occurred at 10.6 years [ 59 ]. These studies suggest a secular trend toward 
earlier onset of puberty between 1979 and 1995. 

 In 1997 in the USA, Herman-Giddens et al. [ 60 ] published a study per-
formed by the  Pediatric Research in Office Settings (PROS)      network aiming to 
determine, by inspection, Tanner stages for  breast and pubic hair development   
in 3-year-old to 12-year-old girls. The authors collected data on more than 
17,000 girls (90 % white and 10 % black). The main finding of the study was 
that the mean age of onset of B2 was 10.0 years in white and 8.9 years in black 
girls, with a similar trend for pubic hair  appearance   that was 10.5 years for 
white and 8.8 years for black girls. All these estimates were earlier than those 
of previous studies. In the small longitudinal study of Nicolson and Hanley 
[ 61 ], children born in Berkeley, California, in 1928 and 1929, were followed 
yearly and when 8 years old half yearly until they reached the age of 18 years. 
Mean age of breast development in this sample was at 10.6 years and of pubic 
hair 11.6 years. In the Bogalusa Heart Study (9/1973-5/1974) mean age (±2 
SE) of breast  development   in white girls was 10.37 (0.21) years and in black 
girls 10.22 (0.25) [ 61 ].  
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    Age at  Menarche      

 The studies examining the secular trend of age at menarche in various populations are 
numerous. Some of these studies are shown in Table  9.2 . In general, for the most part of 
the twentieth century and the beginning of the twenty-fi rst century, there is a trend for 
earlier ages at menarche. A secular change for earlier menarche is still occurring in 
developing and also in developed countries, e.g., Canada [ 62 ], China [ 63 ], Denmark 
[ 54 ], India [ 64 ], Israel [ 65 ], Korea [ 66 ], South Africa [ 67 ], Spain [ 68 ], and the UK [ 69 ].

   In the USA, the mean age at menarche was more than 14 years in the nineteenth 
century [ 70 ], and in the NHANES III, in the late twentieth century (between 1988 
and 1994) [ 71 ], it decreased to 12.43 years. The Fels Longitudinal  Study      of girls 
born in 1980 showed that menarche was at a slightly younger age at 12.34 years 
[ 72 ]. Comparing the data of NHANES III to those of NHES II/III [ 73 ], there was a 
decrease in menarcheal age of 4 months from 1963–1970 to 1988–1994. In the lat-
est report on age at menarche in US girls [ 74 ], it was shown that girls born in 1993 
had  menarche      at 12.3 years of age, at is similar to those born in 1980. 

   Table 9.2    Secular changes in the  age at menarche (AAM)     

 Time period 
 AAM 
(years)  Time period 

 AAM 
(years)  References 

 Decreasing AAM 
 Canada  Year of birth 

<1933 
 13.2  Year of birth 

1986–1990 
 12.5  [ 62 ] 

 China  Year of birth 
1955–1960 

 15.7  Year of birth 
1981–1985 

 14.7  [ 63 ] 

 India  Year of birth 
1955–1964 

 13.8  Year of birth 
1985–1989 

 13.6  [ 64 ] 

 Denmark  Year of study 
1991 

 13.4  Year of study 
2006 

 13.1  [ 54 ] 

 Israel  Year of birth 
1969 

 13.4  Year of birth 
1995 

 12.8  [ 65 ] 

 Korea  Year of birth 
1920 

 16.8  Year of birth 
1986 

 12.7  [ 66 ] 

 S. Africa 
(blacks) 

 Year of birth 
1956 

 14.9  Year of birth 
1990 

 12.4  [ 67 ] 

 UK  Year of birth 
1945–1949 

 12.6  Year of birth 
1990–1993 

 12.3  [ 69 ] 

 Slowing down or leveling off in AAM 
 USA  Year of birth 

1980 
 12.3  Year of birth 

1993 
 12.3  [ 72 ] 

 France  Year of study 
1994 

 12.6  Year of study 
2009–2010 

 12.5  [ 75 ] 

 Greece  Year of study 
1996 

 12.27  Year of study 
2006 

 12.29  [ 77 ] 

 Netherlands  Year of study 
1997 

 13.15  Year of study 
2009 

 13.05  [ 78 ] 
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 As in the latest report from the USA, and in some other countries, this trend is 
slowing down or has stabilized, e.g., France [ 75 ], Germany [ 76 ], Greece [ 77 ], and 
the Netherlands [ 78 ]. 

 Furthermore, it is noteworthy that in Israel [ 65 ] and the UK [ 69 ], there is a recent 
decline in the age at menarche after decades of stabilization. 

 Menarche is often used as a proxy for the onset of puberty. However, studies 
from the USA and Denmark have shown that the decrease in onset of puberty (B2) 
is not accompanied by an  analogous      decrease in age at menarche. This discrepancy 
may be due to maturational tempo differences.  

    Maturational Tempo Differences and Age at  Menarche   

 Early studies on the correlation between menarche and onset of puberty, in women 
born between 1920 and the 1960s, showed high correlations (0.64–0.86), whereas 
data from women born between 1977 and 1979 showed only a moderate correlation 
(0.37–0.38) [ 15 ]. An explanation of this may be a change in maturational tempo in 
girls born in the last part of the twentieth century. Several studies performed during 
the last two decades showed early-maturing girls to present a compensatory delay 
in pubertal progression [ 79 – 81 ] that is associated with greater pubertal height gain 
and a longer period of pubertal growth, thus explaining the moderate  correlation   
between onset of puberty and age at menarche.   

    Boys 

    Onset of Puberty in Boys 

 The studies referring to the onset of puberty of boys are much fewer than those 
referring to girls. This may be due to refusal of the boys to be examined in the  geni-
tal area   or because of less interest in male puberty refl ecting less cultural awareness 
for male pubertal maturation compared with girls [ 53 ]. Therefore, the secular trend 
of pubertal onset is less well studied in boys. In general, whereas the secular trend 
for earlier maturation is well established in girls, that is not the case for boys. 

 A substantial number of studies do not show secular trends in male pubertal onset. In 
the Netherlands in a study on  pubertal maturation   between 1965 and 1997, the authors 
did not detect a secular trend after 1980, attainment of TV of 4 mL being at 11.5 years 
[ 55 ]. In Istanbul, Turkey, in a longitudinal study from 1989 to 1999, TV of 4 mL was 
attained at a mean age of 11.6 years, whereas pubic hair  development   was at 12.3 years 
[ 82 ]. In an older Turkish study of boys born between 1955 and 1960, pubic hair was 
reported to develop at 11.8 years (no TV was measured), indirectly suggesting no secu-
lar trend [ 83 ]. In Athens, Greece, we did not fi nd a signifi cant change in the attainment 
of  genital stage 2 (G2)   between 1996 and 2007–2009, mean ages of G2 being 11.4 and 
11.3 years, respectively [ 84 ]. In the USA, an expert panel that examined in 2005 possi-
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ble secular trends in boys’ puberty had the unanimous opinion that the data are insuffi -
cient to suggest or establish a trend for earlier puberty. This opinion was based on the 
lack of data quality, quantity, and marker reliability [ 53 ]. Many studies did not assess the 
more meaningful measure of pubertal onset, i.e., TV >3 mL. In 2012 the PROS network 
published their fi ndings on male pubertal onset. The attainment of a  TV   of 4 mL was 
11.46 for white, 11.75 for African American, and 11.29 for Hispanic boys and for PH2 
was 11.47, 10.25, and 11.43 years, respectively. The authors concluded that  testicular 
growth and pubic hair development   were 6 months to 2 years earlier than in the past 
[ 19 ]. A secular trend for earlier onset of puberty was observed also in Copenhagen, 
Demark [ 85 ]. Between 2006–2008 and 1991–1993, mean onset of puberty decreased by 
3 months, i.e., from 11.92 to the older to 11.66 years to the latest study.  

     Spermarche (Ejacularche)   

 If the data on pubertal onset in boys are relatively few, the age of the fi rst conscious 
ejaculation (ejacularche) is scarcely examined. In boys, ejacularche may be consid-
ered analogous to menarche in girls. The term spermarche, in some studies, defi nes 
the fi rst appearance of  spermatozoa   in urine samples (spermaturia), whereas other 
studies by spermarche defi ne the fi rst conscious ejaculation; however, the latter is 
best defi ned by the term ejacularche. Tanner in “Normal Growth and Growth assess-
ment” [ 86 ] reports that ejacularche occurs about a year after the acceleration of 
penile growth, based on the work of Laron [ 87 ]. In their study Laron et al. found that 
despite a wide variation in the chronological age, the fi rst ejaculation occurred, bone 
age, i.e., biological age, was 13.5 (±0.5) years, even in boys with delayed puberty. 

 In a longitudinal  study  , about 30 years ago, in Denmark [ 88 ], spermaturia 
occurred at a median age of 13.4 years (range 11.7–15.3 years), median TV being 
11.5 mL (range 4.7–19.6 mL). In most boys spermaturia preceded peak height 
velocity. In a Mexican cross-sectional study, published in 1992, median age at sper-
maturia was 13.4 years, spermaturia occurring at a genital stage 2 [ 89 ], whereas in 
another Mexican study of teenagers and young adults (10–25 years of age) inter-
viewed in 1987, the average age of ejacularche was 14 years [ 90 ]. In a Bulgarian 
study conducted in the 1990s, mean age of ejacularche was reported to occur at 
13.27 (±1.08) [ 91 ]. In that study the authors reported a clear secular  trend   when 
their data were compared to studies of the year 1914, ejacularche occurring at 17 
years, and of 1953, when ejacularche occurred at 15 years of age. In a Chinese study 
conducted in the year 1995, schoolchildren were interviewed about ejacularche. In 
urban males median age of ejacularche was 13.8 and in rural males 14.24 years [ 92 ]. 
In a study of urban Chinese boys conducted between 2003 and 2005,  ejacularche   
was reported to occur at a median age of 14.05 years [ 93 ]. In 2004 it was reported 
that boys in Estonia presented ejacularche at a mean age of 13.35 (±0.99) years [ 94 ]. 

 Therefore, from the limited available studies, it can be deduced that ejacularche 
in European boys occurs at around the age of 13.5 years. It is of historical interest 
that Aristotle wrote that, in Athenian boys in the fourth century BC, ejacularche 
occurred at 14 years of age!       
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    Chapter 10   
 Precocious Puberty                     

     Juliane     Léger      and     Jean-Claude     Carel   

          Introduction 

 Precocious  puberty   is defi ned as the onset of clinical signs of puberty before the age 
of 8 years in girls and 9.5 years in boys. However, the onset of puberty may be sub-
ject to the effects of environmental (secular trends, adoption, absence of the father, 
and possible exposure to estrogenic endocrine-disrupting chemicals), nutritional 
(body mass index), and constitutional (genetics, ethnicity) factors [ 1 – 4 ], with impli-
cations for the defi nition of precocious puberty. 

 PP may be caused by central or peripheral  mechanisms   [ 1 ]. Precocious puberty 
leads to the progressive development of secondary sexual characteristics including 
breast development in girls and testicular enlargement in boys, together with the 
development of pubic hair, and an acceleration of growth velocity and bone matura-
tion, resulting in premature fusion of the growth plates, potentially responsible for 
adult height defi cit [ 1 ]. 

  Premature sexual maturation   is a frequent cause for referral. Clinical evaluation 
is generally suffi cient to reassure the patients and their families, but premature sex-
ual maturation may reveal severe conditions, and thorough evaluation is therefore 
required to identify its cause and potential for progression, so that appropriate treat-
ment can be proposed. 

 The clinical expression of precocious puberty is polymorphic. In addition to pro-
gressive central PP, with a progressive deterioration of adult height prognosis in the 
absence of treatment, there are very slowly progressive forms which do not modify 
predicted fi nal height. It is not always straightforward to recognize these different 
clinical forms at the initial evaluation. Nevertheless, their correct  identifi cation   is 
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very important, because the indicated treatments differ [ 5 – 7 ]. The heterogeneity of 
precocious puberty, in terms of its clinical presentation and defi nition, can be 
explained by the gradual nature of the transition to puberty. Indeed, the pulsatile 
secretion of LH begins before the onset of clinical signs of puberty, and an increase 
in the amplitude of the LH peaks is the key biological sign of pubertal maturation of 
the gonadotropic pituitary axis.  GnRH stimulation tests   indirectly reveal pulsatile 
endogenous GnRH secretion, as this secretion determines the response to exoge-
nous GnRH. The available data indicate that there is no clear boundary between 
prepubertal and pubertal status, accounting for the frequency of “marginal” forms 
of precocious puberty.  

    Etiologies and Mechanisms Underlying  Premature 
Sexual Development   

  Central precocious puberty (CPP)  , which is much more common in girls than in 
boys [ 8 ], results from premature reactivation of the hypothalamic–pituitary–gonadal 
axis and pulsatile GnRH secretion, with a hormonal pattern similar to that of normal 
puberty. Premature sexual development results from the action of sex steroids or 
compounds with sex steroid activity on target organs.  CPP   may be due to hypotha-
lamic lesions, but is idiopathic in most cases, particularly in girls (Table  10.1 ) [ 1 ]. 
Recent studies have implicated the inactivation of makorin ring fi nger 3 ( MKRN3 ) 
genes in “idiopathic” CPP [ 9 ,  10 ].  MKRN3  is an imprinted gene located on the long 
arm of chromosome 15, with a potentially inhibitory effect on GnRH secretion. 
 MKRN3  gene defects have been identifi ed as a cause of paternally transmitted 
familial CPP, but such defects do not underlie maternally transmitted CPP and are 
rarely involved in sporadic forms [ 11 ].

   Peripheral or gonadotropin-independent precious puberty is due to the produc-
tion of sex steroids by gonadal or adrenal tissue, independently of gonadotropins 
which are generally suppressed. Peripheral precocious puberty can result from 
gonadal, adrenal, or hCG-producing tumors, activating mutations in the gonado-
tropic pathway, and exposure to exogenous sex  steroids   (Table  10.2 ). Peripheral 
precocious puberty can rarely lead to activation of pulsatile GnRH secretion and to 
central precocious puberty (Table  10.1 ).

   Exposure to exogenous sex steroids or to compounds with steroidal activity can 
also result in premature sexual development. 

 It is also important to recognize that most cases of premature sexual  maturation   
correspond to benign variants of normal development that can occur throughout 
childhood. They can mimic precocious puberty but do not lead to long-term 
 consequences and are usually benign. This is particularly true in girls below the age 
of 2–3 where the condition is known as premature thelarche. Similarly in older girls, 
at least 50 % of cases of premature sexual maturation will regress or stop progress-
ing and no treatment is necessary [ 5 ,  6 ]. Although the mechanism underlying these 
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cases of nonprogressive precocious puberty is unknown, the gonadotropic axis is 
not activated. Premature thelarche probably represents an exaggerated form of the 
physiological early gonadotropin surge that is delayed in girls relatively to boys.  

    Table 10.1    Clinical characteristics of the various forms of central precocious  puberty     

 Cause  Symptoms and signs  Evaluation 

  Due to a CNS lesion  
 Hypothalamic hamartoma  May be associated with 

gelastic (laughing attacks), 
focal, or tonic–clonic seizures 

 MRI: mass in the fl oor of the 
third ventricle iso-intense to 
normal tissue without contrast 
enhancement 

 Or other hypothalamic 
tumors: 
 • Glioma involving the 

hypothalamus and/or the 
optic chiasm 

 • Astrocytoma 
 • Ependymoma 
 • Pinealoma 
 • Germ cell tumors 

 May include headache, visual 
changes, cognitive changes, 
symptoms/signs of anterior or 
posterior pituitary defi ciency 
(e.g., decreased growth 
velocity, polyuria–polydipsia), 
fatigue, visual fi eld defects 

 If CNS tumor (glioma) 
associated with 
neurofi bromatosis may have 
other features of 
neurofi bromatosis (cutaneous 
neurofi bromas, café au lait 
spots, Lisch nodules, etc.) 

 MRI: contrast-enhanced mass 
that may involve the optic 
pathways (chiasm, nerve, 
tract) or the hypothalamus 
(astrocytoma, glioma) or that 
may involve the hypothalamus 
and pituitary stalk (germ cell 
tumor), may have evidence of 
intracranial hypertension, 
may have signs of anterior or 
posterior pituitary defi ciency 
(e.g., hypernatremia) 
 If germ cell tumor: βhCG 
detectable in blood or CSF 

 Cerebral malformations 
involving the hypothalamus: 
 • Suprasellar arachnoid cyst 
 • Hydrocephalus 
 • Septooptic dysplasia 
 • Myelomeningocele 
 • Ectopic neurohypophysis 

 May have neurodevelopmental 
defi cits, macrocrania, visual 
impairment, nystagmus, 
obesity, polyuria–polydipsia, 
decreased growth velocity 

 May have signs of anterior or 
posterior pituitary defi ciency 
(e.g., hypernatremia) or 
hyperprolactinemia 

 Acquired injury: 
 • Cranial irradiation 
 • Head trauma 
 • Infections 
 • Perinatal insults 

 Relevant history 
 Symptoms and signs of 
anterior or posterior pituitary 
defi ciency may be present 

 MRI may reveal condition-
specifi c sequelae or may be 
normal 

  Idiopathic—No CNS lesion   ≈92 % of girls and ≈ 50 % 
of boys 

 History of familial precocious 
puberty or adoption may be 
present 

 No hypothalamic abnormality 
on the head MRI. The anterior 
pituitary may be enlarged 
 MKRN 3 gene evaluation if 
paternally transmitted 

  Secondary to early exposure to sex steroids  
 After cure of any cause of 
gonadotropin- independent 
precocious puberty 

 Relevant history 
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   Table 10.2    Clinical characteristics of the various forms of  peripheral precocious puberty     

 Disorder  Characteristic symptoms and signs  Test results 

  Autonomous gonadal activation  
 McCune–Albright 
syndrome and 
recurrent 
autonomous ovarian 
cysts due to somatic 
activating mutation 
of the GNAS gene 
resulting in increased 
signal transduction 
in the Gs pathway 

 Mostly in girls. Typically rapid progression 
of breast development and early occurrence 
of vaginal bleeding (before or within a few 
months of breast development) 
 Precocious puberty may be isolated or 
associated with café au lait pigmented skin 
lesions or bone pain due to polyostotic 
fi brous dysplasia. More rarely other signs 
of endocrine hyperfunction (e.g., 
hypercortisolism, hyperthyroidism), liver 
cholestasis, or cardiac rhythm abnormalities 

 Typically large ovarian 
cyst or cysts on pelvic 
ultrasound examination 
 Bone lesions of fi brous 
dysplasia 
 May have laboratory 
evidence of 
hypercortisolism, 
hyperthyroidism, 
increased GH secretion, 
hypophosphatemia, liver 
cholestasis 

 Familial male-
limited precocious 
puberty due to 
germinal activating 
mutations of the LH 
receptor gene 

 A familial history of dominant precocious 
puberty limited to boys (but transmitted by 
mothers) may be present but some cases are 
sporadic 

 Activating mutation of 
the LH receptor gene 

 Germ line mutations 
of GNAS gene 
resulting in dual loss 
and gain of function 
(rare) 

 Single case report of a boy with 
concomitant pseudohypoparathyroidism 
and gonadotropin-independent precocious 
puberty 

  Tumors  
 Granulosa cell 
tumors of the ovary 

 Rapid progression of breast development; 
abdominal pain may occur. The tumor may 
be palpable on abdominal examination 

 Tumor detection on 
ultrasound or CT scan 

 Androgen producing 
ovarian tumors 

 Progressive virilization  Tumor detection on 
ultrasound or CT scan 

 Testicular Leydig 
cell tumors 

 Progressive virilization; testicular asymmetry 
(the tumor itself is rarely palpable) 

 Tumor detection on 
testicular ultrasound 

 hCG-producing 
tumors 

 Tumors can originate in the liver or 
mediastinum. Pubertal symptoms in boys 
only. May be associated with Klinefelter 
syndrome 

 Elevated serum hCG 

  Adrenal disorders   Manifest with signs of androgen exposure 
 Congenital adrenal 
hyperplasia 

 Increased androgen production leading to 
virilization in boys and girls 

 Increased adrenal steroid 
precursors in serum, 
mainly 
17-OH-progesterone 
(basal or after an ACTH 
stimulation test) 

 Adrenal tumor  Increased androgen production leading to 
virilization in boys and girls. Very rarely, 
estrogen-producing adrenal tumor 

 Tumor on abdominal 
ultrasound or CT scan 
 Elevated DHEAS, or 
adrenal steroid precursors 

(continued)
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    Consequences of Precocious Puberty 

 Progressive premature sexual maturation can have consequences on growth and 
psychosocial development.  Growth velocity   is accelerated as compared to normal 
values for age, and bone age is advanced in most cases. The acceleration of bone 
maturation can lead to premature fusion of the growth plate and short stature. 
Several studies have assessed adult height in individuals with a history of preco-
cious puberty. In older published series of untreated patients, mean heights ranged 
from 151 to 156 cm in boys and 150 to 154 cm in girls, corresponding to a loss of 
about 20 cm in boys and 12 cm in girls relative to normal adult height [ 12 ]. However, 
these numbers correspond to historical series of patients with severe early onset 
precocious puberty which are not representative of the majority of patients seen in 
the clinic today. Height loss due to precocious puberty is inversely correlated with 
the age at pubertal onset, and currently treated patients tend to have later onset of 
puberty than those in historical series [ 12 ]. 

 Parents often seek treatment in girls because they fear early menarche [ 13 ]. 
However, there is little data to predict the age of menarche following early onset of 
puberty [ 14 ]. In the general population, the time from  breast development   to men-
arche is longer for children with an earlier onset of puberty, ranging from a mean of 
2.8 years when breast development begins at age 9–1.4 years when breast develop-
ment begins at age 12 [ 15 ]. 

Table 10.2 (continued)

 Disorder  Characteristic symptoms and signs  Test results 

 Generalized 
glucocorticoid 
resistance 

 Symptoms and signs of mineralocorticoid 
excess, such as hypertension and 
hypokalemic alkalosis 

 Elevated free urinary 
cortisol and plasma 
cortisol 

  Environmental agents  
 Exogenous sex 
steroids 

 Manifestations vary with the type of 
preparation (androgenic or estrogenic); 
most commonly described after topical 
exposure to androgens; tracing the source 
of exposure may be diffi cult 

 Endocrine evaluation can 
be misleading due to 
widely variable serum 
levels of sex steroids with 
time 

 Exposure to 
estrogenic 
endocrine-disrupting 
chemicals 

 May play a role in precocious puberty in 
adopted children (by modulating the timing 
of pubertal gonadotropic axis activation) 
although this remains unproven 

 No validated biochemical 
test 

  Severe untreated 
primary 
hypothyroidism  

 Signs of hypothyroidism. No increase of 
growth velocity 
 Manifest mostly with increased testicular 
volume in the absence of virilization. Due 
to a cross-reactivity of elevated TSH to the 
FSH receptor 

 Elevated serum TSH 
levels, low free T4 level. 
No bone age 
advancement 
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 In the general population, early  puberty timing   has been shown to be associated 
with several health outcomes in adult life with higher risks for cardiovascular dis-
ease and type 2 diabetes in both women and men [ 16 ]. However, there is no long- 
term data on these aspects in case of precocious puberty. 

 Adverse psychosocial outcomes are also a concern, but the available data spe-
cifi c to patients with precocious puberty have serious limitations [ 17 ]. In the general 
population, a higher proportion of early-maturing adolescents engage in exploratory 
behaviors (sexual intercourse, legal and illegal substance use) and at an earlier age 
than adolescents maturing within the normal age range or later [ 18 ,  19 ]. In addition, 
the risk for  sexual abuse   seems to be higher in girls or women with early sexual 
maturation [ 20 ]. However, the relevance of these fi ndings to precocious puberty is 
unclear, and they should not be used to justify intervention.  

    Evaluation of the Child with Premature Sexual Development 

 The evaluation of patients with premature sexual development should address sev-
eral questions: (1) Is sexual development really occurring outside the normal tem-
poral range? (2) What is the underlying mechanism and is it associated with a risk 
of a serious condition, such as an intracranial lesion? (3) Is pubertal development 
likely to progress, and (4) would this impair the child’s normal physical and psycho-
social development? 

     Clinical Diagnosis   

 Precocious puberty manifests as the progressive appearance of secondary sexual 
characteristics—breast development, pubic hair, and menarche in girls and enlarge-
ment of testicular volume (testicular volume greater than 4 ml or testicular length 
greater than 25 mm) and penis and pubic hair development in boys [ 21 ,  22 ] 
Fig  10.1 —together with an acceleration of height velocity and bone maturation, 
which is frequently very advanced (by more than 2 years relative to chronological 
age). However, a single sign may remain the only sign for long periods, making 
diagnosis diffi cult, particularly in girls, in which isolated breast development may 
precede the appearance of pubic hair or the increase in growth velocity and bone 
maturation by several months. However, in some children, the increase in height 
velocity precedes the appearance of secondary sexual characteristics [ 23 ].  

  The clinical evaluation  should guide the diagnosis and discussions about the 
most appropriate management (Table  10.3 ).

    The interview  is used to specify the age at onset and rate of progression of puber-
tal signs, to investigate neonatal parameters (gestational age, birth measurements) 
and whether the child was adopted, together with any evidence suggesting a possi-
ble central nervous disorder, such as headache, visual disturbances, or neurological 
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    Table 10.3    When should suspected  precocious puberty   be explored?   

 Girls  Boys 

 Breast development before the age of 8 years  Increase in testicular volume before the age 
of 9.5 years 

 Pubic hair before the age of 8 years  Pubic hair before the age of 9.5 years 
 Breast development between the ages of 8 and 
9 years. 
 Exploration only if: 
 • Onset of pubertal development before 8 years 
 • Growth velocity >6 cm/year, adult height 

prognosis below target height 
 • Rapid progression of pubertal development 

(transition from one stage to another in less 
than 6 months) 

 • Clinical evidence for a neurogenic etiology 
 • Clinical evidence of peripheral precocious 

puberty 

 Pubertal development seen around 10 years. 
Exploration only if: 
 • Onset of pubertal development before 

9.5 years 
 • Growth velocity >6 cm/year, adult height 

prognosis below target height 
 • Rapid progression of pubertal 

development (transition from one stage to 
another in less than 6 months) 

 • Clinical evidence of a neurogenic 
etiology. Clinical evidence of peripheral 
precocious puberty 

 Menarche before the age of 10 years 

  Fig. 10.1    Pubertal stage as a function of Tanner stage: fi gure adapted from ref. [ 1 ]       
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signs (gelastic attacks), or pituitary defi ciency, such as asthenia, polyuria–polydipsia, 
and the existence of a known chronic disease or history of cerebral radiotherapy. 
The evaluation also includes the height and pubertal age of parents and siblings and 
family history of early or advanced puberty. 

  The physical examination  assesses height, height velocity (growth curve), weight 
and body mass index, pubertal stage, and, in girls, the estrogenization of the vulva, 
skin lesions suggestive of neurofi bromatosis or McCune–Albright syndrome, neu-
rological signs (large head circumference with macrocephaly, nystagmus, visual 
change or visual fi eld defects, neurodevelopmental defi cit), symptoms or signs of 
anterior or posterior pituitary defi ciency (low growth velocity, polyuria–polydipsia, 
fatigue), and the neuropsychological status of the  child  , which remains the major 
concern of the child and parents seeking help for early puberty. It is also important 
to recognize clinically the benign variants of precocious pubertal development, usu-
ally involving the isolated and nonprogressive development of secondary sexual 
characteristics (breasts or pubic hair), normal growth velocity or slight increase in 
growth velocity, and little or no bone age advancement. 

  Following this assessment , watchful waiting or complementary explorations may 
be chosen as the most appropriate course of action. The criteria currently used to 
guide  explorations   are presented in Table  10.3 . If watchful waiting is decided upon, 
then careful reevaluation of progression is required 3–6 months later, to assess the 
rate of progression of puberty and any changes in growth. 

  Additional testing  is generally recommended in all boys with precocious puber-
tal development, in girls with precocious Tanner 3 breast stage or higher, and in girls 
with precocious B2 stage and additional criteria, such as increased growth velocity, 
or symptoms or signs suggestive of central nervous system dysfunction or of periph-
eral precocious puberty. 

 These tests include the assessment of bone  age   (which is usually advanced in 
patients with progressive precocious puberty), hormonal determinations, pelvic or 
testicular (if peripheral PP is suspected) ultrasound scans, and brain magnetic reso-
nance imaging (MRI).  

    Biological Diagnosis 

 The biological diagnosis of precocious puberty is based on the evaluation of sex 
steroid secretion and its mechanisms. The diagnosis of central precocious puberty is 
based on pubertal serum gonadotropin concentrations, with the demonstration of an 
activation of gonadotropin secretion [ 24 ]. 

     Sex Steroid Determinations   

 In boys, testosterone is a good marker of testicular maturation, provided it is 
assessed with a sensitive method. RIA is generally used in practice. In girls, estra-
diol determination is uninformative, because half the girls displaying central 
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precocious puberty have estradiol levels within the normal range of values in prepu-
bescent girls. Very sensitive methods are required, and only RIA methods meet this 
requirement. The increase in estradiol concentration is also highly variable, due to 
the fl uctuation, and sometimes intermittent secretion of this hormone. Very high 
estradiol levels are generally indicative of ovarian disease (peripheral PP due to 
cysts or tumors). Estrogenic impregnation is best assessed by pelvic ultrasound 
scans, on which the estrogenization of the uterus and ovaries may be visible [ 25 ].  

     Gonadotropin Determinations   

 Basal gonadotropin levels are informative and are generally signifi cantly higher in 
children with PP than in prepubertal children [ 26 ]. However, basal serum LH con-
centration is much more sensitive than basal FSH concentration and is the key to 
diagnosis. Ultrasensitive assays should be used to determine serum LH concentra-
tion. Prepubertal LH concentrations are <0.1 IU/l, so LH assays should have a 
detection limit close to 0.1 IU/l [ 27 – 29 ]. 

 The response to GnRH stimulation is considered the gold standard for the diagno-
sis of central precocious puberty. Stimulation tests involving a single injection of 
GnRH analogs can also be used [ 30 ,  31 ]. The major problem is defi ning the decision 
threshold. In both sexes, a central cause of precocious puberty is demonstrated an 
increase in pituitary gonadotropin levels. Indeed, the underlying mechanism of early 
central puberty is linked to premature activation of the hypothalamic–pituitary–
gonadal axis, with the onset of pulsatile LH secretion and an increase in the secretion 
of pituitary gonadotropins both in basal conditions and after stimulation with GnRH. 
Before the onset of puberty, the FSH peak is greater than the LH surge. During and 
after puberty, the LH surge predominates. In cases of central precocious puberty, 
basal serum LH concentration usually is ≥0.3 IU/l and serum LH concentration after 
stimulation is ≥5 IU/l [ 1 ,  32 ]. FSH is less informative than LH, because FSH levels 
vary little during pubertal development. However, the stimulated LH/FSH ratio may 
make it easier to distinguish between progressive precocious puberty (with an LH/
FSH ratio >0.66) and nonprogressive variants not requiring GnRH agonist therapy.   

    Place of Imaging in the Evaluation of  Precocious Puberty   

   Pelvic ultrasound scans    can be used to assess the degree of estrogenic impregnation 
of the internal genitalia in girls, through measurements of size and morphological 
criteria. A uterine length ≥35 mm is the fi rst sign of estrogen exposure. Morphological 
features are also important, as the prepubertal state is marked by a tubular uterus, 
which becomes more pearl-like in shape during the course of puberty, with a bulg-
ing fundus. Measurements of uterine volume increase the reliability of the examina-
tion (prepubertal ≤2 ml). Endometrial thickening on an endometrial ultrasound scan 
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provides a second line of evidence. Ovary size and the number of follicles are not 
criteria for the assessment of pubertal development [ 25 ,  31 ,  33 ]. 

 Testicular ultrasound should be performed if the testicles differ in volume or if 
peripheral precocious puberty is suspected, to facilitate the detection of Leydig cell 
tumors, which are generally not palpable. 

   Neuroimaging    is essential in the etiological evaluation in progressive central pre-
cocious puberty.  Magnetic resonance imaging (MRI)   is the examination of choice 
in the study of the brain and of the hypothalamic–pituitary region, for the detection 
of hypothalamic lesions. The prevalence of such lesions is higher in boys (30–80 % 
of cases) than in girls (8–33 %) and is much lower when puberty starts after the age 
of 6 years in girls, this  population   accounting for the majority of cases. It has been 
suggested that an algorithm based on age and estradiol levels could replace MRI, 
but such an approach has not been clearly validated [ 34 – 36 ]. 

  At the end of this analysis , the diagnostic approach should help to determine the 
progressive or nonprogressive nature of pubertal  precocity   (Table  10.4 ) and to dif-
ferentiate between the etiologies of central or peripheral precocious puberty.

   Indeed, many girls with idiopathic precocious puberty display very slowly pro-
gressive puberty, or even regressive puberty, with little change to predicted adult 

    Table 10.4    Differentiation between true precocious puberty and slowly progressive  forms     

 Progressive precocious 
puberty 

 Slowly progressive 
precocious puberty 

 Clinical  Pubertal stage  Passage from one stage 
to another in 3–6 months 

 Spontaneous regression or 
stabilization of pubertal 
signs 

 Growth velocity  Accelerated: >6 cm/year  Normal for age 
 Bone age  Typically advanced, 

variable, at least 2 years 
 Variable, but usually within 
1 year of chronological age 

 Predicted adult height  Below-target height or 
decreasing on serial 
determinations 

 Within target height range 

 Pelvic 
ultrasound 
scan 

 Uterus  Length >34 mm or 
volume >2 ml 

 Length ≤34 mm or volume 
≤2 ml 

 Pearl-shaped uterus  Prepubertal, tubular uterus 
 Endometrial thickening 
(endometrial ultrasound 
scan) 

 Ovaries  Not very informative  Not very informative 
 Hormonal 
evaluation 

 Estradiol (RIA ++)  Not very informative, 
usually measurable 

 Not detectable or close to 
the detection limit 

 LH peak after 
stimulation with GnRH 

 In the pubertal zone 
≥5 IU/l 

 In the prepubertal range 

 Basal LH determination  Useful if value is high 
(≥3 IU/l) and frankly in 
the pubertal range 

 No defi nitive value 
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height and a normal fi nal height close to their parental target height [ 5 ,  6 ]. Therapeutic 
abstention is the most appropriate approach in most of these cases, because puberty 
progresses slowly, with menarche occurring, on average, 5.5 years after the onset of 
clinical signs of puberty, and patient reaching a normal fi nal height relative to paren-
tal target height. However, in some cases (about one third of subjects), predicted 
adult stature may decrease during the progression of puberty, in parallel with the 
emergence of evident biological signs of estrogenization and a highly progressive 
form of central PP. Thus, children for whom no treatment is justifi ed at the initial 
assessment should undergo systematic clinical assessment, at least until the age of 
9 years, to facilitate the identifi cation of girls subsequently requiring treatment to 
block central precocious puberty. 

 Peripheral precocious puberty is completely independent of the hypothalamic–
pituitary axis, with high serum estradiol levels in girls and high serum testosterone 
levels in boys, low basal and peak serum LH concentrations after GnRH  stimula-
tion  , advanced bone age, and an estrogenized uterus on ultrasound scans for girls. 
The gonads or adrenal glands are responsible for excess steroid production, but they 
may also promote the activation of pubertal maturation of the gonadal axis, result-
ing in central precocious puberty [ 1 ].  

    The Normal Variants of Puberty 

 The distinction between early puberty and normal puberty is not clear-cut. There are 
several variants of normal puberty, which may pose problems for differential diag-
nosis, particularly as they have a high prevalence [ 37 – 39 ]. 

    Isolated Premature Breast Development or Premature  Thelarche   

  Premature thelarche   is isolated breast development before the age of 8 years. There 
are two peaks in the frequency of premature thelarche: the neonatal period, which is 
marked by gonadotropin activation, this peak potentially lasting for 2 or 3 years, and 
the prepubertal period [ 33 ]. Premature thelarche differs from early puberty in the 
absence of any other aspect of sexual development, usually with a lack of scalability 
of breast development and no acceleration of height velocity or signifi cant advance 
in bone maturation (≥2 years). Uterine ultrasound scans provide a simple means of 
checking that there is no change in the uterus. No further exploration or treatment is 
required, and the outcome is the persistence of moderate breast development (in two 
thirds of cases) or regression (one third of cases). However, isolated premature 
breast development may precede the onset of central precocious  puberty  , which 
should not be ignored if patients develop other pubertal signs and an acceleration of 
height velocity.  
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    Premature Development of Pubic Hair or Premature  Pubarche   

  Premature pubarche   is the appearance of pubic hair before the age of 8 years in girls 
and 9 years in boys. It may be accompanied by clinical signs of hyperandrogenism: 
acne, axillary hair, accelerated growth rate. It corresponds to adrenal maturation 
(adrenarche) and is not a differential diagnosis for central precocious puberty. 
Possible differential diagnoses to be systematically excluded include adrenal tumors 
and congenital adrenal hyperplasia [ 40 ,  41 ].  

    Slow Progressive Forms of Precocious  Puberty   

 Such forms present clinically as early puberty with the development of secondary 
sexual characteristics and a moderate advance in bone age. On ultrasound scans, the 
uterus may show very early estrogen impregnation. However, the response to GnRH 
is of the prepubertal type. The mechanism underlying these cases of nonprogressive 
precocious puberty is unknown, but the gonadotropic axis is not activated. Studies 
monitoring these benign variants of precocious puberty have shown that treatment 
with GnRH agonists is not appropriate because there tends to be either a total regres-
sion of pubertal signs or a slow progression toward puberty [ 5 ,  6 ]. Table  10.4  pro-
vides elements guiding differentiation between slowly progressive and progressive 
forms of central precocious puberty.   

     Psychosocial Aspects   

 Psychosocial aspects of early puberty are the major concern of patients and families 
seeking help for early puberty, whereas doctors generally focus on etiological 
aspects and height prognosis. Psychological assessment usually reveals a normal IQ. 
Patients tend to be rather solitary, with high scores for isolation, and a tendency to 
become depressed. They are mostly concerned about their appearance, whereas 
 parents are generally worried about the onset of periods. Little is known about the 
long-term psychosocial consequences of early puberty or about the psychosocial 
integration of patients treated for precocious puberty [ 13 ,  42 ].   

    Management 

    Central Precocious Puberty 

     GnRH Agonists   

 GnRH agonists are generally indicated in progressive central precocious puberty, 
with the aim to restore genetic growth potential and to stabilize or regress pubertal 
symptoms. GnRH agonists continuously stimulate the  pituitary gonadotrophs  , 
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leading to desensitization and decreases in LH release and, to a lesser extent, FSH 
release [ 43 ]. Several GnRH agonists are available in various depot forms and the 
approval for use of the various formulations varies with countries. Despite nearly 
30 years of use of GnRH agonists in precocious puberty, there are still ongoing 
questions on their optimal use, and an international consensus statement has sum-
marized the available information and the areas of uncertainty as of 2007 [ 17 ]. 

 GnRH agonist treatments should be followed by experienced clinicians and 
result in the regression or stabilization of pubertal symptoms, decrease of growth 
velocity, and bone age advancement [ 17 ]. GnRHa-injection dates should be recorded 
and adherence with the dosing interval monitored. A suppressed LH response to the 
stimulation by GnRH, GnRH agonist, or after an injection of the depot preparation 
(which contains a fraction of free GnRH agonist) is indicative of biochemical effi -
cacy of the treatment but is not recommended routinely. Progression of breast or 
testicular  development   usually indicates poor compliance, treatment failure, or 
incorrect diagnosis and requires further evaluation. 

 There are no randomized controlled trials assessing   long-term outcomes    of the 
treatment of central precocious puberty with GnRH agonists, and height outcome 
has been mostly evaluated. Among approximately 400 girls treated until a mean age 
of 11 years, the mean adult height was about 160 cm and mean gains over predicted 
height varied from 3 to 10 cm [ 12 ]. Individual height gains were very variable, but 
were calculated using predicted height, which is itself poorly reliable. Factors 
affecting height outcome include initial patient  characteristics   (lower height if bone 
age is markedly advanced and shorter predicted height at initiation of treatment) 
and, in some series, duration of treatment (higher height gains in patients starting 
treatment at a younger age and with longer durations of treatment). No height gain 
benefi t has been shown in girls treated after the age of 9 years. 

  Other outcomes  to consider include  bone mineral density  , risk of obesity and 
metabolic disorders, and psychosocial outcomes. Bone mineral density may 
decrease during GnRH agonist therapy. However, subsequent bone mass accrual is 
preserved, and peak bone mass does not seem to be negatively affected by treatment 
[ 17 ]. There has been concern that GnRH agonist use may affect BMI. However, 
childhood obesity is associated with earlier pubertal development in girls, and early 
sexual maturation is associated with increased prevalence of overweight and obe-
sity. Altogether, the available data indicate that long-term GnRH agonist treatment 
does not seem to cause or aggravate obesity or have repercussions for body compo-
sition, bone mineral density, fertility, and metabolic or cancer comorbidities. 
General health status is not different as compared to women with normal puberty 
[ 44 – 46 ]. The development of  polycystic ovarian syndrome   remains controversial 
[ 47 – 50 ], and further studies are still required to assess the potential risk of prema-
ture ovarian dysfunction. Data concerning psychosocial outcomes are scarce, and 
there is little evidence to show whether treatment with GnRH agonists is associated 
with improved psychological outcome [ 13 ,  46 ]. Studies of this aspect are required. 

 Although  tolerance  to GnRH  agonist   treatment is generally considered good, it 
may be associated with headaches and menopausal symptoms such as hot fl ushes. 
Local complications (3–13 %) such as sterile abscesses may result in a loss of effi -
cacy, and anaphylaxis has been described [ 51 ]. 
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 The optimal time to stop treatment has not been established, and factors that 
could infl uence the decision to stop GnRH agonists include aiming at maximizing 
height, synchronizing puberty with peers, ameliorating psychological distress, or 
facilitating care of the developmentally delayed child. However, data only permit 
analysis of factors that affect adult height. Several variables can be used to decide 
on when to stop treatment including chronological age, duration of therapy, bone 
age, height, target height, and growth velocity. However, these variables are closely 
interrelated and cannot be considered independently. In addition, retrospective  anal-
yses      suggest that continuing treatment beyond the age of 11 years is associated with 
no further gains [ 52 ]. Therefore, it is reasonable to consider these parameters and 
informed parent and patient preferences, with the goal of menarche occurring near 
the population norms [ 17 ]. Pubertal manifestations generally reappear within 
months of GnRH agonist treatment being stopped, with a mean time to menarche of 
16 months [ 53 ]. Long-term fertility has not been fully evaluated, but preliminary 
observations are reassuring [ 46 ,  53 ]. 

 The addition of growth hormone [ 54 ] or oxandrolone [ 55 ] when growth velocity 
decreases or if height prognosis appears to be unsatisfactory has been proposed, but 
data are limited on the effi cacy and safety of these drugs in children with precocious 
puberty.  

    Management of  Causal Lesions   

 When precocious puberty is caused by a hypothalamic lesion (e.g., mass or malfor-
mation), management of the causal lesion generally has no effect on the course of 
pubertal development. Hypothalamic hamartomas should not be treated by surgery 
for the management of precocious puberty. Precocious puberty associated with the 
presence of a hypothalamic lesion may progress to gonadotropin defi ciency.   

    Peripheral Precocious Puberty 

    Management of  Causal Lesions   

 Surgery is indicated for gonadal tumors, and postoperative chemo- or radiotherapy 
should be discussed as part of a multidisciplinary team including surgeons and 
oncologists. 

 Large ovarian cysts (greater than 20 ml or 3.4 cm in diameter and typically more 
than 75 ml or 5.2 cm) should be managed very carefully given the risk of adnexal 
torsion [ 56 ]. In such cases, puncture possibly ultrasound guided should be considered 
and allows molecular analysis of the cystic fl uid for activating GNAS mutation. 

 Removal of exogenous exposure to sex steroids is obvious but the search for 
occupational exposure is often very diffi cult and requires careful investigation.  
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     Medications   

 There is no etiological treatment for peripheral causes of precocious puberty, and 
the rarity of the diseases renders evaluation of therapeutic strategies very diffi cult. 
In  McCune–Albright syndrome   and recurrent ovarian cysts, aromatase inhibitors 
[ 57 ] and SERMs [ 58 ] have been used to inhibit the production or action of estro-
gens, respectively [ 59 ]. These approaches are partly effective but no defi nitive strat-
egy has emerged. In familial male precocious puberty due to LH receptor activating 
mutations, ketoconazole, an inhibitor of androgen biosynthesis, has been shown to 
be effective in the long term [ 60 ], and the combination of anti-androgens and aro-
matase inhibitors has been proposed. However, caution must be used with the use of 
ketoconazole given the risk of liver toxicity. Nonclassical forms of congenital adre-
nal hyperplasia should be managed with glucocorticoids.    

    Conclusion 

 A knowledge of the different clinical forms of precocious puberty is essential, to 
determine whether there is a tumor (intracranial, or in the gonads or adrenal glands) 
or other disease (neurofi bromatosis, McCune–Albright syndrome, congenital adre-
nal hyperplasia) and the indications for treatment or an abstention from treatment. 
The psychological aspects of precocious puberty should also be evaluated during 
the treatment of these patients.     
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    Chapter 11   
 Constitutional Delayed Puberty                     

     Peter     A.     Lee      and     Christopher     P.     Houk    

          Defi nition and Age of  Puberty   

  Puberty   is the period of human growth and development when sexual maturity and 
fertility are established. The timing and tempo of  puberty   is dependent upon a host 
of genetic and environmental factors. The physical changes of puberty progress in 
a predictable sequence within an expected time related to hormone stimulation. 
Onset of puberty is considered when breast development becomes apparent in girls 
(Tanner stage 2) or when testicular growth is documented in boys (length greater 
than 2.5 cm or volume greater than 3–4 mL). Progression through puberty typically 
occurs within 2.5–3 years; generally progression to the  next      Tanner stage is 
expected within 6–12 months. Progression may differ between breast or genital 
staging and pubic hair stage. The age range of pubertal development varies among 
racial-ethnic groups, appearing earlier among African-Americans, then  Hispanics  , 
followed by  Caucasian   and occurring on average somewhat later in studied Asian 
populations. However, precise data are not available for the age of completion of 
puberty, and generally it is considered that puberty is delayed if physical evidence 
of onset (breast development or testicular enlargement) is not present by 13 years 
among girls or by 14 years for boys [ 1 ]. Delayed puberty is much more common in 
boys and is usually benign; however, pubertal delay in girls represents pathology 
in the majority. 

 The onset of  pubic hair growth   does not signal the onset of puberty as this may 
be a consequence of adrenarche, the increase of adrenal androgen secretion that 
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begins during late childhood, and does not indicate onset of gonadal function. 
Further, a girl with minimal breast development and no progression of pubertal 
changes, particularly in those who are heavy, does not necessarily signal the onset 
of pubertal ovarian secretion as progression is an obligate feature of puberty. A 
growth spurt (Fig.  11.1 ) follows a nadir of growth rate just before pubertal onset. 
Among girls it occurs early, together with breast budding as the fi rst signs of puberty. 
In boys, the growth spurt occurs in mid-to-late puberty.

       Defi nition of  Delayed Puberty      

 Delayed puberty represents the late onset or the delayed progression of physical 
puberty. Delayed puberty is defi ned as the onset of puberty beyond the mean age of 
onset by approximately 2–2.5 standard deviations (approximately 13 years in girls 
and 14 years in boys) [ 1 ]. Absence of menarche by age 15 is also evidence of lack 
of normal progression and is called primary amenorrhea. 

  Constitutionally delayed puberty (CDP)  , as the name implies, has traditionally 
been considered puberty that is temporarily delayed in onset or completion and has 
been considered as a normal variant [ 2 ]. It is felt to occur as a result of a delay in the 
onset of  pubertal gonadotropin stimulation   of the gonads or a lag in the progression 
of such secretion in an individual who ultimately attains normal adult  gonadotropin 
secretion  . Those with CDP are expected to complete puberty and attain adult height 
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  Fig. 11.1    Height velocity for age for a ( A ) girl and a ( B ) boy with normal puberty occurring at an 
average age and a ( C ) boy with CDP (based on charts developed by the National Center for Health 
Statistics)       
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by 18 years of age [ 3 ]. CDP is distinct from other categories of delayed puberty that 
have an identifi able underlying pathology such as:

    1.        Functional pubertal delay  as a consequence of a physiologic abnormality such 
as systemic disease and therapy which delays normal growth and maturation, can 
be considered a temporary hypogonadotropic hypogonadism.   

   2.        Hypothalamic-pituitary dysfunction  resulting in lack of gonadotropin secretion 
(hypogonadotropic hypogonadism, HH), traditionally considered to be a perma-
nent defect.   

   3.        Gonadal failure  because of lack of functional gonadal tissue; characterized by 
elevated circulating levels of gonadotropins due to a lack of negative gonadal 
feedback (hypergonadotropic hypogonadism).    

  When  puberty      is delayed, constitutional delay and the fi rst two pathologic cate-
gories above present with low gonadotropin levels and are usually diffi cult to dif-
ferentiate one from another, in contrast to elevated gonadotropin levels in gonadal 
failure. Features at initial presentation help to categorize patients presenting with 
delayed puberty (Table  11.1 ), although the category needs to be subsequently con-
fi rmed in most instances.

   CDP designation is typically, but is not always, synonymous with  constitutional 
delay of growth and puberty (CDGP)  . The later involves delayed maturation includ-
ing statural growth delay during prepubertal years [ 4 ,  5 ]. CDGP presents with short 
stature compared with expected height based on parents’ heights, with a commensu-
rate delay of skeletal age and low or borderline low growth rates. Their puberty can 
be expected to begin when skeletal age reaches 10–11 years for girls and 11.5–12.5 
years for boys. CDGP is an inclusive term including those who did not have appar-
ent delay of maturity during childhood, while CDGP occurs during adolescence.  

    Etiology 

 Historically our view of CDP has been that it represents the far end of the normal 
distribution of normal pubertal development. More recently, the identifi cation of 
gene modifi cations that are associated with both transient CDP and permanent 
hypogonadotropic hypogonadism has suggested that our paradigm for understand-
ing CDP is too simple. 

 The currently identifi ed genes related to reproductive function have been recently 
summarized [ 6 ]. Because of the complexity of genetic and physiologic factors con-
trolling both puberty and growth, it is reasonable to presume that multiple genetic/
environmental factors impact both the age of onset and rate of progression of 
puberty. Thus, it is reasonable to hypothesize that the expression of gene variants 
results in a spectrum of diagnoses related to the resurgence of the  hypothalamic- 
pituitary- gonadal axis   that heralds the onset of puberty. This spectrum in pubertal 
onset/progression ranges from individuals who attain a normal adult height and 
adult gonadal function, to those with a foreshortened adult height or subfertility, to 
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those who felt to have HH who unexpectedly develop normal gonadal function later 
in adult life [ 7 ]. This occurrence of endogenous reproductive hormone secretion in 
individuals diagnosed with permanent HH, some of whom carry a genetic mutation 
associated with permanent HH, suggests a spectrum of clinical severity extending to 
a portion of those patients previously classifi ed as having constitutional delayed 
puberty, having relatively mild alterations in genes [ 8 ]. 

 Evidence for incomplete or disordered pubertal development in patients with 
CDP includes failure to reach target height [ 9 ], lower adult  bone mineral density 
(BMD)   [ 10 ], and diminished adult fertility. These fi ndings suggest that mild 
 alterations of genes related to gonadotropin defi ciency and genes related to growth 

   Table 11.1    Approach to patients with  delayed puberty        

 Girls  No or minimal breast development with no progression in previous 6 months 
 Boys  Prepubertal genitalia with 

 Testicular volume  <4 mL  Likely early changes in CDP 
 >4 mL  HH or CDP with no early changes 

 First-tier screening testing—LH, FSH (plus testosterone in males or estradiol in females), 
prolactin. CBC, CMP, skeletal age X-ray, olfaction testing; depending on linear growth-free T4, 
TSH, IGF1; karyotype based on clinical fi ndings 

 Gonadotropin levels mIU/mL (using third-generation assay) 
  Random LH levels a  
  <0.3—prepubertal or hypogonadotropic levels  

  CDP  (delayed but essentially normal puberty) 
  Functional pubertal delay  (consequence of a chronic disease or condition in a patient 
with a potential of normally functioning hypothalamic-pituitary-gonadal axis) 

 Anorexia nervosa 
 Chronic cardiac, pulmonary, and renal disease 
 CNS tumors (prolactinoma, craniopharyngioma) 
 Excessive exercise (e.g., gymnastics) 
 Growth hormone defi ciency 
 Hypothyroidism 
 Infl ammatory bowel disease 
 Hypercortisolism 
 Malnutrition/eating disorder 
 Multiple pituitary hormone defi ciency 
 Psychogenic or stress related 

  Hypogonadotropic hypogonadism  (permanent defi ciency—some with anosmia) 
  >0.9—pubertal levels indicating normal HPG axis  

  CDP  
  >9.0—elevated levels suggestive of gonadal failure  

  Hypergonadotropic hypogonadism  
 Turner syndrome 
 Klinefelter syndrome 

   a FSH less useful but may be confi rmatory, levels >12 are consistent with hypergonadotropic hypo-
gonadism  
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and maturation may constitute distinct but often overlapping etiologies of CDP. This 
hypothesis supports by the identifi cation of gene alterations that may delay puberty 
eventually results in attainment of normal function [ 11 ] and other genetic changes 
that delay puberty but show persistence of partial HH. Families in which multiple 
individuals share the same genetic mutation have been reported where some indi-
viduals manifest permanent HH, while others show CDP [ 12 ]. The increased inci-
dence of CDP in kindreds with permanent  idiopathic hypogonadotropic 
hypogonadism (IHH)   (idiopathic to distinguish from forms of known etiology such 
as Kallmann syndrome) is indirect evidence that genetic alterations often show a 
variable clinical expression of differing severity involving secretion and action of 
 gonadotropin-releasing hormone (GnRH) secretion   [ 2 ]. 

 HH genes have been evaluated in individuals comparing kindred with IHH with 
or without delayed puberty versus a kindred with no family history of IHH [ 11 ]. 
Potential variants were for a presumed neurodevelopmental gene involved in the 
initial fate specifi cation of GnRH neurons (IL17RD) and the gene for neurokinin B 
(TAC 3). In the kindred with IHH, in those with pubertal delay, 53 % had a variant 
of the IHH gene compared to 12 % of the control family. Among those with delayed 
puberty with no family history, 14 % had a genetic variant and 5.6 % of controls did. 
These results are consistent with IHH gene variants being an etiology of CDP. Normal 
reproductive function among adults who have previously been diagnosed with IHH 
has been found to be associated with genetic variants of neurokinin B (TAC3) [ 13 ] 
and its receptor (TACR3) [ 7 ]. 

 The  gonadotropin-releasing hormone receptor (GNRHR) gene   has also been 
studied using molecular analysis and in vitro experiments and correlated with phe-
notype in 74 male and 36 female patients with normosmic hypogonadotropic hypo-
gonadism (IHH) and in 50 with CDP [ 14 ]. The phenotypic spectrum in patients with 
GNRHR mutations varied from complete GnRH defi ciency to partial and reversible 
IHH, with evidence of genotype-phenotype correlation. However, no evidence was 
found that mutations in GNRHR were involved in the pathogenesis of CDP. 

 Associations of polymorphisms in the estrogen receptor α (ESR1) with CDP 
have been studied using three single nucleotide polymorphisms from intron 1 of 
ESR1 (rs3778609, rs12665044, and rs827421) as candidates [ 15 ]. The frequency of 
G/G genotype at rs827421 in intron 1 of ESR1 was increased in CDGP boys 
( P  = 0.03). This is consistent with genetic variation of ESR1 contributing to the eti-
ologies of CDP. 

 To date, there is no evidence suggesting an association with CDP among loss-of- 
function mutations in the  immunoglobulin superfamily member 1 (IGSF1)  . Such 
mutations result in an X-linked syndrome of central hypothyroidism, normal timing 
of testicular growth, but delayed rise of testosterone. Although the search found 
three novel variants among 30 patients with an apparent X-linked form of CDP, it 
did not provide evidence that IGSF1 mutations are also associated with CDP [ 16 ]. 

 Signifi cant linkage between the pericentromeric region of chromosome 2 and 
CDP among Finnish families has been recently reported [ 17 ], similar to a previous 
report [ 18 ]. However, the variation within the linked region that predisposes to 
delayed puberty has not been identifi ed.  
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    Natural History 

 As noted above, CDP is often identifi ed at the age of puberty as a continuation of a 
delayed growth pattern described as  constitutional delay of growth and puberty 
(CDGP)  . This may be identifi ed earlier in childhood during evaluation of short stat-
ure. CDGP is characterized by short stature manifest early in childhood (Fig.  11.2 ) 
and borderline or low normal growth rates but without evidence of a pathologic cause 
of short stature. Skeletal maturity as judged by radiographic skeletal age is delayed for 
age and sex. It may be considered that the typical child with CDGP has a delay of 
“biologic age” compared with chronologic age. Whether or not delay is apparent dur-
ing prepubertal years, patients with CDP have a delayed growth spurt (Fig.  11.1 ). This 
delayed growth acceleration may also not reach the maximum rate of typically 
puberty. Since patients continue to grow—albeit at a slow rate—until the growth spurt 
begins, it is often diffi cult to ascertain whether adult height has been compromised.

   A positive family history of CDP is often present among same-sex relatives, i.e., 
fathers or uncles of boys and mothers or grandmothers of girls. Fifty to eighty percent 
of patients with CDGP have a positive family history [ 19 ,  20 ]. A recent assessment 
of families of 492 Finnish subjects [ 20 ] with CDGP (based upon delay of pubertal 
growth spurt) confi rmed the heritability of CDGP but found only a slightly higher 
prevalence in male fi rst-degree relatives over that seen in female relatives challenging 
the traditional view of a marked predominance of CDGP among males. Such cluster-
ing in families suggests a pattern consistent with autosomal dominant inheritance. 
While the onset and progression of puberty normally vary in a population over a 
number of years, the inclusion of CDGP as a variant of normal growth results in a 
signifi cant skewing of the normal  Gaussian distribution of puberty      in males. 

 The numerous changes within the neural systems that regulate GnRH synthesis 
and puberty are impacted by metabolic factors related to body size and composition 
[ 21 ] and psychological, social, and other unknown factors. The relationship of obe-
sity and puberty onset is unclear. When delayed puberty occurs in obese boys, the 
association of linear growth pattern is not that typically found in CDGP and tends 
to show a greater height for age, less delay of bone age, as well as taller stature for 
bone age [ 22 ]. Predicted heights are greater than midparental height in contrast to 
normal-weight boys with delayed puberty who typically have predicted adult 
heights within or below midparental height ranges. Hence, the relatively taller stat-
ure among obese boys is not associated with foreshortened adult height suggesting 
a different etiology of delayed puberty than the “typical” CDGP [ 23 ]. 

 The diagnostic category of  familial short stature (FSS)   should be considered 
when assessing CDGP since fi ndings also include diminishing height for age, slow 
growth rates, and skeletal age delay. While FSS involves adult family members with 
stature below the normal range, fi ndings overlap at presentation of FSS and CDGP 
[ 24 ]. Among patients presenting with CDGP, 40 % have been reported to have short 
family members suggesting familial short stature [ 25 ]. Such is not surprising since 
both are descriptive categories with multiple etiologies related to numerous factors 
including multiple genes.  
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  Fig. 11.2    Typical growth chart for a boy with CDGP showing low normal growth rates during 
childhood with deviation from the normal range at the typical age of puberty and later adolescent 
growth spurt of lesser magnitude than the average boy       
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       Physical Observations 

 A common clinical criterion for the diagnosis of CDP among boys is the lack of 
evidence of the physical onset of puberty by age 14 years. The fi rst evidence is an 
increase in testicular volume (greater than 4 mL. or a long axis greater than 
2.5–3 cm.) in boys. Among girls, the fi rst physical evidence is the onset of breast 
development (clear evidence of growth of mammary tissue); delay is commonly 
diagnosed if not present by 13 years of age. Onset should be followed by the timely 
attainment of pubertal milestones, including accelerated growth rates typical of sex. 
Growth rates for stage of puberty are informative, including the period of decelera-
tion of growth rate in late childhood, since with CDP there may be a prolongation 
of this interval of slow growth rate. Upper-lower body proportions with relatively 
longer limbs, a fi nding characteristic of hypogonadal individuals, have been noted 
in  CDGP  ; this suggests a prolonged duration of the childhood growth phase. In boys 
with CDP, the duration of the interval between the onset of puberty and the pubertal 
growth spurt is shortened as the duration of growth acceleration leading to an atten-
uation of the peak growth velocity. Those who have a height defi cit early in child-
hood, typically described as CDGP, have a less favorable adult height prognosis 
than those who develop this defi cit late in childhood [ 26 ]. 

 Estimation of testicular volume when a boy presents with the complaint of 
delayed puberty is crucial. Testicular growth, as the fi rst physical evidence of the 
onset of puberty in boys, is often evident at the time of presentation with the com-
plaint of delayed puberty. Evidence of testicular growth suggests CDP rather than 
hypogonadism because this is an indication that puberty has begun. Among those 
with testicular volume at presentation of greater than 4 mL, at least 95 % have been 
found to have CDP, while among those with volume <4 mL, the likelihood of HH is 
much greater (40 % of series presenting with delayed puberty; all have been shown 
to have HH) [ 27 ]. 

 A pubertal nomogram has recently been published for Danish boys classifying 
CDP using a puberty nomogram (genital stage < −2 SD for age) rather than the clas-
sical criteria (genital stage 1 at ≥ 14 years) [ 28 ]. In this study, results from 287 boys 
found that 78 (27 %) had delayed pubertal onset according to the classical criteria, 
whereas 173 (60 %) had impaired pubertal progression according to the puberty 
nomogram. These results suggest the CDP may be more even frequent when rates 
of progression are considered or that standards for  progression   are too narrow.  

       Laboratory Assessment 

 A reasonable approach to the boy presenting with pubertal delay would include 
determination of a random, preferably morning, testosterone level paired with an 
LH level. FSH often adds little additional information, except when abnormally 
high levels, indicative of gonadal failure, are noted. Anti-Müllerian hormone 
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(AMH) and inhibin B levels are higher among boys with CDP than 
HH. Values > 100 pmol/L and >35 pg/mL suggest CDP [ 29 ,  30 ]. While CDP among 
girls has not been studied extensively, a similar approach is appropriate, substituting 
a sensitive estradiol assay for testosterone. In addition, screening to rule out a func-
tional cause of pubertal delay should be done based on history and physical fi nd-
ings. A skeletal age determination is also pertinent to determine biologic delay and 
estimate growth potential. Care for the patient with a tentative diagnosis of CDP 
involves follow-up to determine endogenous HPG axis function. 

 Virtually all presenting with the complaint of delayed puberty who have basal 
morning serum concentration of testosterone (T) of >1.7 nmol/L (48 ng/dL) have 
CDP, while if T is <1.7, 45 % had CDP with the rest having HH [ 26 ]. 

 Over recent decades there have been reports of different endocrine tests to dif-
ferentiate CDGP from HH at the time of presentation. A meta-analysis of publica-
tions concluded that basal and GnRH analog stimulated gonadotropin levels have 
limited diagnostic specifi city because of overlap of values for these two diagnoses 
during adolescence [ 31 ]. Stimulation tests with GnRH agonists or hCG may have 
better discrimination, but they involve prolonged protocols, while an inhibin B level 
may provide good differentiation. A summary of  differentiation   criteria is discussed 
below comparing criteria for CDP vs. those of HH with some specifi city and sensi-
tivity data:

    1.    Testicular volume > vs. <4 mL [ 27 ]   
   2.    Basal T > vs. <1.7 nmol/L (48 ng/dL) [ 27 ]   
   3.    Basal LH <0.3 IU/L— 88 % specifi city and 100 % sensitivity for HH  [ 32 ]   
   4.    AMH > 110 vs. <110 pmol/L [ 30 ]   
   5.     Inhibin B  

    (a)    >35 vs. <35 pg/mL [ 29 ]   
   (b)    <111 pg/mL— 92 % specifi city and 100 % sensitivity for HH  [ 32 ]    

      6.     Testosterone response to hCG  

    (a)    1500 U ×3 every other day T > vs. <8 nmol/L (230 ng/dL) [ 33 ]   
   (b)    Three days of hCG T > vs. <9 nmol/L (260 ng/dL) [ 26 ]   
   (c)    Seven days post hCG every other day T > vs. <8 nmol/L [ 30 ]   
   (d)    24 hours after IM dosage of 15 mg/kg T > vs. <6 nmol/L [ 34 ]    

      7.    LH after GnRH

    (a)    Nafarelin 0.1 mg/m 2 —LH increment > 4.6 U/L vs. <increment < 2 U/L [ 35 ]   
   (b)    Three hour post triptorelin 0.1 mg/m 2  LH > vs. < 14 U/L [ 33 ]   
   (c)    Four hour post triptorelin 0.1 mg— 100% specifi city and sensitivity for HH  

[ 32 ]   
   (d)    Four hour post decapeptyl (0.1 mg/m 2  LH > vs. < 8 U/L [ 31 ]   
   (e)    Post low dose—10 mcg GnRH IV ++response vs. no response [ 36 ]       

   8.    Combination of basal LH < 0.3 IU/L + inhibin B < 111 pg/mL— specifi city 98 % 
for HH  [ 32 ]    
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  Because there is overlap of the prepubertal  hypothalamic-pituitary-gonadal func-
tion   in those with normal versus compromised hypothalamic-pituitary function, 
none of these tests clearly distinguish between CDP and HH. This may in part be 
explained by the current recent understanding that some instances of CDP may 
represent a partial gonadotropin defi ciency in spite of later evidence of functioning 
HPG axis, albeit at a borderline or lower level.  

    Treatment 

 Short-term treatment of females with estrogen and males with testosterone may be 
diagnostic as well as therapeutic since not only should physical changes of puberty 
be stimulated, but also reassessment after a period of therapy may indicate that 
endogenous pubertal hormone secretion has begun. While there are more data for 
males, because of the higher frequency of CDP among boys, similar therapy among 
girls for whom other causes of pubertal delay have been ruled out is reasonable. It 
is pertinent that dosages of estrogen are low so that pubertal changes and particu-
larly skeletal maturity is not stimulated to mature at a faster rate than concomitant 
statural growth. For CDP, treatment is given for short intervals, commonly of 3–6 
months duration, followed by interruptions for at least 6–8 weeks so endogenous 
hormonal secretion, and testicular enlargement in males, can be assessed. 

 For girls, estrogen therapy is given using the lowest available dosages orally or 
transdermally. Some forms of patches can be cut and are used by some. Ethinyl 
estradiol should be avoided. For boys, treatment commonly involves depot T for 
several months. While it can be argued that the topical (transdermal) forms of tes-
tosterone therapy can be prescribed to more closely mimic the gradual rise of levels 
found in spontaneous puberty, such have generally not been popular among boys 
and offer no long-term advantage for those with CDP. However, adjusting dosages 
for those who require long-term therapy is a general practice. Depot testosterone 
injections are practical and effective, with the goal of therapy being to induce physi-
cal changes of puberty and accelerated growth without inappropriate advance of 
skeletal age. Overall, as long as initial dosages are low to moderate, results are sat-
isfactory. Typically it is unnecessary to monitor T levels during therapy, but if levels 
are measured, it is important to realize that levels rise progressively over the fi rst 
5–7 days after injection and decline thereafter. A reasonable initial dosage would be 
25–50 mg every month for the patient who has very low circulating testosterone 
levels (<30 ng/dL, 1 nmol/L), while 50–75 mg can be used for those whose 
 pretreatment testosterone levels are somewhat higher. If a second course is needed, 
the dosage can be increased to 100–150 mg every 4 weeks. Since this therapy is a 
diagnostic and therapeutic trial, there is no need to develop a long-term plan with 
gradual increases of dosage unless there is evidence of permanent hypogonadism. 

 While the impact of short-term androgen in boys on inducing maturation of hypotha-
lamic-pituitary axis is unclear [ 37 ], if endogenous testosterone 6 weeks later is within the 
pubertal range, interval maturation of the axis is suggested. During the same interval, 
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testicular volume increase also confi rms progression of endogenous secretion [ 38 ], since 
testosterone without  gonadotropins   (particularly FSH) has minimal impact on testicular 
growth. Some CDP patients require repeated short-term treatment courses before there 
is evidence of maturation of the HPG axis [ 39 ]. Ongoing monitoring is important. 

 Since eventual endogenous secretion is expected with CDP (as with the boy with 
early increase in testicular volume), the option of interval hormonal therapy should 
be discussed with the patient and parents. It should be made clear that normal but 
late development is expected, and the therapy is to avoid further delay in physical 
pubertal changes and growth. Because there is long-term experience with such ther-
apy without long-term negative effects, it is reasonable to explain the presumed 
diagnosis to the patient and parents and give them treatment options to begin the 
changes, rather than wait until they happen. In the majority of such situations, 
patients chose therapy in order to begin growth and maturation. 

 Treatment is considered because delay may be prolonged with psychosocial 
problems, as well as a shorter adult height than target ( sex-corrected midparental  ) 
heights and decreased BMD, and perhaps affect fertility. The psychosocial prob-
lems may involve feelings of incompetence, vulnerability, poor self-esteem, less 
participation in athletic activities, social isolation, impaired academic performance, 
substance abuse, and disruptive behavior [ 40 ]. 

 If there is severe short stature or evidence of partial hypogonadism, other thera-
peutic regimens may be considered. Treatments that have been used include oxan-
drolone (which has primarily been used for the prepubertal-aged boys with short 
stature in an attempt to increase growth rate without inappropriate skeletal age 
advance),  aromatase inhibitors   (used concomitantly with testosterone therapy or 
alone for the older adolescent boys in an attempt to delay epiphyseal closure by 
lowering estradiol levels allowing for more time for growth),  dihydrotestosterone 
levels   (to stimulate pubertal changes since this is a substrate that is not aromatized 
to estradiol, so there is diminished stimulation of skeletal maturation), and growth 
hormone (GH) (used in an attempt to increase adult height, sometimes begun in the 
short prepubertal boy at the usual age of puberty before  testosterone therapy  ). 

 It is, in fact, diffi cult to differentiate patients with CDP from those with mild GH 
defi ciency based upon responses to  GH stimulation testing  . Because of the high vari-
ability seen in GH stimulation testing in normal patients and because patients present-
ing with CDP and mild GH defi ciency frequently later demonstrate normal responses 
to GH stimulation after puberty, the diagnosis of mild GH defi ciency in patients with 
CDP should be questioned. When GH stimulation testing is undertaken in pubertal 
aged children with CDP, it has been suggested that sex steroid priming be undertaken to 
improve the validity of testing by giving 25 mg testosterone 7–10 days before testing in 
boys or by using 1.25 mg of conjugated estrogen once daily for 3 days in girls. However, 
recent evidence fails to show that this method provides better evidence for the diagnosis 
of GH defi ciency [ 41 ]. It is generally felt that consideration of GH therapy should be 
considered only for those patients whose heights are below −2.5 SD for age with pre-
dicted adult heights (based upon skeletal age) and height less than the normal adult 
range. If GH testing in such patients is consistent with GH defi ciency,  GH therapy   can 
be initiated before or concomitant with sex steroid therapy with careful monitoring.  
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    Summary 

 Constitutional delayed puberty continues to be a diagnosis of exclusion, requiring 
suffi cient time for endogenous pubertal physiology to manifest itself. While tradi-
tionally viewed as a variant of normal growth, developing evidence suggests that a 
portion of this population may not achieve normal postpubertal status. Such evi-
dence includes foreshortened adult height, diminished BMD, and adult reproductive 
function that may be less than the general population. While the later is diffi cult to 
document because of the wide range of variation of sexual function and fertility 
among adults, careful assessment suggests mild hypogonadism and subfertility in 
some patients previously diagnosed with CDP. Molecular genetic studies suggest 
that this may be related to genetic defects resulting in later or slower onset of puberty 
with outcome function at or below the range of normal. In the meantime, while 
further information is being learned, the diagnosis and treatment of these patients 
continues unchanged. This involves temporary androgen therapy as desired until 
onset of endogenous physiologic function with further assessment only if hormone 
levels are inadequate or infertility is apparent.     
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    Chapter 12   
 Pubertal Dysfunction: A Disorder of GnRH 
Pulsatility                     

     Lauren     C.     Passby     ,     Kavitha     Rozario     , and     Jyothis     T.     George   

       Timely upregulation of gonadotropin-releasing hormone (GnRH) pulsatility is the 
fundamental  neuroendocrine process   underpinning puberty. GnRH is released from 
a population of approximately 1500 sparse and widely distributed hypothalamic 
neurons located predominantly in the median eminence of the hypothalamus. Input 
from  rostral periventricular area of the third ventricle (RP3V)   neurons controls 
GnRH secretion from nerve terminals into the hypophyseal portal circulation, which 
delivers the hormone to its cognate receptor located on the gonadotrope cells of the 
anterior pituitary. Binding of GnRH to its receptor stimulates the synthesis and 
release of  luteinising hormone (LH)   and  follicle-stimulating hormone (FSH)     , which 
in turn regulate sex hormones from the gonads. 

    The ‘ Mini-Puberty     ’ 

 In the fi rst and second postnatal weeks, the GnRH pulse generator is disinhibited, 
resulting in the ‘mini-puberty’ of infancy. In males, this peaks between weeks 4–10 
postnatally and is predominantly LH driven, before becoming quiescent by 6 
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months. In females, this mini-puberty is longer, with GnRH secretion remaining 
active for up to 3 years. 

 In males, this mini-puberty is thought to facilitate expansion of the Sertoli cell 
population, with a subsequent increase in germ cell numbers. Exposure to sex 
steroids during this period potentially has important immediate and future devel-
opmental consequences, such as in phallic development and testicular descent—
microphallus/micropenis and cryptorchidism are biological sequelae in which this 
brief window of gonadal axis activation is defective (as in isolated GnRH defi -
ciency). Following the end of this mini-puberty, childhood is a period of repro-
ductive quiescence, wherein there are very low amplitude secretions of GnRH, 
gonadotropins and sex steroids.  

     Puberty   

 The commencement of puberty is controlled by reactivation of the pulsatile release of 
GnRH. The onset of puberty is characterised in boys by testicular enlargement, penile 
growth and the development of pubic hair, typically occurring between the ages of 9 
and 14. In girls, puberty usually takes place between the ages of 8 and 13 and begins 
with thelarche—breast bud development, pubic hair growth and menarche. 

 This reawakening of the  hypothalamic-pituitary-gonadal (HPG)   axis heralds the 
start of puberty, though the precise genetic basis of the onset of this pulsatile GnRH 
release remains one of human biology’s greatest mysteries. The prismatic model of 
human GnRH defi ciency presents an opportunity to unravel molecular mechanisms 
and to better understand the arousal of the GnRH pulse generator that signals 
puberty. The study of individuals with GnRH defi ciency has made it possible to 
untangle some components of the neuroendocrine network, generating improved 
understanding of the ontogeny of GnRH-releasing hypothalamic  neurons   (Fig.  12.1 ).

   GnRH defi ciency has numerous genetic causes and, correspondingly, numerous 
possible phenotypes. Functionally, GnRH  defi ciency   can be classifi ed into three 
categories, which are discussed below.  

    Upstream Inhibition of GnRH  Release   

 Mutations affecting the one or several of the upstream regulatory pathways of 
GnRH can result in hypogonadotropic hypogonadism. 

 Linkage analysis of consanguineous families facilitated the discovery of muta-
tions in GPR54 [ 1 ] (now known as KISS1R), a G protein-coupled receptor, and its 
endogenous ligands: kisspeptins. Kisspeptins stimulate gonadotropin release from 
hypothalamic neurons, thereby functioning as upstream gatekeepers to GnRH 
release. Defects in this pathway can thus result in GnRH defi ciency. A number of 
mutations in the  KISS1R  gene have been reported in individuals with  normosmic 
idiopathic hypogonadotropic hypogonadism (nIHH)   [ 2 ]. 
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 Mutations in  KISS1  (the gene encoding kisspeptin) have been reported in indi-
viduals with a functional GnRH defi ciency, though mutations have also been found 
in control populations in whom there is no evidence of pubertal failure (suggesting 
a role for other genes in contributing to the GnRH-defi cient phenotype) [ 3 ].  KISS1/
KISS1R  mutations represent less than 5 % of cases of GnRH defi ciency, possibly 
refl ecting the evolutionary importance of this pathway in initiating reproductive 
capacity. 

 Further study of consanguineous families with nIHH led to the discovery of 
mutations in the gene encoding neurokinin B ( TAC3 ) and its receptor ( TAC3R ) [ 4 ]. 
Male individuals with such mutations typically have a micropenis and fail to 
undergo puberty, implicating a role for neurokinin B signalling in the ‘mini-puberty’ 
of infancy as well as the initiation of puberty at adolescence. There is some evidence 
of HPG axis functional recovery during adulthood in nIHH patients with  TAC3/
TAC3R  mutations [ 5 ], suggesting that the primary role for this pathway is during 
the neonatal period and puberty, with a reduced dependence upon this pathway in 
adulthood. 

 Adult-onset inhibition of GnRH secretion can also be seen in individuals with 
 hypothalamic amenorrhoea (HA)  . This is a functionally reversible defi ciency occur-
ring in otherwise normal females, which is precipitated by stress, undernutrition 

  Fig. 12.1     Functional categorisation   of defective pubertal development       
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and/or over-exercise in females. Upon removal of the precipitant, GnRH secretion 
is resumed, and periods are restored. Whilst the role of the above-mentioned envi-
ronmental factors on HA is well documented, recent studies have also advocated a 
role for an underlying genetic susceptibility in this mildest form of functional GnRH 
defi ciency [ 6 ].  

    Defective GnRH  Neuron Development   

  KAL1  was the fi rst human gene to be identifi ed in patients with  Kallmann syndrome 
(KS)  —a syndrome of hypogonadotropic hypogonadism with anosmia [ 7 ,  8 ]. The 
 KAL1  gene comprises 14 exons, which produce glycoprotein anosmin-1. Anosmin-1 
is required for the formation of the olfactory guidance platform that facilitates 
GnRH-secreting neuronal migration embryologically.  Anosmin-1   plays a key role 
in axonal elongation of the intracerebral olfactory tract, as well as in attracting 
olfactory axons towards the forebrain. There is subsequent migration of GnRH neu-
rons along this tract. This explains how a lack of Anosmin-1 in KS patients carrying 
 KAL1  deletions or mutations results in a loss of this trajectory and a failure for 
GnRH neurons to reach the hypothalamus. Deletions and mutations in  KAL1  
account for 10–14 % of familial KS and 8–11 % of sporadic KS [ 9 ]. 

 Some patients with KS and nIHH have been found to have loss-of-function 
mutations in fi broblast growth factor receptor 1 ( FGFR1  or  KAL2 ) [ 10 ]. There is 
variation in the specifi c effects that different mutations have some impair expression 
of the  receptor  , whereas others impair the ligand-receptor interaction. Mutations in 
 FGFR1  account for up to 10 % of cases of both KS and nIHH. 

 Following identifi cation of mutations in  FGFR1 , subsequent mutations in the 
ligands for this receptor have been found in patients with KS/nIHH.  Fibroblast 
growth factor 8 (FGF8)   binds FGFR1, and decreased FGF8 signalling has been 
shown to cause a defi ciency of GnRH in humans and mice [ 11 ], with mutations in 
 FGF8  being found in patients with GnRH defi ciency. FGFR1 is also known to be 
associated with anosmin-1, offering further evidence of the oligogenic nature of 
GnRH defi ciency. 

 In mice,  NELF  (nasal embryonic LHRH factor)    encodes a guidance molecule 
which has been shown to be associated with the guidance of olfactory and GnRH 
neuronal axons [ 12 ]. A unique rare sequence variant in  NELF  has been reported in 
human GnRH defi ciency, though the biology of  NELF  remains unclear [ 13 ]. Given 
the role that this gene plays in mice, there is reason to believe that alterations in gene 
may contribute to GnRH defi ciency in humans. 

 Another  gene PROK2  and its receptor PROKR2 are known regulators of the 
GnRH system, and loss-of-function mutations have been found in  PROK2  and 
 PROKR2  in individuals with KS/nIHH [ 14 ]. As with  FGF8/FGFR1  mutations, 
there is considerable phenotypic heterogeneity, and variable penetrance, further 
suggesting oligogenicity to underlie GnRH defi ciency.  
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    Defective  GnRH Signalling   

 Mutations affecting GnRH signalling—either its production or its actions at its 
receptor—can also result in  KS/nIHH  . 

  GNRH1  is located on chromosome 8 and encodes the preprohormone that is 
sequentially processed to produce GnRH. The  mouse hypogonadal (hpg) model   
carries a homozygous deletion of  GNRH1  and has hypogonadotropic hypogonad-
ism. Supporting a role for pulsatile GnRH release in the ‘mini-puberty’ of early 
infancy, male patients with homozygous frameshift  GNRH1  mutations have micro-
phallus [ 15 ]. Individuals carrying heterozygous mutations have also been reported, 
in whom there is phenotypic heterogeneity [ 16 ]. The presence of a GnRH-defi cient 
phenotype in these individuals may be dependent upon the synergistic action of 
other rare variant alleles (oligogenicity) that, when present together, result in a 
hypogonadotropic hypogonadal phenotype. 

 Mutations in  GNRHR,  the gene encoding the receptor of GnRH, were fi rst docu-
mented in patients with nIHH [ 17 ]. The effects of these mutations range from a 
reduction in ligand affi nity to impairment of downstream signal transduction. 
 GNRHR  mutations account for up to 40 % of familial cases of nIHH and around 
17 % of sporadic cases [ 18 ]. Reproductive symptoms are heterogeneous implicating 
oligogenicity underlying the pathology, as well as implicating a role for epigenetic 
changes in response to environmental factors.  

    Rationale for Genetic Underpinning of Puberty Timing 

    A Role for Genetics in  Pubertal Timing   

 Timing of pubertal onset is a normally distributed trait. Other complex traits, such as 
height, show similar distributions and are known to be genetically infl uenced—
which makes it likely that pubertal timing is heritable. Furthermore, several genes 
that play a role in puberty have been identifi ed in individuals with pubertal disorders, 
suggesting that there is a strong genetic infl uence in determining pubertal timing. 

 Mothers and daughters tend to be of a similar age at time of menarche (which, 
whilst not the fi rst indication of the onset of puberty, is a clear milestone in female 
development), despite there being a regression towards the mean in daughters 
(potentially due to the combined effects of genetics and important environmental 
infl uences). 

 Whilst the pedigrees of  families   carrying mutations that result in GnRH-defi cient 
phenotypes are characteristically and expectedly small, studies of families situated at 
the other end of the pubertal-timing normal distribution curve—those with  central 
precocious puberty (CPP)  —have shown evidence for familial inheritance of the con-
dition, thus a clear role for genetics in determining the precocious onset of puberty.  
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    A Role for Environmental Factors in  Pubertal Timing   

 Studies in migrant children have shown an increased incidence of CPP in girls 
migrating for foreign adoption in several Western European countries [ 19 ]. This 
mirrors a secular trend seen in the USA, where the age of menarche decreased from 
17 in the mid-nineteenth century to less than 14 by the mid-twentieth century. This 
occurred in response to improved living conditions, smaller family sizes, decreased 
infectious disease and better nutrition and may offer the explanation to the observed 
phenomenon in migrant children. 

 Precocity in migrant children may be linked to improved nutrition and catch up 
growth priming maturation for puberty, though CPP is also seen in some non- 
deprived migrating children. Comparison of CPP in adopted migrating children and 
non-adopted migrating children (who migrated with their families) showed similar 
increased frequencies of precocity, suggesting that factors related to migration 
itself—such as removal of stressful former living conditions or nutritional changes—
may be related to precocity. Geographical factors such as altitude, temperature, 
humidity and lighting levels are known to impact upon various neuronal networks 
and may similarly feed in to disrupt the neuroendocrine axis that triggers the initia-
tion of puberty. A role for psychological factors also cannot be excluded, though it 
is diffi cult to quantify the effects of any of the stresses (both psychological and 
physical) encountered in these chronic situations. 

  Intrauterine growth retardation (IUGR)   is known to have several effects on 
development throughout later life, so it is possible that this may also impact upon 
pubertal timing. Whilst it is convenient to postulate that many of the adopted chil-
dren may have experienced IUGR due to being conceived in nutrient-deprived 
areas, there is a dearth of data to support such claims. 

 The study of migrant children permits for environmental and peripheral  signals  , 
which otherwise play minor modulatory roles in the timing of pubertal onset, to be 
studied in specifi c situations wherein their effects may play a crucial role in the 
onset of puberty. Though focused upon CPP, it is easy to see how nutrition and the 
environment can have important effects on the timing of puberty, alongside the 
actions of genes.  

    Conclusion 

 Studies into the timing of menarche, and twin studies, offer strong evidence for a 
genetic input into pubertal timing and provide further support for the claim that 
50–80 % of the variation in pubertal onset can be attributed to genetic infl uence. 
At the same time, migration studies in populations in whom genetics remain 
unchanged have shown marked environmental effects upon the timing of puberty, 
which should not be underappreciated when investigating individuals with 
 pubertal delay.   
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    Genetics of Pubertal Delay 

 Pubertal delay arises when there is a delay in the reawakening of GnRH secretion. 
The most severe form of this is a total absence of GnRH secretion from the mini- 
puberty of infancy (resulting in  micropenis/cryptorchidism  ) as well as a failure to 
spontaneously commence puberty. There is, however, a phenotypic spectrum of 
GnRH defi ciency, resulting in heterogeneity in the signs and symptoms that indi-
viduals may present with. Baseline clinical presentations may vary in both sexes 
with respect to the presence or absence of anosmia; the degree, severity and timing 
of reproductive defects; patterns of endogenous GnRH secretion; and critical pres-
ence or absence of other, nonreproductive defects. 

 Constitutional delay of puberty ( CDP)      is the mildest defect in GnRH secretion 
and is defi ned as the failure to initiate puberty beyond 2SDs of the population mean 
age. Individuals spontaneously enter puberty eventually and characteristically 
remain reproductively normal thereafter. This phenotypic ‘recovery’ is in contrast 
to individuals with more complete forms of GnRH defi ciency, in which there is a 
failure to initiate or complete puberty, resulting in either  Kallmann syndrome (KS)   
or  normosmic idiopathic hypogonadotropic hypogonadism (nIHH)  . 

 Kallmann syndrome describes isolated GnRH defi ciency accompanied with 
anosmia (lack of sense of smell), whereas nIHH describes normosmic idiopathic 
hypogonadotropic hypogonadism, in which the sense of smell is preserved. 

  Adult-onset idiopathic hypogonadotropic hypogonadism   describes a cessation of 
GnRH secretion following the completion of sexual development and puberty and 
typically responds to exogenous GnRH administration—demonstrating the hypo-
thalamic nature of the defect. The defect in adult-onset idiopathic hypogonado-
tropic hypogonadism has been shown to be permanent, in contrast to the reversibility 
of  hypothalamic amenorrhoea (HA)  . 

  HA   represents a functional reversible defi ciency that occurs in otherwise normal 
adult females and is the most common reproductive defi ciency. Defects in GnRH 
secretion are precipitated by stress, undernutrition and/or over-exercise in females 
who otherwise underwent normal sexual and pubertal development, with complete 
recovery upon removal of the precipitant. 

  Nonreproductive features   may also be present in patients presenting with puber-
tal delay or failure, which may serve to provide clues as to the underlying genetic 
defect. Well-described associations include:

•    Craniofacial defects (cleft lip/palate, high arched palate, coloboma, choanal atresia)  
•   Renal agenesis, horseshoe kidney and GU duplications (e.g. bifi d ureter)  
•    Skeletal defects  

 –    Digital anomalies (short fourth metacarpals, campylodactyly, syndactyly, 
clinodactyly)  

 –   Scoliosis     

•   Sensorineural deafness  
•   Dental agenesis  
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•   Oculomotor abnormalities  
•   Bimanual synkinesis  
•   Cerebellar ataxia    

 The diversity in the nonreproductive features that may accompany GnRH defi -
ciency is important to recognise, and detailed phenotyping of such patients is impor-
tant in the targeting of  genetic testing  . 

 Given the diversity in the phenotypes seen in individuals with  GnRH defi ciency  , 
it is clear that numerous genetic defects can contribute towards GnRH defi ciency. 
Due to the variable degree of infertility that GnRH defi ciency impacts upon individu-
als, most patients with GnRH defi ciency present with sporadic genetic mutations. 
The genetic basis for 40–50 % of cases of GnRH defi ciency is now known, though 
each of the genes identifi ed individually account for a small percentage of cases. 
The genes found are involved in various functions and have been described above.

•    Genes affecting GnRH development and migration ( KAL1, NELF)   
•   Neuroendocrine genes ( GNRH1, GNRHR, KISS1, KISS1R, TAC3, TACR3 )  
•   Genes with neurodevelopment  and  neuroendocrine functions ( FGF8, FGFR1, 

PROK2, PROKR2 ) (Fig.  12.2 )

      What remains unclear with the as yet-undiscovered genes is whether they will 
map on to already-known pathways of GnRH neuronal development and function or 
whether entirely novel pathways will be uncovered. 

    Making Use of  Phenotypic Clues   

 Phenotypic clues can give hints to the specifi c underlying genetic mutations in con-
ditions such as nIHH/KS. The incomplete penetrance of many of the identifi ed 
genes involved in KS and nIHH emphasises the need to detect underlying genetic 
anomalies when offering genetic counselling to families, and use of specifi c pheno-
typic clues can be a cost-effective means of directing this process. When penetrant, 
there is a tendency for mutations in genes that are responsible for early embryonic 
development to manifest as KS (e.g.  KAL1 ,  FGF8 ,  FGFR1 ,  NELF ,  CHD7 ,  PROK2  
and  PROKR2 ), whereas genes controlling GnRH and its actions in puberty (e.g. 
 KISS1, KISS1R, GnRH1, GnRHR, TAC3,  and  TAC3R ) tend to present as 
nIHH. Furthermore, there are complex syndromic presentations of GnRH defi -
ciency that are associated with particularly genes, such as  LEP/LEPR  (leptin and 
leptin receptor, respectively, giving nIHH associated with severe obesity) and  CHD7  
(chromodomain-helicase-DNA-binding protein 7, associated with CHARGE syn-
drome), highlighting how the genetic heterogeneity underlying GnRH defi ciency 
manifests in a similar heterogeneous fashion. 

  Leptin ( LEP )   and signalling through its receptor ( LEPR ) are known to play a key 
role in stimulating GnRH release from the hypothalamus. Leptin is a hormone 
 produced by adipose tissue that infl uences the HPA axis and its downstream effects 
on satiety and energy expenditure. Mutations in the leptin gene result in early obesity, 
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whilst individuals with mutations in the leptin receptor exhibit this early onset obe-
sity as well as a failure of pubertal development [ 20 ]. This refl ects a widespread 
reduction in pituitary function, which extends to reduced growth hormone and thyro-
tropin secretion, generating a distinct clinical picture for this cause of nIHH. 

 Mutations in   DAX1    have been found in patients with X-linked adrenal hypopla-
sia congenital (AHC) and nIHH [ 21 ].  DAX1  encodes an orphan nuclear receptor that 
is expressed in the adrenal cortex, gonads, hypothalamus and anterior pituitary. 
Whilst the adrenal failure is clinically apparent at or shortly after birth, the hypogo-
nadotropic hypogonadism of this X-linked form of AHC is often not recognised 
until the expected time of puberty. Mouse studies and case reports have further 
indicated that  DAX1  plays a role in spermatogenesis, adding further clues that can 
be investigated when trying to determine the genetic basis of a case of nIHH. 
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  Fig. 12.2    Genetic causes of isolated  GnRH defi ciency  : a historical perspective. Genetic aetiology 
of isolated GnRH defi ciency with relative percentage contribution from each identifi ed gene to the 
heritability of the syndrome from 1995 to 2011. From only two genes that were known in 1995, the 
number of genes discovered in subjects with isolated GnRH defi ciency has steadily increased 
through 1995–2011. In 2011, the genetic cause of a nearly half of the subjects is known, whilst in 
the remaining half, the genes are yet to be identifi ed (Data from the Harvard Reproductive 
Endocrine Sciences Center, Massachusetts General Hospital, Boston, MA) (Reprinted from 
Balasubramanian R, Crowley WF. Isolated GnRH defi ciency: A disease model serving as a unique 
prism into the systems biology of the GnRH neuronal network. Molecular and Cellular 
Endocrinology 2011; 346(1–2): 4–12. With permission from Elsevier)       

 

12 Pubertal Dysfunction: A Disorder of GnRH Pulsatility



178

  SOX10   is a transcription factor in which mutations are associated with  Waardenburg 
syndrome (WS)  . WS is a rare disorder characterised by pigmentation and deafness, 
though may also include olfactory agenesis. Loss-of-function mutations of SOX10 
have been found in approximately one third of individuals with Kallmann syndrome 
with deafness, indicating a clear role for this gene in this particular phenotype [ 22 ]. In 
patients presenting with Kallmann syndrome and deafness, there is thus the rationale 
to look for genetic mutations on and around the region of the  SOX10  gene. 

 A relationship between   FGFR1  mutations   and  split hand/foot malformation 
(SHFM)   has also been in a small patient sample [ 23 ]. A particular mutation in the 
receptor was found to be associated with GnRH defi ciency and SHFM in patients 
with CHH both Kallmann Syndrome (KS) and Normosmic Idiopathic 
Hypogonadotropic Hypogonadism (niHH) seven out of eight patients described car-
ried a mutation in  FGFR1. FGFR1  mutations account for around 10 % of all cases 
of CHH, though in the patients sampled in this study, this increased to 88 % of cases 
of CHH where SHFM was also seen, suggesting that this phenotypic clue can be 
informative in identifying the underlying genetic cause of the CHH. 

  PROK2   and its receptor PROKR2 are known regulators of the GnRH system, as 
discussed above, and mutations in these genes are known to result in KS [ 14 ]. Study 
of families carrying mutations in PROK2 or PROKR2 show intriguing pedigrees, 
with some homozygous individuals having KS and others having nIHH. The proki-
neticin 2 pathway is known to play a role in olfactory bulb neurogenesis, so the KS 
phenotype is expected. The nIHH phenotype, however, indicates a further role for 
this pathway in regulation of either GnRH synthesis, secretion and/or action. Family 
members carrying identical mutations can, however, show a wide spectrum of 
reproductive and nonreproductive phenotypes, suggesting a role for oligogenicity in 
the manifestation of their condition. These individuals highlight the potential pit-
falls of relying upon phenotypic clues to direct the search for a genetic diagnosis.  

     Monogenicity vs. Oligogenicity   

 Some of the genes identifi ed as playing a role in GnRH defi ciency are thought to be 
dominant, and pedigrees show full penetration of the reproductive and olfactory 
phenotypes (e.g. in males with  KAL1  mutations). Likewise, individuals with homo-
zygous mutations in several genes known to play a role in GnRH defi ciency have a 
concordance of reproductive and nonreproductive phenotypes (e.g. in  GNRH1, 
RnRHR, TAC3, TAC3R, PROK2, PROKR2, KISS1R  mutations). 

 In documented pedigrees where the mutation is heterozygous, however, there is 
often considerable phenotypic variability amongst family members in whom the 
mutant allele is identical (seen in  FGFR1, FGF8, PROK2, PROKR2  and  GNRHR  
mutations). Oligogenicity is the phenomenon in which two individually rare genetic 
variants synergise, or act in a concerted fashion, resulting in the pathogenic phenotype. 
So, in the case of GnRH defi ciency and phenotypic variability, some family members 
inherit the mutated gene associated with GnRH defi ciency, as well as mutated forms 
of as-yet unidentifi ed genes, which synergise to give the GnRH defi ciency phenotype. 
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Other family members will inherit only one of the genes required to act in syner-
gism to produce the phenotype, thus will be phenotypically normal. Large studies of 
400 GnRH-defi cient families have shown that digenicity occurs in almost a quarter 
of all those in whom rare sequence variants could be identifi ed [ 9 ]. The prevalence 
of oligogenicity in patients with GnRH defi ciency is known to be at least 15 %, and 
this is likely to increase when the genetic causes of GnRH defi ciency are better 
understood (currently only 40–50 % of genetic causes are known).  Oligogenicity   
explains the hitherto unexplained phenotypic variability seen in GnRH defi ciency, 
which fl outs the laws of strict Mendelian inheritance.   

    Clinical Utility of Genetic Diagnosis 

 The majority of the genetic causes of GnRH defi ciency have yet to be identifi ed. As 
there is this considerable phenotypic heterogeneity, enabling individuals to receive 
a specifi c genetic diagnosis could facilitate better management of other phenotype 
features seen in their particular instance of GnRH defi ciency. In young adults, it 
might also be necessary to distinguish a permanent failure of GnRH release, from a 
constitutional delay, allowing for better management of the physical and psycho-
logical sequelae of either outcome. 

    Differentiation from  Constitutional Pubertal Delay   

 Investigating the genetic cause underlying an individual’s failure to spontaneously 
enter puberty potentially allows for the distinction to be made between a constitu-
tional delay of puberty (CDP) and a failure of puberty. CDP is the mildest form of 
GnRH defi ciency, and individuals typically spontaneously enter puberty without 
any intervention being required. In contrast, a failure to enter puberty altogether will 
require medical management, and providing an early genetic diagnosis permits for 
earlier recognition of this.  

    Identifying  Pubertal Prognosis   

 If a defect in a pathway known to be involved in regulating puberty is identifi ed, a 
pubertal prognosis can be generated. It is unclear whether patients presenting with 
a pubertal delay will eventually enter into puberty (CDP), or whether there is a 
complete failure to enter puberty (KS/nIHH). When even the mildest manifestation 
of GnRH defi ciency—the constitutional delay of puberty—can result in a psycho-
logically challenging phenotype, there is a great need to identify the specifi c genetic 
diagnosis such that appropriate counselling and treatment options can be provided, 
dependent upon the pubertal prognosis. 
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 Differing manifestations of GnRH defi ciency have different pubertal prognoses. 
Individuals with CDP eventually enter puberty spontaneously and characteristically 
remain reproductively normal thereafter. This contrasts with the pubertal prognoses 
for individuals in whom the defi ciency of GnRH is more complete (in which there 
is a failure to initiate or complete puberty, resulting in either KS or nIHH). 

 Allelic heterogeneity further complicates the phenotype of individuals with 
GnRH defi ciency—different family members carrying the same disease mutations 
may have different phenotypes as a result of oligogenicity. Along with oligogenic-
ity, there is also a role for epigenetic modifi cations in contributing to the phenotypic 
heterogeneity of GnRH defi ciency.   

    Future Directions 

 Whilst work in recent decades has identifi ed several genes involved in GnRH defi -
ciency, those discovered are responsible for a few per cent of cases each and repre-
sent the rare causes of GnRH defi ciency. These historic efforts to targeted 
candidate-gene searching have not been very successful, given our limited under-
standing of the physiological neuroendocrine networks being perturbed. This may 
be overcome with exome or genome sequencing, and with the costs of these ever 
decreasing, the wealth of data that can be gathered from individuals with GnRH 
defi ciency has never been greater. As with all big data endeavours, however, limita-
tions lie within the development and proper use of  bioinformatic platforms   with 
which to interpret the data. Challenges also lie within understanding the functional 
signifi cance of each datum gathered from each individual, for which large collab-
orative efforts will be required to untangle. To better facilitate this, the COST 
research consortium— Cooperation on Science and Technology organisation  —
funded formation of a European-wide research consortium in 2011, with the aims of 
promoting international collaboration.     
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    Chapter 13   
 Pubertal Gynecomastia                     

     Philip     Kumanov    

          Introduction 

 Gynecomastia is a benign enlargement of the male breast due to the proliferation of 
 mammary glandular tissues  . In contrast, pseudogynecomastia (adipomastia or lipo-
mastia) represents increase of subareolar fat without proliferation of the breast glan-
dular component [ 1 ,  2 ]. Gynecomastia occurs in males of all ages. The term, derived 
from the Greek words γυνη gyne (female) and μαστοζ mastos (breast), was fi rst 
introduced by Galen in the second century AD [ 2 ]. 

 Enlargement of the breast in males is not a disease. It is a sign of an underlying 
disturbance in hormonal physiology, mainly that of  ste  roids [ 3 ]. 

 In three periods of life, male breast enlargement may be regarded as a normal 
developmental variant rather than a pathologic fi nding. These three forms are neo-
natal, pubertal (adolescent), and involutional gynecomastia and they occur shortly 
after birth, during puberty, and in old age, respectively [ 4 ]. They correspond to 
times of hormonal changes [ 2 ] and are generally united under the name physiologic 
gynecomastia [ 4 ,  5 ]. Although not so adequate this term is used to underline their 
transient character and that not a strong pathologic process is the cause for these 
forms of gynecomastia. 

 Gynecomastia should be regarded as unusual in prepubertal children and men of 
reproductive age [ 6 ].  
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    Normal  Breast Development   

 In human embryo, bilateral mammary lines develop from the ectoderm during the fi rst 
trimester and give rise to a single pair of placodes [ 7 ]. Due to the epithelial/mesenchy-
mal interactions [ 5 ], the placodes descent into the underlying mesenchyme and pro-
duce the ductal structure of the glands [ 7 ]. Fat pad develops from subcutaneous 
mesenchymal cells.  Parathyroid hormone-related protein   secreted from the mammary 
epithelium seems to be involved in the bud formation, transition from budding to 
branching, as well as nipple generation [ 7 ]. The precise mechanism for the formation 
of the ductal lumen is not clear, while nipple arises by modifi cation of the skin and 
suppression of hair follicles during the fi fth month of gestation [ 4 ,  7 ]. Mammary 
glands in males and females possess equal growth potential and have comparable 
structure with no clear-cut histologic or functional difference until the onset of puberty 
[ 2 ,  4 ]. At birth only a few small ducts are present and they have an open lumen. 
Estrogen and androgen receptors are present in both male and female breasts [ 2 ]. The 
difference in the growth and proliferation of breast tissue in each sex is largely affected 
by the endocrine environment [ 6 ]. Estrogens (estrone and mainly estradiol) strongly 
stimulate and androgens weakly inhibit mammary gland growth [ 2 ,  8 ]. 

 It is the estrogen surge in prepuberty in girls that initiates the process of mam-
mary development, the thelarche [ 9 ]. There are two forms of the  estrogen receptor  , 
α and β, each encoded by a separate gen, ESR1 on chromosome 6q24-27 and ESR2 
on chromosome 14q22-24, respectively [ 10 ]. Estrogen receptor α seems to be more 
important for the ductal formations [ 7 ], but a study revealed a correlation between 
gynecomastia in adolescents and the estrogen receptor β gene polymorphisms [ 11 ]. 
Female pubertal breast represents mammary tree with substantial number of blind- 
ended ductules, called acini [ 7 ]. Estrogens not only stimulate growth, division, and 
elongation of the  tubular duct system  , but they contribute also to the development 
and maintenance of alveoli at the ends of the ducts [ 4 ]. 

 Progesterone is required for the normal process of alveologenesis [ 4 ]. In combi-
nation with prolactin, progesterone stimulates the differentiation of the alveoli, 
which synthesize and secrete milk during lactation [ 7 ]. 

  Growth hormone (GH)   through its receptor in stromal fi broblasts induces insulin- 
like growth factor 1(IGF1) which in turn signals to the mammary epithelium [ 12 ]. 
Systematically produced IGF1 by the liver also acts in this regard at puberty [ 7 ]. 
The observation that the appearance of pubertal gynecomastia coincides within a 
year of age of peak height velocity [ 13 ] further underlines the signifi cant role of 
growth hormone for breast enlargement. Even when GH is present, no mammary 
development is possible in the absence of IGF 1 [ 9 ]. On the other hand, the prolif-
erative action of IGF1is inhibited by the insulin-like growth factor-binding protein-
 5, and this protein is linked to the involution of the mammary gland [ 7 ]. 

 Insulin, thyroid hormones, leptin, and cortisol play also a role in mammogenesis. 
The presence of thyroid hormone receptor has been found in normal human breast 
[ 14 ]. It was speculated that the GH/IGF 1 axis and thyroid hormones interact and 
infl uence breast enlargement in puberty [ 14 ]. 
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 Due to the absence of suffi cient quantities of  estrogen and progesterone   and 
because of the antimammary action of androgens in normal adult men, no breast 
tissue can be palpated. There are only histological remnants of the duct system [ 4 ].  

    Prevalence 

 The  prevalence   of pubertal gynecomastia varies between 4 and 69 % according to 
the criteria defi ned for diagnosis [ 2 ,  15 ]. It may not be as common as previously 
reported [ 16 ]. 

 In the largest cross-sectional study performed to date on adolescent gynecomas-
tia, breast enlargement was not found in boys younger than 10 years [ 16 ]. A gradual 
increase was observed from 8 % at age 11.5 years to 43.8 % at age 13.5 years and 
peak incidence of 61.1 % occurring in 14-year-old boys [ 17 ]. After this age the inci-
dence gradually decreased. The gynecomastia was more frequent in children with 
pubic hair Tanner stage 3 and 4 and testicular volume between 5 and 10 mL [ 16 ]. 
Pubertal gynecomastia coincides with peak height velocity usually at Tanner stage 
3 for pubic hair [ 13 ]. These fi ndings suggest that gynecomastia is a mid-puberty 
event.  

     Etiology and Pathogenesis   of Gynecomastia 

 The etiology still remains unclear. As estrogens stimulate the breast tissue prolifera-
tion and androgens suppress it, gynecomastia is regarded as a sign and consequence 
of disturbed balance between these two hormonal groups. As early as in 1941, it was 
suggested that gynecomastia is due to increased estrogen secretion or to decreased 
androgen production [ 4 ]. 

 In normal men only about 15 % of the  estradiol   and 5 % of the estrone in blood 
circulation are secreted directly by the testes daily [ 3 ]. The rest is produced in 
extragonadal tissues (fat, muscle, skin, bone, liver, kidneys) by the  aromatase  , the 
key enzyme for estrogen biosynthesis, from the precursors testosterone and andro-
stenedione [ 18 ,  19 ]. There is also an interconversion between estradiol and estrone 
in the extragonadal tissues [ 3 ]. Testosterone and estradiol bind to  sex hormone- 
binding globulin (SHBG)   and, to a lesser extent, to albumin, and a small quantity is 
unbound in circulation. Only this free fraction is capable to enter the target cells and 
exert its biologic action. SHBG has greater binding affi nity to testosterone than to 
estradiol and estrone, and hence when serum levels of this globulin increase, rela-
tively more estrogen is available than testosterone to the tissues which can stimulate 
male breast growth. 

 The imbalance in men between estrogens and androgens may result from:
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•    Increase in estrogens through

 –    Direct secretion from the testes or adrenals  
 –   Extraglandular aromatization of testosterone and androstenedione  
 –   Displacement of more estrogens than androgens from SHBG by certain 

factors  
 –   Decreased or altered metabolism of estrogens  
 –   Exposure to exogenous estrogens or estrogen-like substances     

•   Decrease of  androgens  , especially their free fractions in the circulation through

 –    Decreased secretion from the testes  
 –   Altered metabolism of androgens  
 –   Increased binding of androgens to SHBG     

•   Androgen receptor defects due to

 –    Mutations in the receptor  
 –   Displacement of androgens from androgen receptor     

•   Enhanced sensitivity of breast tissues [18]    

 Pubertal gynecomastia can be explained with the different dynamics of the estra-
diol and testosterone in the course of puberty. During mid-puberty, relatively more 
estrogens may be produced by the testes and peripheral tissues before testosterone 
secretion reaches adult concentrations [ 20 ], and this temporary imbalance may 
result in gynecomastia. The reason for the differences in androgen and estrogen 
secretion is not clear. In most cases the alteration that lead to pubertal gynecomastia 
no longer exists when boys present for evaluation [ 4 ]. Pubertal gynecomastia usu-
ally resolves spontaneously within 1–3 years [ 21 ] when adult estrogen/androgen 
ratios are achieved [ 22 ]. 

 In a longitudinal study Biro et al. found that free testosterone levels and body 
weight were signifi cantly lower and SHBG higher in boys with gynecomastia [ 23 ]. 
Evaluation of 24-h profi les of steroid adrenal and gonadal hormones in eight boys 
with delayed puberty and 11 with pubertal gynecomastia showed that estradiol and 
estrone levels were higher relative to testosterone concentrations in the afternoon 
and evening (when testosterone levels normally are lowest) and that  estradiol–tes-
tosterone   ratio was signifi cantly elevated in subjects with gynecomastia [ 24 ]. 

 No relationship was found between gynecomastia and urban/rural areas of living 
and residences at different sea level, respectively [ 16 ], giving ground for assump-
tion that these environmental factors may not play a role in breast development. No 
signifi cant difference in incidence was observed when groups of fair-skinned and 
brunette (white) boys were compared [ 25 ]. 

 Sher et al. demonstrated that boys with idiopathic gynecomastia tended to be 
taller and heavier than average [ 26 ], whereas other authors found young men with 
breast enlargement to be heavier only [ 27 ]. Obesity may be associated with increased 
peripheral conversion of androgens to estrogens and thus with higher prevalence of 
gynecomastia [ 28 ]. It was shown that serum leptin levels were higher in boys with 
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pubertal gynecomastia [ 29 ] and in other studies was found that leptin increased not 
only  aromatase   activity but also activated estrogen receptor α [rev. in  11 ]. In certain 
cases leptin receptor gene polymorphism may increase the susceptibility to gyneco-
mastia [ 11 ].  Obesity   is associated with a signifi cant reduction in SHBG but never-
theless with high incidence of gynecomastia [ 6 ]. In contrast, one longitudinal study 
revealed that boys with pubertal gynecomastia are shorter and leaner [ 23 ]. In accor-
dance with the latter, the largest cross-sectional study found that adolescent boys 
with low BMI are more likely to develop gynecomastia [ 16 ]. These both observa-
tions suggest that the idea according to which adipose tissue as the site of peripheral 
conversion of androgens to estrogens is positively correlated with the development 
of breast tissue in adolescents may not be true. The fact that it is easier to detect 
gynecomastia in lean boys may also be the cause of the above-described fi nding. 

 Approximately half of adolescents with breast enlargement have a positive fam-
ily history [ 30 ] (Fig.  13.1 ).

   Available images of Tutankhamun and his close relatives pharaohs Akhenaten 
and his father Amenhotep III represent them with enlarged breasts, which gives 
ground to assume familial gynecomastia in two or three generations [ 31 ], but this 
suggestion has not been proven yet [ 32 ]. Tutankhamun died at around the age of 19 
years [ 32 ]; therefore, his breast enlargement could be regarded as persistent puber-
tal gynecomastia (Fig.  13.2 ).

   Pubertal gynecomastia is not always a harmless deviation of the norm. In many 
cases it is a manifestation of underlying medical problems or results from drug side 
effects and is denoted as pathologic gynecomastia [ 4 ,  21 ,  26 ]. 

 Approximately half of nonmosaic and a third of mosaic patients with   Klinefelter 
syndrome    develop gynecomastia during puberty [ 4 ]. It is associated with decreased 

  Fig. 13.1    A 14-year-old boy with gynecomastia. His father and grandfather have had bilateral 
gynecomastia too which had resolved within less than 1 year       
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testosterone production rates and enhanced peripheral aromatization [ 3 ]. 
Gynecomastia may be found also in  XX males . It can be a sign of the  defects in 
testosterone biosynthesis  due to defi ciencies of enzymes involved in the conversion 
of cholesterol to testosterone [ 3 ]. It was observed that breast enlargement correlates 
positively with varicocele at the ages at which gynecomastia is most prevalent (12–
14 years); therefore, the suggestion arises that adolescent boys with left-sided  vari-
cocele   are more likely to have gynecomastia [ 16 ] (Fig.  13.3 ). Varicocele can impair 
Leydig cell production of testosterone and by the resulting estrogen/androgen 
imbalance cause gynecomastia [ 33 ]. In  hypergonadotropic hypogonadism  indepen-
dently of the form, because of the absent or limited feedback by decreased testoster-
one, there is increased  luteinizing hormone (LH) secretion   and the remaining Leydig 
cells are stimulated to produce estradiol with the effects on the breast tissues [ 21 ]. 
On the contrary, breast enlargement is not usual in  hypogonadotropic hypogonad-
ism  because gonadotropins and sex steroids are low [ 21 ].

   The highest incidence of   testicular neoplasms    occurs after the end of puberty. 
Nevertheless they can be the cause of breast development in adolescents [ 15 ]. 
Estradiol production can be stimulated by a  human chorionic gonadotropin (hCG  )-
secreting tumor of gonadal or extra gonadal germ-cell origin (eutopic hCG produc-
tion) or from lung, gastric, or renal carcinomas (ectopic hCG production) [ 20 ]. As a 
result there is excessive estrogen and defi cient androgen action on the breast tissue. 

  Fig. 13.2    Statue of 
pharaoh Tutankhamun on a 
papyrus boat. Pronounced 
bilateral gynecomastia in 
the young ruler? (© 
exhibition 
TUTANKHAMUN HIS 
TOMB AND HIS 
TREASURES)       
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Sertoli cell tumors may occur in association with multiple intestinal polyps and 
mucocutaneous pigmentation ( Peutz–Jeghers syndrome  ) [ 21 ]. 

 Usually  adrenal tumors  secrete large amounts of androstenedione, dehydroepi-
androsterone (DHEA), and  dehydroepiandrosterone sulfate (DHEAS)   which are 
then aromatized to estradiol in peripheral tissues. It is also possible that adrenal 
tumors secrete excessive amounts of estradiol and estrone because of enormous 
expression of  aromatase      in the tumor cells [ 34 ]. Feminizing adrenocortical tumors 
are typically malignant [ 21 ]. 

  Prolactin receptors   are present in male breast tissue [ 21 ], but  hyperprolactinemia  
usually is not accompanied by gynecomastia. However, in men with gynecomastia, 
milk is rarely secreted because progesterone is not high enough for breast acinar 
development to occur [ 35 ]. 

 Thyroid hormones alter the estrogen/androgen ratio by two mechanisms: by 
direct stimulation of peripheral  aromatase   and consequently estrogen production 
and also by increasing hepatic SHBG synthesis and hence decrease of free testoster-
one levels relative to free estrogen concentrations [rev. in 6]. About 30 % of young 
men with   hyperthyroidism    develop clinically apparent breast enlargement [ 8 ]. 
However, it resolves with treatment that restores euthyroidism [ 21 ]. 

 In  liver diseases  hepatic extraction of androstenedione is decreased, and thus 
there is an increase availability of this substrate for estrogen synthesis [ 4 ]. Moreover, 

  Fig. 13.3     Prevalence   of gynecomastia and varicocele according to pubic hair Tanner stages in 
boys of age 10–19 years. Data are expressed as percentages. (Reprinted from Kumanov Ph, 
Deepinder F, Robeva R, Tomova A, Li J, Agarwal A. Relationship of adolescent gynecomastia 
with varicocele and somatometric parameters: a cross-sectional study in 6200 healthy boys. J 
Adolescent Health. 2007; 41(2): 126–131. With permission from Elsevier)       
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in hepatic cirrhosis, serum levels of SHBG are increased [ 35 ]. Both alterations have 
as a consequence male breast enlargement. 

 The cause of gynecomastia as well as of the testicular dysfunction in patients 
with   chronic renal failure    is not clear. Breast enlargement in such situation does not 
respond to treatment [ 34 ]. Gynecomastia can develop on several mechanisms in 
individuals with  acquired immunodefi ciency syndrome  (AIDS) [ 3 ,  8 ]. 

 Familial or sporadic  aromatase excess syndrome  manifests itself around the 
adrenarche and is characterized with prepubertal onset of gynecomastia and incom-
plete virilization by the end of puberty as well as with accelerated growth in child-
hood but reduced fi nal height [ 20 ,  36 ]. Mutations in  aromatase   gene CYP19 which 
is located on chromosome 15q21.2 [ 37 ] can increase  aromatase   activity resulting in 
hyperestrogenism and subsequently gynecomastia may arise [ 38 ,  39 ]. 

 During  starvation  and  weight loss , the hypothalamic-pituitary-gonadal axis is 
suppressed. With suffi cient feeding and normalization of the weight, the gonadal 
function will be restored (“second puberty”), and like in normal puberty, there is a 
possibility for transient disturbance in estradiol/testosterone ratio in favor of estra-
diol with inducing gynecomastia [ 35 ]. Male breast may enlarge on the same mecha-
nism during recovery from chronic illness. 

  Testosterone , an aromatizable androgen, and  androgenic anabolic steroids  are 
widely used for muscle mass and better sport achievements. They not only diminish 
testosterone production by suppressing  gonadotropin secretion   but are substrates for 
peripheral conversion to estrogens with the resulting altered estrogen/androgen bal-
ance and breast enlargement in men [ 15 ]. 

  Environmental infl uence  of estrogens or estrogen-like substances may induce 
gynecomastia. It has been reported that lavender and tea tree oils might be the factor 
of gynecomastia in prepubertal boys due to their antiandrogenic and weak estro-
genic activities [ 40 ]. 

 Substantial number of  drugs , although most of them are rarely used in adolescent 
years, may cause breast enlargement. Among them besides the estrogens and anti-
androgens are also metronidazole, ketoconazole, spironolactone, cimetidine, raniti-
dine, omeprazole, alkylating agents, vinca alkaloids, cardiovascular drugs, 
theophylline and some psychoactive agents [ 28 ]. Spironolactone and ketoconazole 
displace steroids from SHBG with estrogens released more easily [ 3 ]. Moreover, 
spironolactone blocks the biosynthesis of testosterone and also inhibits the binding 
of testosterone and dihydrotestosterone to androgen receptor [ 3 ]. Thus, at least on 
three different mechanisms, spironolactone can cause gynecomastia. 

   Alcohol    increases metabolism and clearance of androgens [ 6 ]. Alcohol abuse is asso-
ciated with elevated levels of SHBG. It has direct toxic effects on the testes [ 3 ]. Marijuana 
and heroin also have been linked to the development of gynecomastia [ 8 ,  15 ]. 

 In some patients there is no alteration in  estradiol/testosterone ratio   in systemic 
circulation. It has been proposed that the changes are only  local , e.g., enhanced 
aromatization of androgens in subareolar adipose tissue, resulting in elevated estro-
gen concentration in the breast [ 20 ]. Alternatively, enhanced susceptibility of breast 
tissue to estrogens could also be considered. No identifi ed cause is found in 25 % of 
patients with gynecomastia [ 18 ,  26 ] and therefore it is signed as  idiopathic . 
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 This brief survey indicates that all male patients with breast enlargement should 
undergo complete evaluation.  

    Histology of Gynecomastia 

 In gynecomastia of recent onset, the histologic fi ndings include hyperplasia of the 
ductal epithelium, infi ltration of the periductal tissue with infl ammatory cells, and 
increased subareolar fat [ 20 ]. When gynecomastia lasts long without or still under 
hormonal infl uences, there is progressive fi brosis and hyalinization and regression 
of epithelial proliferation [ 4 ]. Infl ammatory reaction wanes [ 21 ]. The number of 
ducts decreases, they disappear but the fi brosis usually remains even when the cause 
of the gynecomastia is no more active [ 4 ]. Hence, pathologic changes correlate with 
the duration and not with the causes of gynecomastia. The histological appearance 
of gynecomastia is the same regardless of the cause [ 21 ]. 

 Unilateral breast enlargement should be regarded as a stage in the development 
of the gynecomastia [ 4 ].  

    Outcome 

 Recently onset gynecomastia is usually accompanied with pain or sensitiveness to 
clothing. Pubertal gynecomastia has a negative impact on the self-esteem of adoles-
cent boys. In all ages it can lead to psychological distress, decreased participation in 
social activities, and to depression. 

 It has not been established that gynecomastia predisposes to breast cancer. 
 Klinefelter syndrome  , often associated with breast enlargement, does carry a higher 
risk for mammary malignancy [ 21 ]. However, this malignancy is rare in men [ 4 ].  

    Diagnosis 

 Diagnosis aims to solve two problems:

•    To differentiate true gynecomastia from:

 –    Pseudogynecomastia  
 –   Breast cancer  
 –   Other processes in breast area: neurofi broma, lymphangioma, hematoma, 

lipoma, and dermoid cyst [3]     

•   To determine if the breast enlargement is caused by an underlying disorder or it 
is idiopathic [5]    

13 Pubertal Gynecomastia



192

 A careful medical history should be obtained from the patients and, when nec-
essary, from their parents. The breast should be carefully inspected and palpated. 
The normal male breast is relatively fl at with certain degree of fullness around the 
nipple- areola complex [ 2 ]. The true gynecomastia can be distinguished from 
breast adiposity simply by palpation. With the patient supine on his back with his 
hands clasped beneath his head, the examiner grasps the breast between the thumb 
and forefi nger and gradually moves the digits toward the nipple [ 15 ,  20 ]. In case 
of gynecomastia freely mobile disk of tissue will be palpated concentrically under 
the nipple and areola [ 8 ,  20 ]. According to some authors, gynecomastia is present 
when the subareolar disk is about 0.5 cm in diameter [ 17 ,  25 ], and others recom-
mend acceptance of gynecomastia when the diameter is 2 cm [ 27 ]. 
 Macrogynecomastia   is referred to excessive breast enlargement (>4 cm) [ 21 ]. 
Another method for evaluation of gynecomastia is the use of Tanner stages for 
breast development in girls during puberty (see Chap.   4    , Fig.   4.1    ). Due to exces-
sive fat and/or connective tissue, the glands can be signifi cantly prominent [ 5 ]. In 
cases of macrogynecomastia, the areola and nipple form a secondary mound over 
the dome-shaped breast as in Tanner stage 4 female breast development [ 8 ]. 
Obesity may disturb the accurate assessment of the size of gynecomastia. 
Glandular breast tissue has rubber consistence and is fi rmer than the surrounding 
adipose tissue. Gynecomastia of recent onset (less than 6 months’ duration) is in 
most cases tender on palpation [ 20 ]. In patients with pseudogynecomastia on the 
contrary, no such subareolar disk of glandular tissue is palpated [ 15 ,  20 ]. 
Gynecomastia is usually bilateral and more or less symmetric. Estrogens darken 
the areolae and therefore some patients with gynecomastia may have change in 
areolar pigmentation [ 5 ]. 

 Physical examination should include height and weight, pubertal development 
stage, testes size, and palpation of possible testicular masses [ 2 ]. Renal and liver 
function tests should be done along with the assessment of serum levels of LH, 
testosterone, estradiol, prolactin, DHEAS, and  thyreostimulating hormone (TSH)   
[ 4 ,  15 ]. If both testes are small (testes volumes less than 6 mL), karyotype should be 
evaluated [ 22 ], and in case of asymmetrical gonads, ultrasound of the testes is indi-
cated and the serum levels of tumor markers hCG and α-fetoprotein should be 
assessed. Elevated levels of hCG and normal fi ndings on testicular  ultrasonography   
are indication for searching for extragonadal hCG secreting tumor [ 28 ]. A constel-
lation of accelerated linear growth, high estradiol, low LH, and normal gonadal and 
adrenal imaging is typical for the increased peripheral  aromatase   activity (aroma-
tase excess syndrome) [ 21 ,  36 ]. Breast ultrasound is useful for differentiation 
between adipomastia and gynecomastia [ 34 ]. At ultrasound examination, homoge-
nous hypoechoic glandular tissue beneath the nipples may be found or nonhomog-
enous and hyperechogenic tissue is present with increased amount of adipose and 
fi brous tissues [ 39 ]. 

 One-sided gynecomastia should always be differentiated from breast cancer. The 
latter is usually very hard on palpation and eccentrically located from the nipple and 
areola [ 20 ]. Pain is less common with breast cancer than with gynecomastia [ 6 ]. 
Skin dimpling and nipple retraction may be present as well as bloody nipple dis-
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charge; these signs can be observed in breast carcinoma but never in gynecomastia 
[ 20 ,  35 ].  Lymphadenopathy   is also suspicious for malignancy [ 35 ]. Mammography 
(Fig.  13.4 ) is fairly accurate in differentiating between malignant and benign male 
breast diseases, and this method reduces the need for biopsies [ 28 ].

        Treatment   

 No guidelines are still available for the management of gynecomastia [ 20 ]. 
 In general, the decision to treat gynecomastia depends on the patient’s prefer-

ences and on the impact of gynecomastia on his quality of life [ 1 ]. Underlying 
pathological condition should be treated. If the enlargement of the breast is drug 
induced, discontinuation of the drug is advisable. 

 Reassurance and watchful waiting are regarded as the mainstay of treatment, 
given that the breast enlargement is usually a self-limiting condition [ 22 ,  30 ]. If 
pubertal gynecomastia causes anxiety and embarrassment that are not relieved by 
explanations and  reassur  ance, it should be treated [ 8 ]. 

  Fig. 13.4     Mammography      
of a gynecomastia in a 
13-year-old boy       
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  Medical therapy   is indicated during the initial phase of gynecomastia. It aims to 
correct the estrogen/androgen imbalance by either blocking the effects of estrogens 
on the breast with estrogen-receptor modulators or by inhibiting estrogen produc-
tion with anastrozole or testolactone [ 2 ].  Aromatase inhibitors   would reduce estro-
gen effect in all tissues. On the contrary, selective estrogen-receptor modulators 
tamoxifen and raloxifene have antagonist effect only on breast tissue [ 30 ]. 

 The selective estrogen-receptor modulator tamoxifen (10 or 20 mg orally once or 
twice a day for 3 months) is effective in pain and size reduction of pubertal and adult 
gynecomastia of recent onset [ 30 ,  41 ,  42 ]. Adverse events seem to be uncommon [ 20 ]. 
It has been shown that the selective estrogen-receptor modulator raloxifene (60 mg 
once daily) for 3 months reduces the size of gynecomastia in boys [ 20 ,  30 ]. In a com-
parative study, they both appeared to be safe and effective in reducing persistent 
pubertal gynecomastia, with a better response to raloxifene than to tamoxifen [ 30 ]. 

 Using the  aromatase inhibitor testolacton  e in a dosage of 150 mg three times 
daily, Mahoney has found it less effective than tamoxifen in reducing pubertal gyne-
comastia [ 8 ]. In a randomized, double-blind, placebo-controlled study on boys aged 
11–18 years, the aromatase inhibitor anastrozole 1 mg daily for 6 months showed 
no signifi cant difference as compared to placebo in the percentage of patients with 
breast volume reduction [ 19 ]. Since aromatization of androgens is a prerequisite for 
breast enlargement in many cases, it is not clear why such discouraging results are 
obtained with aromatase inhibitors [ 20 ]. This would suggest that gynecomastia, at 
least some cases of this heterogeneous abnormality, results not from the altered 
estradiol/testosterone ratio but from other signaling pathways [ 19 ]. 

 Despite some promising observations, no pharmacological agents have been 
approved for the treatment of gynecomastia [ 19 ]. 

 Breast enlargement of longer than 1 year duration is not responsive to medical 
treatment because of substantial stromal fi brosis. Such cases should undergo surgi-
cal removal of the breast tissue and subareolar fat [ 2 ,  18 ,  35 ]. The available data 
suggest that the fi rst surgical attempt was undertaken in the seventh century AD by 
the byzantine physician Paulus Aegineta [ 2 ]. After many modifi cations surgery 
remains the most effective overall method in treating gynecomastia [ 3 ]. The goals 
should be restoration of adequate male chest shape with limited scar extensions [ 2 ]. 
Complications include skin retraction, scars as well as hematoma and insuffi cient 
resection but they all are seldom when the surgeons are experienced [ 2 ].  

    Conclusion 

 Gynecomastia is not a separate disease. In many cases and in all ages, it may refl ect 
severe underlying conditions. Gynecomastia is often asymptomatic and in adoles-
cents usually resolves spontaneously within 1–3 years. Nevertheless a pathologic 
process, environmental exposure, or abuse of some substances must be ruled out 
also in this period of life as well as in preadolescent boys. Due to insuffi cient stud-
ies, there is no consensus recommendation for the treatment of gynecomastia.     
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    Chapter 14   
 Pubertal Acne                     

     Devinder     Mohan     Thappa      and     Munisamy     Malathi    

          Introduction 

 Acne, often the fi rst sign of puberty in boys and girls, occurs due to increased sebum 
production resulting from hormonal surges. Nowadays, the onset of acne in children 
has been found to  oc  cur earlier than has been described in the past as evidenced by 
the declining age of children seeking treatment for acne over time indicating that 
puberty is occurring earlier [ 1 ,  2 ]. The appearance of mild acne at the  pubertal   age 
group is generally not of concern as it represents what may be called the “adrenal 
awakening.” However, hyperandrogenism and other dermatologic conditions need 
to be considered in the differential diagnosis when they occur with increased sever-
ity warranting detailed evaluation [ 3 ]. In addition to the challenging differentiation 
of the eruptions, treatment also requires special consideration among children of 
this age group owing to contraindications to the use of certain treatments.  

    Epidemiology 

 The epidemiology and demographic profi le of acne has changed considerably over 
the past two decades, to affect children as young as 7 years of age conforming to the 
documented evidence of  e  arlier onset of puberty [ 2 ,  4 ]. It has been observed that 
acne was three times higher in pubertal girls and fi ve times higher in pubertal boys 
when compared with prepubertal children in whom the prevalence of acne was 
already high [ 4 ]. In recent cross-sectional study involving school children from 
Lithuania, it was observed that 42 % of those aged 7–9 years and 76 % of those aged 
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10–12 years had acne indicating an earlier age at onset [ 4 ]. Among premenarchal 
girls, the prevalence of acne ranges between 61 and 71.3 %, and the prevalence and 
severity of acne increase with advancing  pubertal   maturation in boys and girls [ 5 ]. 

 Gender and ethnic differences exist in the prevalence of pubertal acne. Acne was 
found to be more prevalent in girls at younger age with increased prevalence among 
boys as they reached puberty [ 6 ]. Also, a decreasing trend in the age at onset of acne 
has been observed among white children with no signifi cant changing trend among 
black children with acne owing to the fact that the onset of puberty is earlier in black 
individuals and sebum production increases during puberty [ 7 ]. Thus the prevalence 
of pubertal acne is higher among black girls. But as most studies till date have 
focused on Caucasian and black skin types, there are no such studies in Asian or 
Hispanic patients for comparison [ 7 ]. 

 A family history of acne among fi rst-degree relatives especially mothers has 
been shown to have the strongest impact on prevalence, age at onset, severity, and 
treatment success of acne in children. Other risk factors include dietary factors with 
high glycemic load and dairy products and higher body mass index which may be 
associated with hyperandrogenism which in turn affects sebum production and fol-
licular keratinization resulting in acne [ 4 ].  

    Etiology and Pathogenesis 

  Pubertal   acne occurs prior to true  p  uberty which is due to maturation of gonads 
mediated by the hypothalamo-pituitary axis. Prior to puberty, during the period of 
adrenarche which occurs at the age of 6–7 years in girls and 7–8 years in boys, the 
adrenal glands secrete increased levels of androgens—dehydroepiandrosterone 
(DHEA) and dehydroepiandrosterone sulfate (DHEAS)—resulting in reactivation 
of sebaceous glands. Since DHEAS closely correlates with the initiation of acne, it 
is known as the “acne hormone” and its levels have been found to correlate with 
sebum production [ 5 ]. However, DHEAS is a weak androgen and is further con-
verted to testosterone, and part of testosterone is converted by 5-alpha reductase to 
 dihydrotestosterone (DHT),   which is a more potent androgen, which acts on the 
skin, penis, prostate, and other tissues. In addition, the skin being an intracrine 
organ can locally convert DHEA to testosterone and DHT which act on the andro-
gen receptors found in the basal layer of sebaceous glands and follicular keratino-
cytes, thereby augmenting the androgen-mediated signaling in acne prone skin [ 8 ]. 

 During this period, the  gonadal androgen secretion   is minimal, and ovarian andro-
gen excess should raise the possibility of polycystic ovarian syndrome or rarely ovar-
ian tumors. Low birth weight has been implicated as a risk factor for premature 
adrenarche, and low birth weight has been associated with higher androgen levels in 
childhood. Other associations with premature adrenarche include impaired insulin 
sensitivity, dyslipidemia, and proinfl ammatory shift of the adipokine profi le com-
monly seen in polycystic ovarian syndrome [ 5 ]. The onset of menarche was found to 
be earlier in girls with severe acne associated with high levels of serum DHEAS. In 
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addition, a high number of  comedones  , early development of comedones, and high–
normal levels of DHEAS, free and total testosterone was found to be predictive for 
the severity of late infl ammatory acne, or persistent acne [ 5 ]. 

 The clinical course of acne was found to correspond less closely to plasma 
androgen levels than it does to  growth hormone (GH)   and insulin-like growth factor 
1 (IGF-1). During puberty, there is an increase in the pulsatile pituitary secretion of 
GH resulting in a physiological state of transient insulin resistance. GH induces the 
synthesis and secretion of IGF-1, and all three factors—GH, insulin, and IGF-1—
stimulate sebocyte growth and differentiation [ 8 ]. IGF-1 enhances the sensitivity of 
the adrenal gland to ACTH thereby inducing adrenal androgen biosynthesis and 
 product  ion of DHEAS, which results in an increase in sebum production and the 
development of comedonal acne [ 8 ]. 

 Thus acne is considered as an androgen-dependent multifactorial disease origi-
nating from the pilosebaceous unit that usually starts at puberty when growth hor-
mone (GH), transient insulin resistance, plasma insulin-like growth factor-1 (IGF-1), 
and androgen plasma levels are elevated [ 8 ]. 

 Whatever may be the initiating factor in pubertal acne, the pathogenesis of acne 
involves a complex interplay of four main factors [ 9 ,  10 ] (Fig.  14.1 ).

•      Excess sebum production : Sebum production which is considered the prerequi-
site for the formation of microcomedone occurs at the onset of puberty due to 
activation of the sebaceous glands by  androgens  .  

•    Disturbed keratinization within the follicle : Hypercornifi cation of the piloseba-
ceous duct due to the retention of hyperproliferating ductal corneocytes is modu-
lated by  androgens  . This along with the irritant effect of certain sebaceous lipids 
and ductal cytokines leads to microcomedone formation. Sebum and keratino-
cyte debris accumulate in the microcomedone, resulting in macrocomedones, 
which clinically manifest as closed or open  comedones  .  

•    Colonization of the pilosebaceous duct by the oxygen-tolerant, anaerobic bacte-
rium Propionibacterium acnes (P. acnes) : Presence of seborrhoea at puberty 
results in marked increase in ductal colonization of facial skin by  P. acnes  which 
is likely the prerequisite for acne infl ammation.  

•    Release of infl ammatory mediators into the skin :  P. acnes  stimulates the release 
of infl ammatory mediators into the surrounding perifollicular dermis which act 
as chemoattractants to immunocompetent cells resulting in the development of 
infl ammatory acne lesions.     

    Clinical Features 

 Acne can be clinically categorized based on the predominant  morph  ology as 
follows:

    (a)    Comedonal acne with closed and open comedones (“whiteheads” and “black-
heads,” respectively)   
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   (b)    Infl ammatory acne with erythematous papules, pustules, nodules, or cyst-like 
nodular lesions   

   (c)    Mixed type with both types of lesions    

  The microcomedone resulting from hyperactive sebaceous glands and altered fol-
licular growth and differentiation is the clinically unapparent precursor of both com-
edonal and infl ammatory lesions.  Comedones   occur due to increased cell division and 
cohesiveness of cells lining the follicular  lum  en. Abnormal accumulation of these 
cells mixed with sebum partially obstructs the follicular opening forming the closed 
comedone or whitehead. In case of larger follicular opening, increased keratin and 
sebum buildup with oxidization results in open comedone or blackhead. Infl ammatory 

  Fig. 14.1     Pathogenesis of a  cne       
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papules and pustules occur as a result of infl ammation mediated by follicular coloni-
zation with  P. acnes.  Nodular acne, characterized by large infl ammatory nodules or 
pseudocysts, is often accompanied by scarring and sinus tracts [ 5 ,  11 ]. 

 The severity of acne can be graded as mild, moderate, or severe (Table  14.1 ) 
based on the number and type of lesions and the depth and extent of skin involved 
[ 11 ]. There are many methods of measuring the severity of acne vulgaris which 
include simple grading based on clinical examination, lesion counting, and those 
that require complicated instruments such as photography, fl uorescent photography, 
polarized light photography, video microscopy, and measurement of sebum produc-
tion. The two commonly used measures are grading and lesion counting. Grading is 
a subjective method, which involves determining the severity of acne, based on 
observing the dominant lesions, evaluating the presence or absence of infl amma-
tion, and estimating the extent of involvement. Lesion counting involves recording 
the number of each type of acne lesion and determining the overall severity. 
However, no universal standard exists for grading acne severity till date [ 12 ].

   The prevalence and severity of acne increases with pubertal maturation, and 
hence comedonal acne predominates in preteens with the onset of facial sebum 

    Table 14.1    Evidence-based recommendations by the  American Acne and Rosacea Society   for the 
treatment of pubertal acne   

 Grade of acne 
 Clinical 
presentation  Initial treatment 

 Inadequate 
response  Special remarks 

 Mild  Predominantly 
comedonal or 
mixed 
comedonal and 
mild 
infl ammatory 
disease 

 Over-the- 
counter products 
such as benzoyl 
peroxide (BP) as 
a single agent, 
topical retinoids, 
or combinations 
of topical 
retinoids, 
antibiotics, and 
BP as individual 
agents or 
fi xed-dose 
combinations 

 Check 
adherence 

 Topical antibiotic 
monotherapy is 
not recommended 

 A topical 
retinoid or BP 
may be added to 
monotherapy 
with either agent 

 If topical 
antibiotic 
treatment is to be 
prolonged more 
than a few weeks, 
topical BP should 
be added to 
optimize effi cacy 
and reduce 
antibiotic 
resistance 

 Concentration, 
type, and/or 
formulation of 
the topical 
retinoid may be 
changed, or the 
topical 
combination 
therapy can be 
changed to 
topical dapsone 

 Comparative 
studies of dapsone 
versus other 
topicals are 
lacking in 
pediatric patients 

(continued)
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Table 14.1 (continued)

 Grade of acne 
 Clinical 
presentation  Initial treatment 

 Inadequate 
response  Special remarks 

 Moderate  Predominantly 
infl ammatory or 
mixed 
comedonal and 
marked 
infl ammatory 
lesions 

 Topical 
combinations 
including a 
retinoid and BP 
and/or 
antibiotics, or 
with 
combinations 
that include 
topical dapsone 
or with oral 
antibiotics in 
addition to a 
topical retinoid 
and BP and/or 
topical 
antibiotics 

 Check 
adherence 

 Tetracycline 
derivatives 
(tetracycline, 
doxycycline, and 
minocycline) 
should not be used 
in children 
<8 years of age 

 Type, strength, 
or formulation 
of the retinoid, 
BP, or 
BP-antibiotic 
component of 
the topical 
regimen 

 Second-generation 
tetracyclines 
(doxycycline, 
minocycline) are 
preferred to 
tetracycline in 
children > 8 years 
of age because of 
ease of use, fewer 
problems with 
absorption with 
food, and 
less-frequent 
dosing 

 Referral to a 
dermatologist or 
pediatric 
dermatologist 

 Monitor for 
potential adverse 
events 
 Discontinue (or 
taper) within 1–2 
months once new 
infl ammatory acne 
lesions stop 
 For children 
<8 years of age 
and in those with 
tetracycline 
allergies, 
erythromycin, 
azithromycin, and 
trimethoprim/
sulfamethoxazole 
should be used 

(continued)

production, with increasing infl ammatory acne developing during the teen years 
with the colonization by  P. acnes  [ 6 ]. 

 Acne in preadolescent children occurs as a result of normal adrenarche and tes-
ticular/ovarian maturation and may precede any other sign of pubertal maturation. 
In fact the comedonal type of acne can be the fi rst sign of pubertal maturation in 
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girls, even preceding pubic hair and areolar development. With the trend toward 
earlier age of onset of adrenarche and menarche, there appears to be a downward 
shift in the age at which acne fi rst appears [ 5 ]. 

 Pubertal acne usually presents with  comedones   with or without infl ammatory 
lesions predominantly affecting the central area of the face, involving the mid- forehead, 
nose, and chin (“T-zone”) (Fig.  14.2 ). Comedones of the ear (concha) can be an early 

Table 14.1 (continued)

 Grade of acne 
 Clinical 
presentation  Initial treatment 

 Inadequate 
response  Special remarks 

 Severe  Extensive 
infl ammatory or 
mixed and 
nodular lesions 

 Oral antibiotics 
and topical 
retinoids with 
BP, with or 
without topical 
antibiotics, with 
consideration of 
hormonal 
therapy in 
pubertal 
females, oral 
isotretinoin, and 
dermatologist 
referral 

 Check 
adherence 

 Prompt initiation 
of appropriate 
treatment to 
prevent scarring 

 Change the oral 
antibiotic agent 
or the class of 
antibiotic 

 Isotretinoin is 
recommended for 
severe, scarring, 
and/or refractory 
acne in 
adolescents and 
may be used in 
younger patients. 

 For female 
patients, 
combination 
oral 
contraceptive 
(OC) therapy 
should be 
considered. Both 
males and 
females 
unresponsive to 
topical and oral 
therapies will 
benefi t from oral 
isotretinoin 

 Extensive 
counseling 
regarding the 
avoidance of 
pregnancy as well 
as careful 
monitoring of 
potential side 
effects and 
toxicities 
 Withhold OC for 
acne unassociated 
with 
endocrinologic 
pathology until 1 
year after onset of 
menstruation 
 In congenital 
adrenal 
hyperplasia, 
low-dose 
glucocorticoids 
are used to 
suppress the 
adrenal 
production of 
androgens 

  Based on data from [ 11 ]  
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presentation. Infl ammatory acne lesions may involve the face, chest, and back. 
However, in the case of severe acne with nodules and cysts, the lesions might involve 
the arms, abdomen, buttocks, and scalp in addition to the face, chest, and back [ 8 ].

   Since acne may be the fi rst physical sign of  pubertal maturation   in some girls, the 
presence of severe acne in prepubertal girls that is unresponsive to treatment and if 
associated with other signs of excess  androgens   should raise a suspicion of possible 
endocrine disorders such as premature adrenarche, polycystic ovarian syndrome, 
congenital adrenal hyperplasia, or true precocious puberty [ 6 ,  11 ]. 

 In the largest population-based study on pubertal acne involving 6200 Caucasian 
boys, the interrelations between the presence of acne and several variables associ-
ated with somatic growth, pubertal maturation, and environmental conditions (alti-
tude and regions of residence) were studied [ 13 ]. They observed that 12–15-year-old 
boys with acne were taller and heavier than the ones without acne, and they also had 
increased penile length and circumference as well as larger testicular volumes. 
However, there were no differences in the somatometric and pubertal characteristics 
of 17–19-year-old boys with and without acne. Overall, the prevalence of acne 
among Caucasian boys was 7.74 %. There was no difference in the acne prevalence 
between the rural and urban inhabitants, but they made an interesting observation 
that the risk for acne development was signifi cantly higher in adolescent boys living 
at the altitude under 200 m compared to those living at 500 m or more.  

  Fig. 14.2    Pubertal acne affects “ T”-zone   of the face       
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    Differential Diagnosis 

 Pubertal and prepubertal acne needs to be differentiated  fro  m childhood granuloma-
tous periorifi cial dermatitis (characterized by discrete yellow brown papules, lack of 
pustules, less prominent erythema in the perinasal, periorbital, and perioral areas of 
the face, and noncaseating granulomatous infi ltrate on histologic examination occurs 
in prepubertal children with history of prior topical corticosteroid application), lupus 
miliaris disseminatus faciei (presents as fi rm, yellowish brown or red, 1–3 mm 
monomorphous smooth-surfaced papules on the face especially eyelids histologi-
cally showing caseating epithelioid cell granulomas), childhood granulomatous rosa-
cea (persistent facial erythema of convexities of the face with papular eruption; 
histologically papules show perifollicular granulomatous response), and acne sec-
ondary to hyperandrogenism,  Cushing’s syndrome  , congenital adrenal hyperplasia, 
gonadal/adrenal tumors, and precocious puberty (adolescent females present with 
severe, persistent, or recalcitrant form of acne in the setting of other signs of andro-
gen excess like menstrual irregularity and hirsutism or virilizing features like deep-
ening voice, increased muscle mass, and androgenetic alopecia) [ 5 ,  11 ].  

    Evaluation 

 Adrenal  androgens   play an important role in the pathogenesis of acne with  the   most 
common identifi able androgenic abnormality associated being a marginal increase 
in adrenal androgen levels usually within a normal defi ned range. It has been shown 
that increasing levels of ovarian androgens and adrenal and testicular androgens at 
adrenarche may be responsible for early onset of acne at puberty in girls and boys, 
respectively. Early onset acne before obvious signs of puberty is usually a clinical 
sign of a normal or accelerated biological adrenarche but may also be the fi rst sign 
of an underlying hormonal abnormality. Any of the signs of puberty can occur pre-
maturely as an isolated abnormality, and the diagnosis of precocious puberty, preco-
cious pseudopuberty, and premature adrenarche can be controversial because 
clinical signs may not correlate with measurable standard biochemical markers. 
However, long-term follow-up of these children with signs of early onset androgen 
excess, including those with premature adrenarche, appeared to have a risk of meta-
bolic syndrome, thus warranting the need for identifi cation and follow-up of this 
phenotype of children with stress on lifestyle modifi cations. Thus most cases of 
preadolescent acne represent a functional hyperandrogenism that could be the earli-
est sign of polycystic ovarian syndrome or a metabolic syndrome phenotype and are 
not associated with virilizing endocrinopathies. But, they are at risk for more severe 
or prolonged acne in adolescence or adulthood [ 5 ,  14 ]. 

 Concern about preventable sequelae of precocious puberty is often dispropor-
tionate to the risk in children with early onset acne in the absence of other signs. 
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Hence extensive investigations often provoke needless parental anxiety. A left-hand 
and wrist X-ray for bone age would be a suffi cient initial screening test for those 
with high growth parameters [ 1 ]. 

 Hence a focused history and physical examination are suffi cient to evaluate the major-
ity of children with acne. Further work-up is generally unnecessary unless there are signs 
of excess androgen. However, hormonal evaluation is recommended in children with pre-
pubertal acne with associated advanced bone maturation and early pubarche [ 1 ,  11 ,  14 ].  

    Treatment 

 The therapeutic objective in acne is to target the age-appropriate pathogenetic factors 
which include reduction of sebum production, prevention of microcomedone formation, 
suppression of  P. acnes , and reduction of infl ammation to prevent scarring. Reduction in 
existing microcomedones and  preventi  on of the formation of new ones are central to the 
management of all acne lesions [ 3 ,  11 ]. As regards to pubertal acne, the approach should 
be to use the least aggressive regimen that is effective while avoiding regimens that 
encourage the development of bacterial resistance. Though it is unknown whether treat-
ment of pubertal acne can alter  P. acnes  colonization and therefore subsequent infl am-
matory acne, appropriate treatment in this population is important as early development 
of comedonal acne is one of the best predictors of later, more severe disease, thereby 
necessitating early intervention to prevent unwanted sequelae [ 7 ,  15 ]. 

 Educating the child and parents about reasonable expectations and treatment- 
related side effects can maximize both compliance and effi cacy. 

 Management issues in pubertal acne are of special concern for the following 
reasons [ 11 ]:

    (a)    Availability of little published evidence regarding the safety and effi cacy of 
many acne medications in pediatric patients as majority of clinical trials for 
acne are conducted in patients 12 years of age or older.   

   (b)    Few treatment options have been approved for children younger than 12 years 
of age [ 16 ].   

   (c)    Treatment of acne involves several medications targeting the morphological types, 
severity, and factors involved in pathogenesis resulting in complex drug interactions.   

   (d)    Preadolescent patients tend to produce less sebum, which makes their skin more 
sensitive to acne treatments than their adolescent counterparts warranting need 
for supportive therapies to improve tolerability [ 3 ].   

   (e)    Systemic side effects and impact of medications on growth and development.   
   (f)    Signifi cant psychosocial impact of acne.   
   (g)    Issues related to treatment adherence.   
   (h)    Knowledge gap in prescribing patterns among pediatricians who commonly 

encounter pubertal acne compared to dermatologists [ 15 ].    

  To address these issues, the fi rst detailed, evidence-based clinical guidelines for 
the management of pediatric acne has been recommended by the  American Acne 
and Rosacea Society   and endorsed by the American Academy of Pediatrics [ 11 ]. 
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 As per their recommendations, treatment of uncomplicated preadolescent or 
pubertal acne (7–12 years of age) is comparable to that of acne in older age groups, 
and work-up is generally unnecessary unless there are signs of androgen excess, 
PCOS, or other systemic abnormalities. Nevertheless, it is important to elicit the 
child’s level of concern regarding his or her acne in this age group as it may not 
always be concordant with parental concern. The consensus recommendations for 
the various grades of acne are summarized in Table  14.1  [ 11 ]. 

 The general measures to be followed include:

    (a)    Institution of a low glycemic diet.   
   (b)    Twice-daily washing with a gentle soap-free, pH-balanced cleanser.   
   (c)    Use of too harsh cleanser can disrupt skin barrier, thereby increasing the tran-

sepidermal water loss, encouraging bacterial colonization, and promoting  com-
edones  , and can cause symptoms of burning and stinging.   

   (d)    Avoid overuse of facial toners as they can be irritating, thereby adversely affect-
ing the tolerability of acne medications.   

   (e)    Use of concealing oil-free, noncomedogenic makeup to improve quality of life 
in females.   

   (f)    Use of noncomedogenic moisturizer that includes a sunscreen to improve toler-
ability of retinoids.   

   (g)    Use of pea-size amount of retinoids to cover the entire face and not spot treat-
ment as done for other acne medications.      

    Quality of Life 

 The pubertal years are a time of signifi cant physical, psychological, and social 
change. Self-esteem plays a major role in this transition, both psychologically and 
socially. Acne is perceived to  ha  ve important negative infl uence on the self-esteem 
resulting in long-term personal and social consequences. The documented negative 
psychosocial effects of acne on self-esteem are signifi cant more so in this age 
group as they are concerned with their physical appearance and place great impor-
tance on the opinions of their peers in this regard. Also, the level of distress may 
not correlate directly with acne severity; hence effective and early treatment is 
essential to prevent sequelae and to limit the long-term physical and psychological 
impact of acne [ 17 ].  

    Prognosis 

 Acne in children may be a sign of more severe acne with early comedonal prepuber-
tal acne being predictive for severe comedonal acne or a long-term disease later in 
life. However, in most  case  s, acne decreases in a few years after the adolescence, 
while in up to 20 % it can persist beyond the age of 25, with higher prevalence 
among females [ 4 ].  
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    Conclusion 

 Acne which commonly accompanies normal adrenarche and gonadal maturation is 
becoming a more common diagnosis in younger, preadolescent children relating to 
a trend toward children reaching puberty at an earlier age. A focused history and 
physical examination are suffi cient to evaluate majority of these children with the 
exception of few who have severe acne associated with signs of hyperandrogenism 
requiring an endocrinological work-up. Treatment of uncomplicated pubertal acne 
is comparable to that of acne in older age groups except that most of the available 
treatments are considered off label for this age group thereby necessitating the need 
for future studies to optimize treatment outcomes in this population.     
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    Chapter 15   
 Adolescent Varicocele                     

     Ahmad     Majzoub      and     Edmund     Sabanegh     Jr.    

          Introduction 

 A varicocele is the abnormal dilatation of pampiniform plexus of veins in the scrotum 
[ 1 ]. Adolescent varicocele has gained a lot of interest principally because the condi-
tion starts around childhood or adolescence, progresses with age, and may affect tes-
ticular growth, rendering it the most common cause of adult male  infertility  .  

     History   of Varicocele 

 For almost 2000 years, the term varicocele has been linked to testicular ailments. In 
his treatise “De Medicina,” Celsus (25 BC) was the fi rst to associate varicocele to 
testicular atrophy [ 2 ]. With the beginning of the seventeenth century, many believed 
in the presence of a solid connection between varicocele and infertility [ 3 ]. However, 
caution from the liberal performance of surgery started after a tragic incidence in 
1832, when J. Delpech, a well-known professor of surgery, was murdered by a man 
who suffered from testicular atrophy as a consequence of bilateral varicocele sur-
gery [ 4 ]. Since then, awareness to such risk factors triggered a search for more 
conservative approach to varicocele management through the use of suspensory 
garments, cold showers, and lifestyle modifi cations such as moderation in sexual 
habits [ 4 ]. 

 In spite of major surgical advancements in the early 1900s, caution remained a 
prevailing view to varicocele surgery. Conservative measures were often practiced 
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by many physicians who believed in their success or were simply not convinced 
with surgery [ 4 ]. Interest in surgery re-immerged only after the introduction of 
inguinal and retroperitoneal ligature procedures and several reports followed dem-
onstrating effect of varicocele surgery on fertility. In 1952, Tulloch was the fi rst to 
report appearance of sperm after performing bilateral varicocelectomy to a patient 
with azoospermia [ 5 ]. Many other uncontrolled trials also revealed an improvement 
in semen parameters after surgery [ 6 ] and generated additional interest in surgical 
technique modifi cation. The introduction of optical magnifi cation and ultrasound 
probes in 1983 [ 7 ] had positive impact on surgical outcome. Different approaches 
were also explored, such as the subinguinal approach in 1985 [ 8 ] and laparoscopic 
approach in 1992 [ 9 ]. Today varicocelectomy is by far the most commonly per-
formed operation for the treatment of male  infertility  . However, proper patient 
selection is still the most important factor to maximize patient benefi t.  

    Epidemiology 

 The prevalence of varicocele varies greatly and is estimated to be in the range of 
10–20 % of the general male population [ 2 ,  10 ]. This discrepancy is due to  differ-
e  nces in origin and nature of the studied population and more importantly because 
the condition is often subjectively diagnosed. The condition appears at puberty but 
can also be present in prepubertal boys [ 11 ], as young as 10 years of age [ 12 ]. In a 
study of 6200 boys, Kumanov and colleagues detected varicocele in about 8 % of 
boys between 10 and 19 years of age [ 13 ]. The prevalence was also found to increase 
with age [ 14 ], at a rate of 10 % each decade, affl icting 75 % of men by their eighth 
decade of life [ 15 ]. Varicoceles are much more common in the subfertile population 
affecting 35 and 80 % of men with primary and secondary infertility, respectively 
[ 16 ]. These reasons mark varicocele as a progressive disease with deleterious effects 
on testicular function [ 14 ,  17 ]. 

 Few studies revealed an inverse relationship between varicocele and body 
mass index, denoting a higher prevalence of disease among lean men although 
this may relate to more ease of diagnosis in the lean population [ 18 ,  19 ]. First-
degree relatives are also more commonly affected, suggesting a genetic pattern 
of inheritance [ 17 ].  

     Etiology   

 An understanding of the anatomy of the vascular supply of the testes is essential 
before explaining varicocele etiology. The anatomical position of the testis and its 
unique vascular supply are crucial for its optimal physiology and contribution to 
men’s reproductive health. A triple arterial supply to the testes exists. The fi rst is the 
testicular artery (or internal spermatic artery) that originates from the aorta. The 
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second is the cremasteric artery (or external spermatic artery), which originates 
from the inferior epigastric artery, a branch of the external iliac artery. The third is 
the deferential (vasal) artery, which originates from the superior vesical artery, a 
branch of the internal iliac artery. 

 Venous drainage, on the other hand, is more complicated, with many individual 
routes. A network of venous communications called the pampiniform plexus exists 
above the testes and drains through the testicular vein, pudendal veins, and vasal 
veins [ 20 ]. In the inguinal canal, the pampiniform plexus of veins travels in close 
proximity to the testicular arteries allowing for countercurrent heat exchange, which 
is thought to be the method by which the arterial blood going to the testis is cooled 
to temperatures as low as 33 °C [ 21 ]. The left testicular vein drains into the left renal 
vein, while the right testicular vein drains directly into the inferior vena cava. 
Variations do exist; the left testicular vein can rarely drain to the inferior vena cava 
or communicates with it before entering the renal vein [ 22 ]. 

 Several theories have been proposed in the etiology of varicocele.  Idiopathic  
varicocele is a term given when varicocele is thought to result from incompetent or 
absent unidirectional valves within the gonadal veins. This concept remains debat-
able. Despite the signifi cant association that some researchers found between vari-
cocele and valvular incompetence in the saphenofemoral junction [ 23 ,  24 ], others 
have demonstrated the presence of varicocele in patients with competent venous 
system [ 25 ,  26 ] or even failed to identify the presence of such valves [ 27 ,  28 ]. 

 The predilection of varicocele on the left side triggered an assumption that ana-
tomical differences may be contributing to varicocele etiology. These differences, 
which are thought to result in higher left venous hydrostatic pressure, include (1) 
longer left testicular vein by around 8–10 cm than its counterpart [ 29 ], (2) perpen-
dicular angle of entry of the left testicular vein into the left renal vein in comparison 
to a more acute angle of entry of the right vein into the IVC, (3) and presence of a 
“nutcracker effect” resulting in a higher left renal vein pressure as it is compressed 
between the superior mesenteric artery and the aorta [ 30 ]. Gat and colleagues were 
able to validate the presence of high left spermatic vein hydrostatic pressure [ 31 ]. 

 Animal studies have hypothesized that adolescent varicocele could result from 
increased arterial blood fl ow to the testis at puberty. The amount of fl ow exceeds the 
venous capacity and results in dilatation and engorgement of the pampiniform 
plexus of veins [ 32 ]. The likelihood of this information should be confi rmed with 
human studies before adopting such a hypothesis. 

 Varicocele has been associated with several urological and non-urological medi-
cal conditions both in adolescents and adults. Examples include premature 
 ejaculation [ 33 ], prostatitis [ 33 ], ankylosing spondylitis [ 34 ], and chronic obstruc-
tive pulmonary disease [ 35 ]. On a higher level, varicocele was associated with spe-
cifi c somatometric parameters in adolescents. It had a direct relationship with 
patient’s age, height, and penile length and an inverse relationship with  testicular 
volume  , BMI, and pubic hair distribution [ 36 ]. Furthermore, Kumanov and col-
leagues detected a possible link between varicocele and iris pigmentation [ 37 ]. 

  Secondary  varicocele is a term given when the condition occurs as a result of 
venous compression from retroperitoneal tumors such as sarcomas, lymphomas, or 
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renal tumors. It should be suspected when encountering varicocele on the right side, 
relatively acute onset, or when the distention does not reside when the patient lies 
on his back.  

    Pathophysiology 

 Several  pathophysiologic mechanisms   have been proposed to help explain the del-
eterious effects of varicocele on testicular function. It is likely that not just a single 
mechanism is responsible, but rather a combination that ultimately results in testicu-
lar dysfunction. 

  Hyperthermia     Increased intratesticular temperature secondary to varicocele is the 
most commonly studied pathophysiology. It has long been observed that minor 
changes in testicular temperature can affect spermatogenesis [ 38 ]. The reason for 
this is that many of the enzymes responsible for DNA synthesis in the testis are 
temperature dependent [ 39 ], mainly favoring temperatures lower than body tem-
perature. The anatomic position of the testis in the scrotal sac together with the 
countercurrent cooling mechanism provided by the pampiniform plexus of veins is 
responsible for testicular temperature regulation [ 40 ]. In a varicocele, the resulting 
blood stasis disrupts the countercurrent cooling effect causing testicular tempera-
ture elevation and defective spermatogenesis [ 41 ]. Scrotal skin temperature mea-
surement, which reliably refl ects testicular temperature [ 42 ], was assessed in few 
studies. In a comparative study, Wright and colleagues confi rmed the presence of 
higher scrotal skin temperature in patients with varicocele with successful reduction 
to near-normal levels after varicocele ligation [ 43 ]. Moreover, scrotal temperature 
elevation was found to be a more accurate refl ection of testicular dysfunction than 
the grade of varicocele [ 44 ].  

   Adrenal Refl ux       Refl ux of blood down the testicular vein has been demonstrated in 
patients with varicocele [ 45 ]. This triggered the hypothesis that exposure of the 
testis to adrenal and renal metabolites could be the reason for defective spermato-
genesis. Chemicals such as adrenomedullin, catecholamines, cortisol, prostaglan-
dins E and F, and serotonin were suggested. Animal studies on this issue showed 
confl icting results. Although Camoglio et al. [ 46 ] demonstrated worse testicular 
pathology in varicocele-induced rats with intact adrenal gland than in rats that had 
adrenalectomy, other studies failed to document the presence of such metabolites at 
the testicular levels [ 47 ].  

   Endocrine Imbalance       Puberty and testicular development are regulated by the 
hypothalamic-pituitary gonadal axis. Several endocrine disturbances were found to 
be associated with varicocele, most notable of which are low intratesticular levels of 
testosterone [ 48 ,  49 ]. Intratesticular testosterone is the most important regulator of 
spermatogenesis [ 50 ]. The exact cause of this fi nding may be secondary to subopti-
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mal function of Leydig cells often observed with varicocele [ 48 ] or from a pattern 
similar to hypergonadotropic hypogonadism [ 51 ]. An abnormal response to 
gonadotropin- releasing hormone (GnRH) is found with elevated levels of LH result-
ing in Leydig cell hyperplasia [ 52 ].  Sertoli cell dysfunction   has also been observed 
in association with supranormal levels of FSH. These endocrine imbalances were 
found in all varicocele patients irrespective of their fertility status. Varicocelectomy 
was associated with normalization of FSH, LH, and intratesticular testosterone lev-
els [ 49 ,  53 ].  

  Disturbance of  Paracrine Regulation       In addition to optimal levels of intratesticular 
testosterone, spermatogenesis is regulated by complex interactions and signals at 
the cellular level. Germ cell apoptosis is under the control of Sertoli cells through 
utilization of the Fas system. The Fas is a transmembrane receptor protein expressed 
on germ cells and is under the control of proapoptotic ligand Fas (FasL) and anti-
apoptotic soluble Fas (sFas), both secreted by Sertoli cells [ 54 ]. As a result of Sertoli 
cell dysfunction, patients with varicoceles were found to have higher levels of semi-
nal FasL and lower levels of seminal sFas [ 55 ,  56 ]. Inhibin is another substance 
produced by Sertoli cells. It has a negative feedback control on pituitary FSH secre-
tion. Additionally it works in a paracrine manner stimulating Leydig cells to pro-
duce testosterone. Again adolescents with varicocele were found to have subnormal 
levels of inhibin B that positively correlated with  testicular volume   [ 57 ].  

 Free radicals are other forms of paracrine disturbances as they are produced and 
act locally. They include a wide variety of compounds that are generally divided 
into reactive oxygen or nitrogen species [ 58 ]. Nitrous oxide (NO) is  perh  aps the 
most commonly studied substance in varicocele. It was detected in high quantities 
within the dilated spermatic veins of adolescents with varicocele [ 59 ]. Moreover, a 
direct relation exists between the level of seminal NO and degree of varicocele, i.e., 
the higher the grade of varicocele, the greater the NO level [ 60 ]. NO is synthesized 
by nitric oxide synthase (NOS) commonly present in neutrophils and macrophages. 
However under stressful conditions, spermatozoa are also capable of producing NO 
[ 61 ]. Studies on adolescents with varicocele discovered overexpression of NOS in 
their Leydig cells [ 62 ]. Under normal physiologic concentrations, NO produced by 
Leydig cells diffuses across cellular membranes and stimulates testicular function. 
However, its overproduction could initiate different pathological consequences. 
First, it causes vasodilatation of blood vessels resulting in blood stasis [ 63 ]; second, 
it causes prolonged relaxation of peritubular myofi broblasts ultimately affecting the 
peristaltic activity necessary for sperm transport [ 63 ]; third, high levels of NO can 
inhibit steroidogenesis and reduce testosterone production by Leydig cells [ 64 ]; 
lastly, it could alter Sertoli cell junctions that are fundamental in regulating cellular 
adhesion, proliferation, migration, and differentiation [ 65 ]. 

 Spermatozoa are extremely sensitive to oxidative stress as they lack the neces-
sary enzyme repair systems [ 66 ]. As a result, free radicals affect spermatozoa in 
three main ways: membrane lipid peroxidation, DNA damage, and induction of 
apoptosis [ 67 ]. The spermatozoan membrane is rich in polyunsaturated fatty acids 
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that are susceptible to lipid peroxidation. This process results in loss of intracellular 
 adenosine triphosphate (ATP)   causing reduction in sperm viability and motility and 
alteration of its morphology [ 68 ]. Free radicals directly attack the purine and pyrim-
idine bases destabilizing the DNA molecule and causing anomalies such as point 
mutations, polymorphisms, deletions, translocations, and even double-stranded 
breaks [ 69 ]. Finally, depending on the degree of the insult, apoptosis will be trig-
gered through the Fas system described above. 

    Presentation and Diagnosis 

 Varicocele in the adolescent may present in a variety of ways. Most commonly, it is 
asymptomatic and often diagnosed during genital examination performed as part of 
routine sports or school checkups. Sometimes the adolescent notices a scrotal swell-
ing or complains of a dull, bothersome discomfort in the scrotal region, especially 
after exercise or prolonged standing. 

 Clinical examination should start while the adolescent is in the standing position 
preferably in a warm room. The scrotum is inspected for any obvious venous disten-
tion around the  sperma  tic cord, which, if seen, denotes the presence of grade 3 vari-
cocele (Fig.  15.1 ). The scrotum, testes, and cord structures are then gently palpated. 
A palpable varicocele is described as a feeling of a bag of worms or a squishy tube, 
which, if felt, indicates the presence of grade 2 varicocele. If nothing is palpable, 
except for a fi lling sensation felt between the fi ngers of the examiner as the patient 
performs the Valsalva maneuver, a grade 1 varicocele is present.

   After examining the patient in the standing position, the patient should be exam-
ined supine. Idiopathic varicocele should disappear in the supine position. 
Persistence of the swelling in supine position, especially on the right side, should 
raise suspicion for the possibility of secondary causes of varicocele. Retroperitoneal 
tumors, kidney tumors, and lymphadenopathy are possible causes for secondary 
varicocele. Additionally, cord thickening due to varicocele should resolve in supine 
position, whereas a cord lipoma can be suspected if thickening of the cord persists. 

 Testicular size measurement is crucial to determine whether the varicocele is 
adversely affecting testicular growth. On palpation one can most effectively gauge 
whether the right and left sides are grossly symmetric. A prepubertal testis should 
have a volume of 1–3 mL. A size of >3 mL indicates the initiation of puberty, and 
this enlargement generally begins before any sign of pubic hair. Because of  extensive 
individual variation in normal growth and development, testicular size is correlated 
with Tanner stage, growth velocity, and bone age rather than chronological age. 

  Testicular volume   and  consistency   are an important component of varicocele 
assessment in the adolescent. Dimensions of the testis can be assessed with caliper 
measurements in the three dimensions. More commonly, testicular volume can be 
clinically assessed using a variety of devices including the Prader orchidometer [ 70 ], 
a string of ovoid-shaped beads of increasing sizes, and the Rochester (Takihara) 
orchidometer [ 71 ], a ring of cards with open spaces to accommodate the shape of a 
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testis (Fig.  15.2 ). The most reliable method, however, for volume calculation is scro-
tal ultrasound [ 72 ]. It has the best correlation with actual testis size [ 73 ]. When deal-
ing with adolescent testes, it is important to realize that testicular growth is not 
necessary identical in both sides. Kolon and colleagues performed yearly ultrasounds 
on boys who had 15 % testicular size discrepancy attributed to a varicocele. With 
time, the majority showed resolution of their size discrepancy [ 74 ]. This fi nding sug-
gested that surgery might not be recommended based on one static measurement and 

  Fig. 15.1     Grade III 
varicocele   in an adolescent 
(Reprinted from Esteves 
SC, Miyaoka R, Agarwal 
A. An update on the 
clinical assessment of the 
infertile male. Clinics. 
2011; 66 (4): 691–700. 
With permission from 
CLINICS)       

  Fig. 15.2    Diagram representing the appearance of ( a ) Prader and ( b )  Rochester orchidometer  s       
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inspired the authors to recommend at least two sequential ultrasounds, 6–12 months 
apart, before surgical decision is made [ 74 ]. In addition to testicular volume mea-
surement, duplex ultrasonography is important to accurately evaluate venous fl ow 
reversal as well as vein diameter. A diameter of 3 mm is generally accepted as a 
cutoff value for diagnosing varicocele [ 75 ]. Chiou and colleagues developed an ultra-
sound scoring system aiming to increase the sensitivity and specifi city of varicocele 
detection. Their system incorporated the following criteria:  maximal venous dilata-
tion (score 0–3), the presence of a venous plexus, the sum of the diameters of veins 
in the plexus (score 0–3), and the change of fl ow on Valsalva maneuver (score 0–3). 
A total score of 4 or more was used to defi ne the presence of a varicocele [ 76 ].

   Some have suggested performing serum hormone evaluation on adolescents with 
varicocele to assess the integrity of the hypothalamic-pituitary gonadal axis. One 
must take into account, however, the adolescent’s developmental stage before inter-
preting test results. In 2013, as part of the CALIPER study (Canadian Library 
Initiative for Pediatric Reference Ranges), Konforte and colleagues examined sex 
hormones in a healthy cohort of children aiming to stratify normal reference ranges 
of fertility hormones by age and Tanner stage [ 77 ]. Their results showed that normal 
ranges in children can generally be considered low in the adult population. 

 Finding higher than normal levels of serum LH and FSH may suggest the pres-
ence of testicular dysfunction [ 78 ]. Testosterone may be also reduced in adolescents 
with varicocele, although this fi nding is not specifi cally investigated in this age 
group. Goldstein and colleagues measured serum testosterone pre- and post- 
varicocelectomy in 110 infertile men. Despite fi nding variable preoperative levels, 
patients with lower serum testosterone had signifi cant improvement in their testos-
terone level after varicocele surgery that was proportional with the degree of 
improvement in  semen analysis   [ 50 ]. 

 Evaluating  sperm parameters   among adolescents is complex mainly because sper-
matogenesis is in its initial stages and test results can be transitory. Additionally, the test 
itself is diffi cult to be executed by younger boys. As a result, studies assessing semen 
parameters in adolescents are conducted in boys of Tanner stages IV and V [ 79 – 81 ]. 
Abnormal semen parameters such as oligospermia and asthenozoospermia were more 
prevalent in adolescents with varicocele and seem to be directly related to the degree of 
 testicular volume   reduction. Generally, volume reduction of greater than 20 % was 
associated with twice the odds of fi nding abnormal semen analysis [ 80 ], unlike varico-
cele grade, which was not found to have any signifi cant infl uential effect [ 79 ].  

     Management   

 Varicocele in the adolescent population represents a dilemma to the treating urolo-
gist. Historically, adolescent varicocele was left untreated, as there was lack of evi-
dence associating it with  infertility  . The earliest report suggesting benefi t from 
varicocelectomy in the form of reversal of testicular growth arrest came from Kass 
and Belman in 1987 [ 82 ]. Improvements in testicular growth and semen analyses 
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were also detected in several studies done on adolescents [ 83 – 85 ]. More importantly, 
however, when dealing with adolescent varicocele, concern remains regarding the 
progressive nature of the condition, which, if left untreated, may continue to affect 
testicular growth and spermatogenesis [ 10 ,  86 ]. All these reasons signify a potential 
advantage to low morbidity surgery, but the question remains as to who will benefi t 
most from surgery. It is obviously impractical and not cost effective to perform sur-
gery for all adolescents with varicocele. On the other hand, it is also unacceptable to 
allow the deleterious effects of this condition to occur if they may be prevented. 

 In an effort to identify patients who could benefi t from treatment, several vari-
ables were evaluated to select those who should have a favorable outcome. Currently, 
areas used to establish criteria for varicocele repair are as follows. 

  Varicocele Grade     Varicocele grade has long been subject to extensive research 
aiming to identify potential connection with testicular dysfunction. Studies by 
Diamond and Alukal did not fi nd any signifi cant association between grade of vari-
cocele and degree of testicular hypotrophy or defective semen parameters [ 79 ,  87 ]. 
Paduch and Zampieri, on the other hand, demonstrated a direct association with 
testicular growth arrest [ 88 ,  89 ]. The amount of venous refl ux, irrespective of the 
grade of varicocele, was also found to be an important predictor for the development 
of  infertility   [ 90 ]. The grade of varicocele was not associated with signifi cant tes-
ticular regrowth after surgery, as shown by the work of Decastro and colleagues 
[ 91 ]. They verifi ed that the prevalence of testicular catch-up growth after varicoce-
lectomy is high, even for patients in their early 20s [ 91 ]. These results imply that the 
grade of varicocele by itself should not be the sole indication for treatment.  

   Testicular Volume       Testicular growth arrest is an established consequence to varico-
cele in adolescents [ 87 ,  92 ,  93 ]. Likewise, its catch-up growth after varicocelectomy 
is also confi rmed [ 91 ,  94 ]. A decrease in testicular volume has long been the best 
indication for surgical correction of varicocele. However, not every boy with varico-
cele and testicular growth arrest will be infertile, and testicular growth is not neces-
sarily symmetrical as the previously presented study by Kolon and colleagues 
indicated [ 74 ]. As a result, the search for a test that would better distinguish between 
adolescents with a varicocele who will develop infertility and those who will remain 
fertile is warranted. Currently, the most accepted indication for surgery in adoles-
cents is the presence of testicular volume difference of 2 mL [ 94 ].  

   GnRH Stimulation Test       The normal physiologic response to GnRH stimulation is 
an increase in FSH and LH secretion from the anterior pituitary. The rationale 
behind this test is that the damage to the germinal epithelium results in compensa-
tory stimulation of the pituitary gland and subsequent increase in FSH and LH pro-
duction. As a result a higher than normal baseline FSH and LH is present with 
subsequent exaggerated response to GnRH stimulation. In theory, the GnRH stimu-
lation test could distinguish between adolescents with varicocele who have abnormal 
testicular function and those who have normal spermatogenesis. However, in clini-
cal practice, the GnRH stimulation test is expensive, requires multiple serum sam-
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ples, and lacks an association between abnormal results, growth arrest, and 
 infertility  . While studying prepubertal boys, Fideleff and colleagues noticed that 
changes in the hormonal profi le and responses to GnRH stimulation did not have a 
consistent pattern especially when correlated with the clinical grades of varicocele 
[ 95 ]. Additionally, it is diffi cult to relate test results only to testicular dysfunction 
secondary to varicocele in the adolescent population. Hormonal responses can be 
exaggerated due to testicular growth during this stage of development [ 96 ].  

  Inhibin B Level     Serum inhibin is a protein complex secreted by Sertoli cells. It 
downregulates FSH synthesis and inhibits FSH secretion. Serum inhibin B measure-
ment in varicocele patients gained interest as it can refl ect the integrity of the semi-
niferous tubules and function of the Sertoli cells. Following GnRH stimulation test, 
serum inhibin levels failed to aid in stratifi cation of adolescents with varicocele [ 97 ]. 
More recent studies, however, were able to detect signifi cantly lower levels of serum 
inhibin B in adolescents with varicocele than controls [ 57 ,  98 ,  99 ], suggesting it as a 
useful marker of Sertoli cell damage and a potential indication for surgery.  

   Semen Analysis       Varicocele is associated with documented abnormalities in semen 
analysis. In a meta-analysis evaluating the effect of varicocele on semen samples 
obtained from adolescents, Nork and colleagues confi rmed the presence of abnor-
malities in sperm density, motility, and morphology [ 100 ]. Varicocele was associ-
ated with alterations in early spermatid head differentiation during spermiogenesis, 
prompting some to select patients with high incidence of sperm acrosome and 
nucleus malformations as appropriate candidates for varicocele correction [ 101 ].  

 Lastly, it should be restressed that the practice of performing prophylactic sur-
gery for every adolescent with varicocele is impractical. Currently accepted indica-
tions for varicocelectomy in the adolescent population [ 102 ] include:

    1.    Testicular growth arrest (more than 2 mL of difference or 2 SD from normal 
testicular growth curves)   

   2.    High-grade varicocele in addition to abnormal semen analysis   
   3.    Symptomatic patients   
   4.    Bilateral varicoceles    

        Surgical Approaches   

 Surgical options available for adolescent varicocele are similar to those performed 
on adults. Several surgical classifi cations exist and are based on the technique (con-
ventional, microsurgical, laparoscopic, and radiologic embolization) or the level of 
testicular vein ligation (high or low) or whether the gonadal artery is spared or 
ligated. Generally, advancements in optical magnifi cation and microscopy in recent 
years eventually infl uenced varicocele surgery and were favored by an increasing 
number of urologists. In 1994, Donovan and colleagues surveyed 720 urologists and 
found that microsurgery was performed only by 6 % of them [ 103 ]. In contrast, 
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another survey in 2008 noticed an increasing number of urologists utilizing loop 
magnifi cation and microsurgery, 48 % and 18 %, respectively [ 104 ]. Scrotal varico-
celectomy that was once utilized is currently abandoned due to the high incidence 
of injury to the testicular artery during dissection. 

 Controversy once existed on whether to spare the testicular artery during the 
course of varicocele repair. Advocates of total ligation, or nonartery-sparing, tech-
niques claim that sparing the artery can be associated with higher incidence of vari-
cocele recurrence. The main reason for this association is the presence of tiny veins 
(venae comitantes) along the course of the testicular artery that are usually missed 
in attempts to spare the artery [ 105 ]. However, substantial evidence exists in support 
of sparing the artery. Damage to the seminiferous tubules with subsequent testicular 
atrophy is always a possibility with artery ligation [ 106 ]. Additionally with the 
advent use of proper magnifi cation, artery-sparing techniques can be performed 
without compromising the surgical outcome.  

     Conventional Varicocelectomy   

  Retroperitoneal Approach     In 1949, Palomo described the retroperitoneal approach 
for ligation of internal spermatic vessels [ 107 ]. A muscle splitting incision is per-
formed at the level of the internal inguinal ring; the vessels are then identifi ed and 
ligated at a point that has the fewest arterial and venous branching. A modifi ed 
artery-sparing Palomo technique is later implemented. Unfortunately, it was associ-
ated with a high incidence of postoperative recurrence especially in the adolescent 
population [ 108 ]. Moreover artery sparing without optical magnifi cation was found 
to be diffi cult in this age group due to the small caliber of the artery.  

  Inguinal Approach     The inguinal approach was described by Ivanissevich [ 109 ] in 
1960. An incision is made over the inguinal canal followed by opening of the exter-
nal oblique fascia and delivery of the spermatic cord. The exposed cord is then 
explored, and once the vas deferens is isolated, the veins are identifi ed and divided. 
Artery-sparing and nonartery-sparing modifi cations to this procedure were also 
described. While an effective technique, it has the disadvantage of requiring the 
patient to have delayed return to full activity due to the extensive muscular dissec-
tion in the inguinal canal.  

   Subinguinal Approach       The subinguinal approach described by Marmar in 1985 [ 8 ] 
is ideally used in adult varicocele, but has gained some acceptance among some 
pediatric urologists as well. The incision is performed at or near the pubic tubercle 
avoiding the need to open the external oblique aponeurosis. Advantages of this tech-
nique include less pain, smoother recovery, and easier access to the spermatic cord 
especially among obese patients or those with previous inguinal surgery. However, 
a greater number of veins are present at such a low level, making the procedure 
technically challenging.   
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     Microsurgical Varicocelectomy   

 With the introduction of microsurgery into the fi eld of urology in the mid-1970s 
[ 110 ], it was rapidly utilized to aid in varicocele surgery. The motive for its use was 
the high incidence of varicocele recurrence and hydrocele formation after conven-
tional surgery. Performing the procedure under magnifi cation allowed for meticu-
lous vein ligation and sparing of lymphatics resulting in lower rates of varicocele 
recurrence and hydrocele formation, respectively. Microsurgery was used in ingui-
nal and subinguinal approaches with results confi rming a superior outcome for vari-
cocelectomy. Reports by Minevich and Goldstein demonstrated a signifi cantly 
lower recurrence rate and postoperative hydrocele in adolescent patients [ 111 ,  112 ]. 
These superior surgical outcomes lead many authors to consider  microsurgical vari-
cocelectomy   as the gold standard technique for varicocele surgery [ 113 ].  

     Laparoscopic Varicocelectomy   

 The fi rst report on laparoscopic varicocelectomy came from Hagood and col-
leagues in 1992 [ 9 ]. Since that time, this approach has been utilized with accept-
able surgical outcomes. Artery-sparing and nonartery-sparing modifi cations were 
performed and the vessels can be divided with hemostatic clips or coagulated with 
bipolar electrode [ 114 ]. 

 Although laparoscopic varicocelectomy is a suitable alternative, it has some sig-
nifi cant drawbacks such as the need for pneumoperitoneum, prolonged operative 
time, and higher cost [ 103 ]. Additionally complications such as bowel perforation, 
major vascular injury, pneumothorax, and incisional hernia, while rare, can be cata-
strophic complications. Varicocele recurrence and postoperative hydrocele rates 
with laparoscopy are signifi cantly higher than the subinguinal microsurgical 
approach. In attempts to reduce the incidence of postoperative hydrocele, lymphatic- 
sparing techniques were introduced. Rizkala and colleagues compared lymphatic 
sparing to standard laparoscopic varicocelectomy in 97 patients; the postoperative 
hydrocele rate was 4.5 % in the lymphatic-sparing group in comparison to 43 % in 
the standard surgery group [ 115 ]. Advancements in the fi eld of laparoscopy were 
also utilized in adolescent varicocele surgery. Natural orifi ce transluminal endo-
scopic surgical (NOTES) procedures [ 116 ] and laparoendoscopic single-site (LESS) 
surgery [ 117 ] were utilized in varicocelectomy with promising results. Although 
such procedures can be very attractive surgical options, they need to be validated in 
large randomized, clinical trials where patient safety, surgical outcomes, and proce-
dure cost are taken as end points.  
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     Angiographic Embolization   

 Interventional radiologists have also contributed to the management of varicocele 
through angiographic antegrade or retrograde embolization or sclerotherapy. 
Although the minimally invasive nature of such a procedure may have some advan-
tages in adults, it certainly had predictable concerns when duplicated in children 
and adolescents. Technical diffi culties were faced resulting in a failure rate of up to 
20 % of cases because of aberrant venous anatomy, diffi culty in cannulating the 
testicular vein, and extravasation of contrast during the procedure [ 118 ,  119 ]. Other 
important concerns in this age group are the need for general anesthesia and radia-
tion exposure while performing the procedure. Although these reasons make percu-
taneous angioembolization a less favorable procedure for treating adolescent 
varicocele, recent studies refl ecting advancements to this fi eld of medicine indicate 
that it still can be considered as another potential alternative [ 120 ]. 

 Several comparative studies were made to evaluate different surgical approaches in 
adult varicocele surgery. Al-Said and colleagues compared open, laparoscopic, and 
microsurgical approaches in 446 varicocelectomies. The incidence of postoperative 
hydrocele was 2.8 %, 5.4 %, and 0 %, respectively. Varicocele recurrence was seen in 
11 % of the conventional group, 17 % of the laparoscopic group, and 2.6 % of the 
microsurgical group. Compared to preoperative values in the three groups, postopera-
tive semen parameters specifi cally sperm count and motility were signifi cantly higher 
in the microsurgical group [ 121 ]. In a recent meta-analysis of 35 randomized con-
trolled trials and observational studies, Wang and colleagues examined improvements 
in  semen analysis   and reported complication rates in various varicocele treatments 
[ 122 ]. Again, microsurgery had the best improvement in sperm density and sperm 
motility and the least reported complication rate. In adolescents, however, microsur-
gery was introduced at a later stage [ 111 ], but, despite that, results of recent reviews 
indicate comparable results to those seen in the adult population [ 123 ].  

    Conclusion 

 The management of adolescent varicocele can be challenging to the practicing urolo-
gist. Over the past decade, tremendous research has helped unveil some of its uncer-
tainties. Longer-term studies are needed to understand the exact infl uence of varicoceles 
on future fertility and help identify the best approach for its management.     
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    Chapter 16   
 Polycystic Ovary Syndrome in Adolescent 
Girls                     

     Sajal     Gupta     ,     Elizabeth     Pandithurai    , and     Ashok     Agarwal   

          Introduction 

    PCOS: Defi nition 

  Polycystic ovary syndrome (PCOS), als  o called  Stein–Leventhal syndrome  , is one 
of the most common disorders of  hormonal imbalance   in women of reproductive 
age. The name by itself is a misnomer, as not all women with the syndrome have 
polycystic ovaries and not all women with polycystic ovaries suffer from PCOS. 

 Gynecologists Irving F. Stein, Sr., and Michael L. Leventhal fi rst described the 
disease in 1935 [ 1 ]. They noticed ovarian cysts in women with anovulatory cycles 
and found an association between the two. The combination of symptoms such as 
 oligomenorrhea  , infertility, and hirsutism along with bilaterally enlarged polycystic 
ovaries formed the diagnosis of Stein–Leventhal syndrome. The name was later 
replaced as “polycystic ovary syndrome.” The presence of ovarian cysts and anovu-
lation remained the main diagnostic criteria for the syndrome for many years, until 
recently, when the multisystem involvement of the disease was understood by the 
clinicians. 

 In 1982, Hughesdon reported that the polycystic appearance of the ovaries was 
caused by an increase in the number of growing follicles measuring less than 10 mm 
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in diameter. These follicles are arrested at various stages of development. Because 
an arrested ovarian follicle looks like a cyst, it should be considered normal. It is 
only the increase in the number of follicles that is considered pathologic, with 
 polycystic ovarian syndrome being the major underlying cause. Multifollicular ova-
ries have been reported as a normal feature of puberty, and these changes recede 
with onset of regular menstruation [ 2 ,  3 ].  

     Epidemiology   

 The disease is frequently misdiagnosed in adolescent girls because signs and symp-
toms commonly overlap with those of normal puberty, and they are often missed 
completely. The hormonal and metabolic changes that occur during puberty increase 
the incidence of PCOS in adolescent girls and may also contribute to the pathogen-
esis of PCOS in this patient population [ 4 ]. After the onset of the fi rst menstrual 
cycle, adolescent girls enter a transient state of anovulation, which is considered 
physiological. However, in certain adolescents, regular menstrual cycles fail to 
occur within 2–3 years of menarche and they remain anovulatory. In those cases, the 
possibility of PCOS must be explored [ 5 ]. 

 The  prevalence   of PCOS is determined by the diagnostic criteria being used. 
According to diagnostic criteria outlined by the NIH/NICHD, PCOS affects 4–8 % 
women of reproductive age [ 6 ]. Using NIH adult criteria, the prevalence of PCOS 
in adolescent girls aged 15–19 years is approximately 1 %, although this may be an 
underestimation as PCOS is an underdiagnosed condition, especially in non- 
overweight girls [ 7 ]. According to Michelmore et al. [ 5 ] the prevalence of PCOS in 
women aged 18–25 years is 8 % [ 5 ]. Overall, PCOS is the most common endocrine 
disorder in females, affecting roughly 5–10 % of all women of reproductive age [ 8 ].  

     Clinical Features   of PCOS 

 The onset of symptoms predominantly occurs during puberty [ 9 ]. PCOS may mani-
fest as early as the fi rst decade of life as premature pubarche or menarche. 

  Oligomenorrhea   in the early postpubertal years, although very common, may be an 
early symptom of PCOS, particularly in overweight girls with  hirsutism   or acne [ 10 ]. 
Signs and symptoms that occur during adolescence include hyperandrogenism such as 
acne, hirsutism, alopecia, weight gain [ 11 ,  12 ], and menstrual disturbances as well as 
insulin resistance that is evident by skin pigmentation (acanthosis nigricans). Most of 
these symptoms contribute to psychosocial aspects of the disease, which include low-
ered self-esteem, social anxiety, psychological stress, impaired well- being, and quality 
of life. Recent studies have also shown that adolescent girls with PCOS have sleep 
disorders including excessive daytime sleepiness and sleep- disordered breathing [ 4 ]. 
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 There are numerous underlying mechanisms linking obesity and PCOS. Hence, 
women with PCOS are mostly obese, and obesity exacerbates the clinical features 
of PCOS [ 13 ]. Trent et al. reported that adolescent girls with PCOS had a higher 
BMI than their healthy peers. The signifi cantly elevated BMI in such girls decreased 
their quality of life [ 14 ].  

    Diagnostic Criteria 

 Although PCOS is the most common endocrine disorder in reproductive age women, 
the diagnosis is challenging. Three societies have published criteria for the  diagno-
sis   of PCOS—the NIH/NICHD (1990), ESHRE/ASRM (Rotterdam), and the 
Androgen Excess Society (AES) (2006) (Table  16.1 ). Although the Rotterdam cri-
teria are widely used for the diagnosis of PCOS in women, their use in adolescent 
girls is under debate. Hence, the NIH and AES criteria are considered more useful 
for the diagnosis of PCOS in adolescents [ 15 ].

   The ESHRE/ASRM (European Society of Human Reproduction and Embryology/
American Society for Reproductive Medicine) criteria (Table  16.1 ) state that the 
diagnosis of PCOS must include two of the following symptoms—clinical and/or 
biochemical hyperandrogenism, polycystic ovaries, and oligo-/anovulation—and 
exclude any other condition with androgen excess or related disorders [ 6 ]. 
Ultrasound criteria include an ovarian volume (OV) of threshold 10 cm 3  and 12 or 
more follicles measuring 2–9 mm in diameter, and these were considered diagnostic 
for PCOS by the ESHRE/ASRM group [ 16 ]. 

 According to NIH/NICHD (National Institute of Child Health and Human Disease/ 
National Institute of Child Health and Human Development) (Table  16.1 ), the criteria 
for the diagnosis of PCOS include clinical and/or biochemical hyperandrogenism with 
menstrual dysfunction and exclude other conditions with androgen excess or related 
disorders [ 6 ]. The AES 2006 criteria (Table  16.1 ) for the diagnosis of PCOS include 

      Table 16.1    Diagnostic criteria for PCOS in women   

 Diagnostic criteria for PCOS 
in Women (NIH/
NICHD)1990 [ 8 ] 

 Diagnostic Criteria for PCOS 
in Women ESHRE/
ASRM(Rotterdam Criteria) 
2003 ( includes two of the 
following) [ 8 ] 

 Diagnostic criteria for PCOS 
in Women (Androgen Excess 
Society) 2006 [ 8 ] 

 1. Clinical and/or 
biochemical 
hyperandrogenism (excluding 
other androgen excess or 
related disorders) 
 2. Menstrual dysfunction 

 1. Clinical and/or 
biochemical 
hyperandrogenism (excluding 
other androgen excess or 
related disorders) 
 2. Oligo-ovulation (or) 
anovulation 
 3. Polycystic ovaries 

 1. Clinical and/or biochemical 
hyperandrogenism ( excluding 
other androgen excess or 
related disorders) 
 2. Ovarian dysfunction and/or 
polycystic ovaries 
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clinical or biochemical hyperandrogenism with ovarian dysfunction and/or polycystic 
ovaries, and the criteria exclude other androgen excess or related disorders [ 6 ].  

    Diagnostic Criteria in Adolescents 

 There is no current consensus on the diagnosis of PCOS in adolescent girls. Studies 
done in the United States and Europe have shown that adolescent girls with PCOS had 
clinical, metabolic, and endocrine features similar to that of adult women with PCOS 
[ 17 ]. Sultan and Paris have suggested that adolescent PCOS could be defi ned by at least 
four of the fi ve following criteria: (1) oligomenorrhea or amenorrhea 2 years after men-
arche; (2) signs of clinical hyperandrogenism such as persistent acne and severe hirsut-
ism; (3) increased plasma testosterone >50 ng/dl (1.735 nmol/l) and increased LH/FSH 
ratio; (4) insulin resistance/hyperinsulinemia evident as acanthosis nigricans, abdomi-
nal obesity, and glucose intolerance; and (5) polycystic ovaries upon ultrasound show-
ing enlarged ovaries, peripheral microcysts, and increased stroma [ 18 ] (Table  16.2 ). 
According to a study done by Bruni et al., PCOS in adolescents was best characterized 
by clinical hyperandrogenism (hirsutism) and/or biochemical hyperandrogenism and 
 oligomenorrhea   [ 15 ] (Table  16.2 ). Legro et al. suggest that PCOS in adolescents can be 
diagnosed by (1) the presence of clinical and/or biochemical hyperandrogenism 
(excluding other pathologies) and (2) persistent oligomenorrhea. They clearly stated 
that the anovulatory symptoms and ovarian morphology cannot be taken into account 
for the diagnosis of PCOS in adolescents as it can be a normal fi nding during reproduc-
tive maturation [ 3 ] (Table  16.2 ). Third PCOS consensus report concluded that the cri-
teria for diagnosis of PCOS in adolescent girls differ from those used for older women 
of reproductive age group [ 19 ]. Chinese adolescent girls with PCOS were noted to 
have a mean ovarian volume of 6.74 cm 3  and a maximum ovarian volume of 7.82 cm 3 , 
which is lesser than 10 cm 3 , as per the Rotterdam criteria [ 20 ].

     Table 16.2    Diagnostic criteria for PCOS in adolescents   

 Diagnostic criteria of PCOS in adolescents 
(Sultan and Paris) {at least 4 out of the 5 
following criteria} [ 18 ] 

 Diagnostic Criteria of 
PCOS in adolescents 
(Bruni et al.,) [ 27 ] 

 Diagnostic Criteria of 
PCOS 
in adolescents (Legro 
RS et al.,) [ 3 ] 

 1. Oligomenorrhea or amenorrhea 2 years 
after menarche 
 2. Signs of clinical hyperandrogenism such as 
persistent acne or severe hirsutism 
 3. Increased plasma testosterone>50 ng/dl, 
increased LH/FSH ratio 
 4. Insulin resistance/hyperinsulinemia evident 
as acanthosis nigricans, abdominal obesity, 
glucose intolerance 
 5. Polycystic ovaries on ultrasound scan 
showing enlarged ovaries, peripheral 
microcysts, increased stroma. 

 1. Clinical 
hyperandrogenism
(Hirsutism)
+/– 
 2. Biochemical 
hyperandrogenism 
and 
 3. Oligomenorrhea 

 1. Clinical and/or 
biochemical 
hyperandrogenism 
(excluding other 
pathologies) and 
 2. Persistent 
oligomenorrhea 
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        Pathogenesis of PCOS 

     Endocrine Disorder      

 Women with PCOS have several endocrine disturbances including hyperinsu-
linemia, hyperglycemia, glucose intolerance, dyslipidemia, and obesity, which are 
considered as characteristic components of metabolic syndrome. There is a strong 
association between insulin resistance, obesity, and metabolic syndrome in 
PCOS. Hyperandrogenemia is also very commonly seen in peripubertal PCOS 
associated with obesity.  

     Insulin Resistance      

 The role of decreased insulin sensitivity in the pathogenesis of the disease has 
gained attention in recent years. There is signifi cant insulin resistance seen in indi-
viduals with PCOS [ 21 ]—about 50–70 % of individuals with PCOS have insulin 
resistance contributing to its symptoms and long-term complications. Abdominal 
adipose tissue seen in adolescents with PCOS impairs the action of insulin. In addi-
tion, increased levels of androgen also impair glucose uptake, which again contrib-
utes to insulin resistance and increased deposition of visceral fat [ 15 ]. 

 Elevated levels of pro-infl ammatory cytokines such as TNF-alpha seen in women 
and adolescent girls with PCOS induce insulin resistance by decreasing  glucose 
transporter type 4 (GLUT-4)   expression leading to decreased transport of glucose 
and the development of hyperinsulinemia [ 22 ]. Insulin resistance and obesity 
enhance follicular excess noticed in patients with PCOS through the dysregulation 
of anti-Müllerian hormone pathway or via hyperandrogenemia pathway [ 23 ]. 
Elevated IL-6 levels induce the production of acute phase reactant C-reactive pro-
tein, which has been noted to be associated with increased incidence of cardiovas-
cular events, insulin resistance, type 2 diabetes, and metabolic syndrome [ 24 ]. 

 It should also be kept in mind that it is completely physiological to have increased 
insulin resistance during the peripubertal period. During adolescence, production of 
growth hormone increases, which is compensated by increased secretion of insulin, 
leading to reduced insulin sensitivity. Insulin resistance during adolescence can also 
be partly caused by increased oxidation of fat and reduced oxidation of glucose [ 25 ].  

    Alterations in GnRH, LH/FSH Ratio 

  Gonadotropin-releasing hormone (GnRH)   stimulates the release of LH and FSH 
from the pituitary gland. FSH controls the growth of the ovarian follicles, especially 
the granulosa cells. FSH acts on the granulosa cells of the ovary and converts 
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androgens from the theca cells of the ovary to estradiol with the help of the enzyme 
aromatase. LH controls the theca cells of the ovary, which are responsible for pro-
ducing androgens. High GnRH pulse frequency favors production of LH and low 
GnRH pulse frequency favors FSH production [ 26 ]. 

 During a normal menstrual cycle, the GnRH pulse frequency gradually increases 
during the fi rst half of the cycle—the follicular phase—which is controlled by 
FSH. The  G  nRH pulse frequency peaks in the second half of the cycle, increasing 
LH production and decreasing FSH production. Further, the estradiol production 
during the fi rst half of the cycle reaches a threshold and causes the midcycle LH 
surge, which induces ovulation. After ovulation, the corpus luteum develops, which 
generates the production of progesterone. The hormone progesterone sends feed-
back to the hypothalamus and subsequently slows GnRH pulse frequency, favoring 
FSH production and initiating the next cycle. 

 In PCOS, there is persistently high pulse frequency of GnRH resulting in ele-
vated levels of LH and decreased levels of FSH, thereby elevating the LH/FH ratio. 
This in turn stimulates ovarian androgen synthesis leading to hyperandrogenemia in 
individuals with PCOS [ 27 ]. The relatively low levels of FSH impair follicular 
development [ 26 ].  

     Hyperandrogenemia   

 Hyperandrogenemia plays a vital role in the pathophysiology of PCOS. According 
to a cross-sectional case-control study done by Coviello et al., adolescent girls with 
PCOS had a higher prevalence of metabolic syndrome than their healthy peers. The 
study noted that hyperandrogenemia was an independent risk factor for metabolic 
syndrome irrespective of obesity and insulin resistance [ 28 ]. 

 PCOS in adolescence is thought to be a precursor to PCOS later in life. Girls 
with increased androgen levels also have reduced hypothalamic sensitivity to pro-
gesterone feedback [ 26 ], and hence, there is no slowing of GnRH pulse frequency. 
LH levels remain high, leading to increased androgen levels. 

 GnRH pulse generators are a group of neurons in the hypothalamus that generate 
release of GnRH in a pulsatile fashion. Blank et al. hypothesized that excess andro-
gen levels during the peripubertal period may decrease the sensitivity of the GnRH 
pulse generator to sex steroid inhibition in liable individuals, leading to increased 
GnRH pulse frequency and thereby alterations in gonadotropin secretion, ovarian 
androgen synthesis, and ovulatory function. These abnormalities may advance over 
time to clinical hyperandrogenism and chronic  oligo-ovulation   typically seen in 
adult patients with PCOS [ 26 ]. 

 Hyperandrogenemia seen in patients with PCOS was thought to cause low-grade 
infl ammation by increasing sensitivity to glucose-induced oxidative stress and pro-
moting the transcription of pro-infl ammatory cytokines TNF-alpha and IL-6. These 
pro-infl ammatory cytokines stimulate steroidogenic enzymes in the ovaries, increase 
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the extent of androgen production, and promote central obesity through the activa-
tion of hypothalamic–pituitary–adrenal axis; this leads to insulin resistance that 
may in turn cause hyperandrogenism [ 29 ,  30 ].  

     Hyperinsulinemia   

 Insulin resistance and its compensatory hyperinsulinemia are clearly linked to 
anovulation and hyperandrogenism in adolescents with PCOS. These girls have an 
ovarian androgenic hyperresponsiveness to circulating insulin [ 31 ]. It is to be noted 
that a reciprocal relationship exists between hyperinsulinemia and hyperandrogen-
ism. Evidence suggests administration of androgens can induce insulin resistance in 
both men and women. On the other hand, insulin stimulates androgen production in 
ovarian theca cells which is evident in patients with PCOS [ 32 ]. It is also a universal 
fi nding that adolescent girls with PCOS have elevated levels of free testosterone and 
lower levels of sex hormone-binding globulin [ 10 ]. It can be attributed that hyperin-
sulinemia in individuals with PCOS lowers sex hormone-binding globulin and 
thereby enhances the free testosterone fraction. Study done by Ormazabal P. et al. 
suggests that testosterone may play a negative role on the metabolic effects of insu-
lin on endometrial stromal cell cultures in women with PCOS and may favor insulin 
resistance in the endometria of such patients [ 32 ].   

    Obesity: Cause or Effect of PCOS? 

 Strong evidence suggests that growth patterns in early life are associated with the 
risk of metabolic syndrome in adulthood [ 33 ].  Obesity   during adolescence may 
cause changes in the hypothalamic–pituitary axis and insulin secretion as well as 
insulin sensitivity  which  can predispose individuals to the endocrine and metabolic 
changes seen in individuals with PCOS. These changes include impaired glucose 
tolerance, insulin resistance, dyslipidemia, decreased leptin secretion,  menstrual 
irregularities  , and infertility [ 4 ]. Levels of several pro-infl ammatory cytokines 
including TNF-alpha and IL-6 are elevated with obesity and PCOS possibly due to 
hyperandrogenemia and/or excess adipose tissue, but this still needs further research 
[ 15 ]. Obese young girls with PCOS tend to have severe symptoms. 

 According to a study, young girls with a higher than normal BMI during child-
hood had an increased risk of menstrual disturbances such as  oligomenorrhea   and a 
diagnosis of PCOS during young adulthood (age 24) [ 34 ]. A large cohort study 
conducted in 244 randomly selected postmenarchal girls reported polycystic ovar-
ian morphology in 61.1 % of obese girls and in 32.1 % of normal weight girls, sug-
gesting that obesity is a contributing factor of PCOS [ 34 ]. In another study, 
adolescent girls (age 14) were diagnosed with PCOS using the Rotterdam criteria 
and 33 % showed class III obesity by age 24 compared to 8 % of girls without the 
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diagnosis of PCOS. This suggests that PCOS is a predicting factor of class III obe-
sity [ 34 ]. Other predictors of class III obesity are low  sex hormone-binding globulin 
(SHBG),   metabolic syndrome, oligomenorrhea, high childhood insulin levels, and 
increased calculated free testosterone (cFT) which again are identifi ed as PCOS 
phenotypes. According to the abovementioned studies, it is important that young 
girls who are obese or who have PCOS have to be monitored closely considering the 
long-term complications such as metabolic syndrome [ 15 ]. 

     Ovarian Dysfunction   

 PCOS is a syndrome of ovarian dysfunction that includes hyperandrogenism and 
polycystic ovarian morphology. Studies have noted that ovarian enlargement is a key 
feature of PCOS. A typical ovary with PCOS is two to fi ve times larger than a normal 
ovary [ 20 ]. Evidence suggests that PCOS is a functional disorder in which anovula-
tion is a consequence of overproduction of ovarian androgen [ 35 ]. Adolescent girls 
and adults with PCOS have similar clinical and biochemical profi les. Ninety-fi ve 
percent cases of functionally typical PCOS have classic PCOS, which is evident by 
hyperandrogenic anovulation with polycystic ovarian morphology [ 36 ].   

     Valproic Acid   and PCOS 

 Valproic acid causes ovarian dysfunction by increasing ovarian androgen synthesis, 
thereby contributing to the hyperandrogenemia seen in girls with PCOS. 

 Adolescent girls frequently suffer from mental health issues such as bipolar 
disorder and may be prescribed chronic psychotropic drugs. Valproic acid is an 
anticonvulsant and also a mood-stabilizing drug that is widely used to treat  adole  s-
cent girls with epilepsy and bipolar disorder and for migraine prophylaxis. The 
association between valproic acid use and PCOS was initially suggested in 1993 in 
a study where women with epilepsy who were treated with valproic acid showed 
more irregularities in their menstrual cycle than women using other anticonvul-
sants. The study also noted that the  menstrual irregularities   were more pronounced 
in the women who were started on valproic acid during adolescence; 80 % of the 
women started on valproic acid before the age of 20 were noted to have polycystic 
ovaries [ 37 ]. 

 In a study conducted in women who were treated with valproic acid for epilepsy, 
7 % of them developed features of PCOS [ 38 ]. Another study noted that 10 % of 
women treated with valproic acid for bipolar disorder developed PCOS [ 39 ]. In both 
of these studies, the association between PCOS and valproic acid use was strongest 
in females between the ages of 13 and 25. Hence, it is to be noted that adolescent 
girls are more prone to develop PCOS with valproic acid use. It can be suggested that 
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the immature HPO axis in adolescents may leave them more prone to the iatrogenic 
effects of valproic acid. However, the cause remains unclear. The most well- studied 
proposed mechanism of action involves a direct increase in ovarian androgen biosyn-
thesis by theca cells [ 40 ]. 

 When similar doses of valproic acid used to treat bipolar disorder and epilepsy 
treatment were introduced into cultures of human ovarian theca cells, there was 
increased transcription of ovarian androgens. Various studies suggest that valproic 
acid may inhibit the metabolism of testosterone and thereby contribute to features 
of PCOS [ 41 ]. It may also have a central effect on GnRH or an indirect effect of 
obesity and insulin resistance that may induce the development of PCOS [ 42 ]. 

 In summary, valproic acid therapy in adolescent girls is linked to PCOS. The risk 
for developing PCOS should be discussed before starting therapy with valproic 
acid. Menstrual patterns and signs of hyperandrogenism prior to initiation of treat-
ment should be documented. Patients who are maintained chronically on valproic 
acid must be monitored closely for  menstrual irregularities   and signs of PCOS. 

     Hereditary Predisposition   

 Several studies have suggested that there is an increased risk of PCOS in adoles-
cent girls with a family history of PCOS [ 18 ]. Girls with low birth weight and 
those with a family history of diabetes mellitus or premature cardiovascular dis-
ease are noted to have increased risk for developing PCOS [ 10 ]. Metabolic per-
turbations start early in adolescence and also exist in adolescent relatives of 
women with PCOS, even before clinical signs of PCOS become evident. A study 
by Li et al. reported risk factors associated with PCOS in adolescent Chinese 
girls—early menarche (<12 years), family histories of menstrual disorders, dia-
betes, and hypertension [ 17 ]. Twin studies suggest that the etiology of PCOS is 
strongly heritable [ 43 ]. In a genetic case-control study conducted in South India 
by Thathapudi et al., LH–chorionic gonadotropin hormone receptor (LHCGR) 
(rs2293275) polymorphism was found to be associated with PCOS; this study 
suggested that it could be used as a relevant molecular marker to identify girls at 
risk of developing PCOS and may provide an understanding about the etiology 
of the disease [ 44 ]. 

 A Chinese study by Sun et al. suggested that genetic factors may affect the meta-
bolic aspects of PCOS. The THADA gene is associated with lipid metabolism, 
whereas the DENND1A gene may be involved in insulin metabolism in patients 
with PCOS [ 45 ]. A study by Zhao et al. confi rmed that SNP rs13429458 in the 
THADA gene is signifi cantly associated with the risk of developing PCOS [ 46 ]. 
Identifying these genes in adolescent girls with a family history of PCOS may help 
physicians to evaluate their disease risk.   
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    Long-Term Complications 

 Adolescents with PCOS are at a higher risk for comorbidities such as impaired 
glucose tolerance, metabolic syndrome, hypertension, dyslipidemia, diabetes, 
and endometrial hyperplasia [ 6 , 47 ]. Endometrial hyperplasia, if not treated, can 
lead to endometrial cancer. Adolescent girls with PCOS are also likely to be at 
increased risk for cardiovascular disease later in life [ 48 ]. The presence of obe-
sity in adolescents with PCOS further adds to this complication [ 9 ] as it is asso-
ciated with thickening of the intima media of the carotid artery. Adolescent girls 
with PCOS tend to have a higher body mass index and systolic blood pressure 
than healthy girls, which increases their risk for carotid artery disease to that of 
adult women with the disease [ 49 ]. Psychiatric issues such as depression, anxi-
ety, bipolar disorder, and binge eating disorder are also noted to be among the 
long-term complications seen in individuals with PCOS [ 6 ]. Early diagnosis, 
prevention, and treatment are therefore important.  

    Diagnosis of PCOS 

 The  diagnosis   of PCOS during adolescence is important in order to monitor and 
screen for the development of type 2 diabetes and metabolic and reproductive compli-
cations [ 31 ]. Hyperandrogenism in adolescents can be determined biochemically by 
measuring levels of calculated free testosterone (cFT) and dehydroepiandrosterone. 

 Physiologically, morphological features such as ovarian volume and antral fol-
licle count can be evaluated by the use of transabdominal ultrasonography, although 
they are operator dependent and of limited value for use in overweight adolescents. 
The use of  transvaginal or transrectal ultrasound   could be considered, but their use 
would be unethical in adolescents who are not yet sexually active [ 15 ]. With the use 
of ultrasound, ovarian volume and morphology such as the location, number of fol-
licles, and stromal area can be assessed [ 50 ]. Patients with PCOS are noted to have 
multiple (>10) peripheral follicles, and the stromal volume positively correlates 
with hyperandrogenemia seen in those patients [ 50 ], although the ultrasonographic 
fi ndings as mentioned in the Rotterdam criteria may not be sensitive for diagnosis 
of PCOS in adolescents. 

 Physiologically, it is normal for adolescents to have acne, anovulation,  menstrual 
irregularities  , and increased ovarian volume during the peripubertal period. Thus, 
specifi c diagnostic criteria to adolescent PCOS must be established. It is also nor-
mal for adolescents to have reduced insulin sensitivity. So, a specifi c cutoff value for 
screening tests such as fasting glucose and oral glucose tolerance also should be 
established [ 27 ]. 

  Anti-Müllerian hormone (AMH)   level is a good measure to assess both the quan-
tity and quality of ovarian follicle pool. There is an initial increase in their levels 
until early adulthood with slow decrease with advancing age until it becomes unde-
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tectable roughly 5 years prior to menopause [ 51 ]. In a study conducted by Tomova 
A et al., AMH levels were noticed to be greatly elevated in women (mean age 
26.59 ± 1.10 years) with PCOS. Furthermore, their levels decreased by 16.27 % after 
metformin therapy [ 23 ]. However, we need further studies on adolescent girls to 
evaluate the use of  AMH levels   as a biomarker for diagnosis of PCOS in adolescents 
and also to evaluate the effi cacy of metformin use in such patients. More studies 
need to be conducted to explore the use of other biomarkers which will lead to non-
invasive diagnosis for screening girls who are at greater risk for developing PCOS.  

    Management of PCOS 

 There is lack of standardized care in the  management   of adolescent PCOS. The 
long-term effects of pharmacological treatment in adolescents have not yet been 
evaluated, and hence, drugs should be used with caution. Overdiagnosis and treat-
ment of the disease are possible. Overdiagnosis may lead to unnecessary use of 
medication and cause unnecessary psychological stress for the patient. On the other 
hand, pubertal changes are similar to those seen with PCOS and the disease can be 
under- or misdiagnosed. Underdiagnosis can put the patient at risk for long-term 
metabolic and reproductive complications [ 52 ]. The management of PCOS in ado-
lescence is primarily targeted to treat  menstrual irregularities  , cutaneous hyperan-
drogenism, insulin resistance, and obesity. 

     Lifestyle Modifi cation   

 Insulin resistance contributes to 50–70 % of the symptoms of PCOS. Most adoles-
cent girls with PCOS are obese, which contributes to insulin resistance. Hence, 
weight loss is an important treatment strategy. Weight loss has been noted to improve 
symptoms of PCOS such as menstrual irregularities, hyperandrogenemia, and infer-
tility. It can be achieved by lifestyle modifi cations such as exercise and diet control. 
In two randomized placebo-controlled clinical trials conducted by Hoeger et al., 
lifestyle modifi cation alone leads to a reduction in the free androgen index, with an 
increase in sex hormone-binding globulin (SHBG), leading to decreased biochemi-
cal hyperandrogenism in obese adolescents with PCOS [ 53 ].  

     Metformin   

 Recent studies have reported that metformin, when combined with lifestyle modifi -
cations, resulted in modest weight loss and restored the menstrual cycle. Increase in 
insulin sensitivity and improvements in lipid profi les were observed [ 48 ,  49 ]. 
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Metformin also plays a role in ovulation induction. A randomized, double-blind 
placebo-controlled trial conducted in 22 adolescent girls with PCOS, by Bridger 
et al., compared 12 weeks of treatment with metformin versus placebo in combina-
tion with lifestyle counseling. Metformin signifi cantly decreased total testosterone 
concentrations and established regular cyclical menses [ 23 ]. It was also noted that 
metformin increased HDL cholesterol levels, but there were no signifi cant changes 
in body weight or insulin sensitivity [ 54 ]. 

 Ibanez and de Zegher conducted a series of clinical trials and reported that treat-
ment with metformin improves insulin sensitivity, corrects dyslipidemia and  hir-
sutism  , and establishes cyclical menses in Catalan girls presenting with precocious 
pubarche [ 48 ]. A study done by De Leo et al. confi rmed the positive effects of 
metformin on menstrual periods and suggested that the drug can be administered 
in young obese women with PCOS to improve hyperandrogenic symptoms such as 
 hirsutism   and acne and to restore ovulation [ 5 ]. A study by Genazzani et al. showed 
that metformin modulates ovarian function and affects the secretion of LH by 
reducing the hyperandrogenic state. The highest rate of endocrine changes was 
noted in hyperinsulinemic, hyperandrogenic, nonobese PCOS patients [ 55 ]. Hence, 
the study postulates that it is suitable to use metformin even in nonobese patients. 
The benefi cial effect of metformin on hyperandrogenic states in adolescents due to 
PCOS could be due to the restoration of ovulation and the normalization of estro-
gen levels [ 5 ]. Lactic acidosis is one of the feared adverse effects of metformin, 
which is rarely reported in adolescents.  

    Oral Contraceptives 

 Combined oral contraceptive pills are considered the fi rst-line treatment to regulate 
menstrual cycles in women with PCOS who are not seeking pregnancy. They also 
protect the endometrium from cancer. Combination oral contraceptives such as ethi-
nyl estradiol (EE) with drospirenone (EE/D) have been noted to improve symptoms 
of hyperandrogenism. Progestin-only pills or cyclical progestins can be considered 
for use in those with contraindications to combined oral contraceptives [ 56 ]. 

 Oral contraceptives aid in the treatment of  hirsutism   along with treating  men-
strual irregularities  . However, more severe cases of  hirsutism   require antiandrogen 
pills along with oral contraceptive pills [ 56 ]. Cyproterone is a progestogen with 
antiandrogenic activity, and it should be administered in combination with an oral 
contraceptive pill to treat hirsutism [ 10 ]. 

 In spite of these positive effects, there are concerns about oral contraceptives 
increasing insulin resistance, which would be an undesirable side effect, particu-
larly in girls with PCOS. It was also noted that the clinical symptoms recur once 
therapy is stopped [ 5 ]. A review conducted by Ibanez and de Zegher stated that 
while oral contraceptives treat symptoms such as hirsutism and  menstrual irregu-
larities   in patients with PCOS, hyperinsulinemia may remain unchanged or may 
even worsen. In adolescents, therefore, the PCOS spectrum can be normalized by 
combining oral contraceptives with fl utamide–metformin.  
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     Flutamide   

 The combination of fl utamide–metformin helps treat hyperinsulinemia or hyperan-
drogenism, thereby preventing or reversing  hirsutism  , acne, and irregular menses. In 
contrast, oral contraceptives mask hirsutism, acne, or irregular menses, and hyperin-
sulinemia may remain unaltered or may worsen. The combination of fl utamide and 
metformin can help in such cases. However, fl utamide cannot be used in sexually 
active adolescents owing to the risk of embryotoxicity, and under those circum-
stances, oral contraceptives in the form of estro-progestagen or a non- endocrine 
method of contraception can be added to the fl utamide–metformin combination [ 57 ]. 

 In another study by the same group, use of thiazolidinediones such as piogli-
tazone in addition to fl utamide, metformin, and oral contraceptives improved mark-
ers of cardiovascular health in young women [ 58 ]. Studies have suggested that 
fl utamide, an androgen receptor blocker, restores progesterone sensitivity and hence 
improves hyperandrogenic symptoms of PCOS [ 26 ].  

     Spironolactone   

 Medications such as spironolactone and fi nasteride also improve hyperandrogen-
emia in adolescent girls with PCOS [ 6 ]. Spironolactone is an aldosterone antagonist 
primarily used to treat hypertension. However, it also has an antiandrogenic effect 
and hence improves  hirsutism   [ 10 ]. The use of spironolactone in adolescents still 
needs further clinical study. Breast tenderness and  menstrual irregularities   have 
been reported when it is used long term. Pregnancy should be avoided during its 
use, and it is suggested that spironolactone be used in combination with oral contra-
ceptives in order to improve clinical effectiveness [ 10 ].  

     Progestogens   

 Progestogens such as medroxyprogesterone acetate, norethisterone, dydrogester-
one, and progesterone are useful in managing adolescents whose main complaints 
are irregularities in menstrual cycles with no evidence of hyperandrogenemia. 
Progestogens are given on a cyclical basis for 14 days every month in order to 
ensure withdrawal bleeding. Therapeutic treatment with progestogens protects 
against endometrial cancer caused by prolonged estrogenic action [ 10 ].  

     Cosmetic Measures   

 Young girls with diagnosis of PCOS and clinically evident  hirsutism   can seek cos-
metic therapy such as laser photoepilation to eliminate unwanted hair [ 59 ].  
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    Psychosocial Interview 

 A psychosocial interview should take into consideration the psychological aspects of 
the adolescent by way of using psychosocial screening tools such as interviewing the 
adolescent regarding several of such factors: education, employment, eating, exer-
cise, peers, and mental health. The assessment of these factors needs to be the basis 
for the management plan [ 60 ]. The quality of life in young women with PCOS is 
affected by several factors such as weight gain, acne, hirsutism, stress due to  men-
strual irregularities  , and worries about future ability to have children. This can lower 
their self-esteem and confi dence and leave them feeling self-conscious. Motivational 
interviewing techniques should be used. The clinician should address the concerns of 
the adolescent fi rst, ask about their plan of lifestyle changes, and then review the 
steps and address any barriers [ 60 ]. This approach along with pharmacological man-
agement can help improve clinical outcomes in adolescent girls with PCOS.   

    Conclusion 

 PCOS is a heterogeneous disease characterized by endocrine, reproductive, meta-
bolic, and psychosocial abnormalities. The disease has hereditary risk factors and a 
complex pathogenesis. The hormonal and metabolic changes that normally occur 
during peripubertal period should be differentiated from the clinical features of 
PCOS before diagnosing the disease in adolescents. It is important to manage the 
disease to avoid complications such as impaired glucose tolerance, mental health 
issues, and long-term complications such as metabolic syndrome, diabetes, hyper-
tension, increased cardiovascular risk, infertility, and endometrial hyperplasia lead-
ing to endometrial cancer. Specifi c diagnostic criteria and optimal diagnostic 
methods to specifi cally screen adolescents should be established. A more holistic 
approach involving the psychosocial support to the adolescent along with lifestyle 
modifi cations and pharmacological management will result in improved clinical 
outcomes in the management of adolescent girls with PCOS.     
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    Chapter 17   
 Growth Hormone and Steroid Assays’ 
Problems in Childhood and Puberty                     

     Dobrin     A.     Svinarov    

          Growth Hormone Disorders: Analytical and Interpretative 
Challenges 

 Growth hormone (GH) and insulin-like growth factor-I (IGF-I) are the most impor-
tant laboratory parameters used in the diagnosis of GH secretion disorders, assess-
ment of children with short stature, and monitoring of replacement therapy with GH 
and IGF-I. Therefore, clinicians should be permanently updated by their laboratories 
on the analytical weaknesses and problems of GH and IGF-I assays and how they 
affect the accuracy of patient assessment, as well as of the ongoing progress for stan-
dardization and harmonization of these assays. GH, also known as somatotropin, is 
secreted by anterior pituitary somatotropic cells under the regulation of two hypotha-
lamic factors: GH-releasing hormone ( GHRH  ) and somatotropin release- inhibiting 
hormone, with stimulation being predominant over suppression. GH has direct meta-
bolic actions on protein metabolism: increased uptake of amino acids in tissues (ana-
bolic effect), and on lipid metabolism: activation of lipolysis and elevation of free 
fatty acids (catabolic effect). GH effects on growth are indirect—it induces the secre-
tion of IGF-I (known previously as somatomedin C) from GH responsive tissues—
predominantly liver cells. Growth-promoting effects of IGF-I are mostly a result of 
autocrine and paracrine actions. Elevated IGF-I acts centrally to reduce hypotha-
lamic release of GHRH, thus reducing GH secretion in a negative feedback mecha-
nism. Apart from GH stimulation, IGF-I levels are infl uenced by thyroid hormones, 
sex steroids, chronic disease, and nutritional status. Therefore, growth can be 
impaired even with GH suffi ciency in cases of hypothyroidism, sex steroid defi -
ciency, chronic illness, and malnutrition. GH stimulates the production of two other 
proteins: IGF-binding protein-3 ( IGFBP-3  ) and acid-labile subunit, which may form 
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circulating complexes with IGF. There are six IGFBPs of which IGFBP-3 is the 
major serum carrier of IGF-I. In addition to GH and IGF-I, IGFBP-3 measurement is 
also considered for the diagnosis of GH disturbances in childhood and puberty [ 1 ,  2 ]. 

    Problems with GH  Immunoassays   (IAs) 

 Controversies in the diagnosis and management of GH-related disorders in child-
hood and puberty are multifactorial, and this chapter will address only those that are 
related to GH analysis in the clinical laboratory: heterogeneous nature of GH, its 
biological variability, problems with IAs, the lack of standardization and of defi ni-
tive analytical technology, and the role of liquid chromatography coupled to mass 
spectrometry (LC–MS). 

 GH is a heterogenic molecular species. It is synthesized as a single-chain poly-
peptide composed of 191 amino acids with a molecular mass of 22 KDa but exists 
in the cells and in the circulation in a variety of forms: (1) GH1 (GH-N) and GH2 
(GH-V) are full-size 22-KDa molecules encoded by two genes, the fi rst produced 
primarily in pituitary and the second in placenta. GH1 represents 85–90 % of circu-
lating GH and is its’ active form. (2) A 20-KDa GH isoform is derived by GH1 as a 
result of deletion of amino acids 32–46, has less biological activity, and shows a 
propensity to dimerize. It accounts for 5–10 % of GH in blood [ 2 ]. (3) “Big GH” is 
a dimeric moiety of the 20-KDa isoform. (4) “Big–big GH”: approximately 50 % of 
GH is bound to its protein transporter— GH-binding protein (GHBP)   that is the 
cleaved N-terminal extracellular domain of the  GH receptor (GHR)  . The circulating 
complex (GH-GHBP) is sometimes called “Big–big GH” [ 1 ]. A small amount 
(5–8 %) of GH is carried by a low-affi nity protein, and the rest is in free (unbound) 
state. (5) There are also oligomeric forms of GH, which could potentially interfere 
in some analytical platforms. 

 Labeled immunochemical analysis is by far the predominant analytical technol-
ogy for measuring GH. As for most other hormones, IAs progressed from radioim-
munoassay to non-isotopic methods utilizing enzyme or luminescent labels 
(fl uorescent,  chemiluminescent  , and  electrochemiluminescent  ) and from the use of 
polyclonal to monoclonal antibodies. Nowadays, a variety of both earlier and 
recently introduced assay kits are commercially available, employing isotopic and 
non-isotopic labels, and all of them suffer from the same pitfalls. The presence of 
GH variants and the use of different antibodies, different calibration materials, dif-
ferent labels, and different assay reagents lead to signifi cant discrepancies among 
the results given by the different IAs [ 3 – 5 ]. Some of the antibodies are quite specifi c 
for the 22-KDa GH, and others cross-react with the 20-KDa isoform and its dimers, 
while the interference of some GH oligomers is not clearly established. Measurement 
of the 20-KDa isoform has no clinical signifi cance, but it has been shown to be use-
ful for the assessment of GH doping in sports. Overall,  affi nity   of most antibodies is 
high enough to compete with GHBP, provided the incubation time is suffi cient to 
allow for the dissociation of GH-GHBP complexes. Therefore, those assays give a 
good approximation of the total GH concentration. The clinical value of free 
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(unbound) GH is not established, although there are IAs developed to measure free 
GH [ 2 ]. Inter-assay variability of IAs was substantially improved over the last years, 
but still differences in results remain signifi cant enough to lead to misdiagnosis and 
inappropriate patient management [ 4 ,  6 ] and inability to create generally accepted 
harmonized clinical guidelines for diagnosis and treatment of GH-related disorders 
in childhood and puberty. Several international research and professional societies 
have organized an expert workshop to defi ne criteria, strategies, and ways to imple-
ment harmonization of GH and IGF-I assays and created recommendations and 
requirements for improving assay comparability, which were published in year 2011 
[ 7 ], and can be summarized as follows: (1) Preanalytical conditions should be 
strictly adhered to—serum is the preferred specimen for analysis; separation of 
serum from blood cells is recommended within 2 h of collection, stability at room 
temperature is proven for 8 h, and if specimens are not tested within that time, they 
should be stored at 2–8 °C during the same day or frozen at −20 °C for longer peri-
ods. Stability at −20 °C is proven for several weeks (no more than 30 days for IGF- 
I). (2) The most important requirement is by far the need for common calibration. 
All manufacturers should use a single universally accepted international reference 
recombinant human GH Standard, IS 98/574, and IS 02/254 WHO recombinant 
IGF-I reference standard, both of them available from  National Institute of Biological 
Standards and Control (NIBSC)  , and demonstrate traceability to those standards. 
Results should be reported in mass units, i.e., μg/L. (3) Commutability of calibrators 
and control materials should be achieved and validated—the matrix used should be 
identical to or as close as possible to nonpathologic human serum. (4) Antibodies 
used in GH assays should be of high affi nity and specifi city for the 22-KDa form of 
GH. These assays should have suffi cient reproducibility and  accuracy  , especially at 
the lower end of the measured interval, with a lower limit of GH quantifi cation 
(LLOQ) of 0.05 μg/L (CV of <20 %). (5) Interferences should be validated explic-
itly, including cross-reactivity with 20-KDa GH, GH 2, therapeutic GH analogs, and 
especially interference of GHBP. (6) Laboratories should use internal  quality con-
trol (QC) materials   from different manufacturer (independent from assay producer) 
and should participate in an accredited profi ciency testing system/external quality 
assessment program at an international level. Further, development of a reference 
measurement procedure based on LC–MS is strongly needed and should be utilized 
for the establishment of acceptance criteria for all IAs intended for clinical use [ 6 ]. 
Manufacturers must inform laboratories for all of the above components and for 
every change in assay platforms that may infl uence clinical diagnostic and therapeu-
tic decisions. Laboratories must communicate that information to clinicians and 
explain the way assay performance could affect patient care [ 7 ].  

    Problems with  IGF-I and IGFBP-3    Immunoassays   

 Unlike GH, serum concentrations of IGF-I and IGFBP-3 are stable throughout the 
day, and therefore, they can be measured at any time. Total IGF-I is measured via 
IAs based on the same principles, showing the same historical development as 
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described above for GH assays, but all techniques include a step for dissociation of 
IGF-I from its binding proteins prior to analysis [ 1 ,  2 ]. Manufacturers should vali-
date the effi ciency of that process separately and demonstrate the infl uence of dis-
eases affecting serum concentrations of IGFBP, such as diabetes, GH disorders, and 
hepatic or renal impairment, on the total IGF-I concentration measured [ 4 ,  7 ]. 
Serum concentrations of IGF-I vary with age, sex, and degree of sexual maturation 
of the child. Unfortunately, there is an overlap of the normal range of serum IGF-I 
concentrations in young children with the levels found in children with GH defi -
ciency ( GHD  ).    In addition, children with malnutrition, hypothyroidism, chronic ill-
ness, renal failure, steroid defi ciency, and diabetes also have low IGF-I concentrations. 
On the other hand, IGF-I levels rise dramatically during puberty. Therefore, refer-
ence intervals in childhood and puberty should be assessed for data normality, pre-
sented in percentiles (2.5–97.5 percentiles) after transformation, and reported as SD 
scores—the number of SDs a given result is deviated from the age-adjusted mean. 
Narrow age ranges (e.g., every 3 years) and Tanner stages should be considered, 
with suffi cient number of individuals included and sex-specifi c reference values for 
ages between 6 and 18 years [ 7 ,  8 ]. IGFBP-3 does not need a dissociation step from 
a binding protein, and its concentration is much higher compared to that of IFG-I or 
GH. Therefore, IAs are generally simpler than those for GH and IGF-I. In addition, 
IGFBP levels vary to a lesser extent with age, sex, and degree of sexual maturation 
[ 1 ] and are less affected by nutritional status of the child. Based on the above con-
siderations, it was thought until recently that simultaneous measurement of IGF-I 
and IGFBP-3 could be potentially superior to the assessment of IGF-I alone. 
However,  multiple   studies reported a very poor diagnostic sensitivity of IGFBP 
(approximating 50 %), with no difference of its concentrations between GHD and 
non-GHD subjects and no advantage over  measurement   of IGF-I alone [ 4 ].  

    The Role of LC–MS in the Analysis of GH, IGF-I, 
and IGFBP- 3      

 This technique allows recognition and quantifi cation by mass rather than by epitope 
and provides the most sensitive and selective analytical results in biology and medi-
cine. It has the potential to circumvent many of the problems associated with IAs for 
GH, IGF-I, and IGFBP-3 [ 8 ,  9 ]. Several methods for ID-MS (isotope dilution mass 
spectrometry: MS using stable isotope labeled internal standards, which renders 
highest possible reliability) determination of these peptides have been described 
[ 10 – 14 ], with excellent accuracy and precision and lack of interference by GHBP or 
other constituents of human serum. Application of LC–MS would allow the estab-
lishment of reproducible, method-independent, comparable, and unifi ed reference 
intervals and cut off limits and would ultimately give a chance for the development 
of clinically unambiguous and generally recognized guidelines for the management 
of GH-related disorders in childhood and puberty. It was already noted that ID-MS 
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is also the ultimate technique for the development of reference measurement proce-
dures for GH and IGF-I—a key factor for  the   standardization and harmonization of 
 newer   generation IAs.  

     Clinical Signifi cance   

 The following brief discussion will focus only on those interpretative challenges in 
the management of GH-related disorders of childhood and puberty, which are 
related to the analytical problems of GH, IGF-I, and IGFBP-3 assays. Clinically 
important states of GH excess or defi ciency are rare and diffi cult to diagnose, with 
GHD being considerably more challenging and laboratory dependent, compared to 
GH excess. GH is stored in the pituitary cells after synthesis and is secreted in sev-
eral (usually seven to eight) pulses per day with some “spikes” after meals or exer-
cise, but most pulses (by number and intensity) occur at night after onset of sleep, 
with peak values reached during deepest sleep [ 1 ,  2 ] and very low concentrations 
between pulses. This pattern of secretion and its short half-life makes random mea-
surements of GH non-informative and misleading for assessment of suffi ciency or 
insuffi ciency. Therefore, diagnosis of GHD requires a combination of provocative 
screening and stimulation tests and measurement of GH, IGF-I, and in some cases 
IGFBP-3. Although uncommon itself, GH excess in childhood (gigantism) is much 
less common than acromegaly, and its’ diagnosis is made predominantly by physi-
cal appearance (striking acceleration of linear growth) and magnetic resonance 
imaging [ 1 ,  2 ]. In contrast to GH, IGF-I half-life is much longer, and its concentra-
tions are much less variable during the day. Therefore, a random single measure-
ment of IGF-I is considered to accurately refl ect its production. As mentioned 
previously, IGF-I concentrations are infl uenced by age, sexual maturation, nutri-
tional status, and several disease states. 

 There are two general approaches in diagnosing and management of GHD [ 1 ]. 
The fi rst one is preferred by physicians, who believe that physiological variety of 
GH and reported discrepancies of the non-standardized GH measurements hamper 
the clinical value of its analysis. This approach relies solely on the measurement of 
IGF-I level, and diagnosis is considered proven if IGF-I is low and is combined with 
low growth velocity. The second, more traditional approach comprises a two-step 
testing of GH concentrations after pharmacologic stimulation with any of the fol-
lowing: clonidine, glucagon,  L -dopa, insulin, arginine, pyridostigmine, and GHRH, 
applied alone or in combination. Physical stimuli of GH secretion, including sleep 
and exercise, are usually avoided, due to lack of reproducibility. The fi rst step 
(screening) involves measurement of GH after a single pharmacologic challenge. If 
the GH rises above the cutoff value for GHD (usually around 7 μg/L, see billow), 
GH suffi ciency is accepted with no need for further measurements. The second step 
is considered defi nitive for the diagnosis of GHD and requires a combination of two 
stimulatory tests, because after a single challenge only 80 % of normal children will 

17 Growth Hormone and Steroid Assays’ Problems in Childhood and Puberty



252

respond suffi ciently, while after a two-test provocation, this percentage rises over 
95 %. The major pitfall in the traditional approach is the analytical uncertainty of 
GH IAs and method-dependent cutoff values, which differ signifi cantly even with 
different batches of the same assay. Irrespective of the well-defi ned requirements 
for methodological improvement outlined above, there is no GH assay on the mar-
ket that meets the criteria for standardization and harmonization. Therefore, the 
recent  publication   of Wagner et al. [ 15 ] plays a key role in the effort to establish 
comparative harmonized cutoff values for some of the most often used IAs. In this 
work, the cutoff concentrations for the diagnosis of GHD for six commercial IAs 
and for an  ID-MS-based assay   were reexamined, based on the retesting of serum 
samples of children with  GHD   and children with no GHD, all of which have under-
gone stimulation tests. The optimal cutoff value for one of the IAs was identifi ed 
and converted via regression analysis to comparable cutoff values for the other fi ve 
assays. An ID-MS-based cutoff concentration was independently derived by analy-
sis of a subset of patients and regression comparison to the same IA. The calculated 
cutoff limits ranged from 4.32 to 7.77 μg/L. These huge differences demonstrate the 
unacceptable variability of results obtained by IAs for one sample and the ultimate 
need for assay-specifi c cutoffs for the diagnosis of GHD. In addition, comparison of 
the IAs to ID-MS provides long-term validity of the established cutoff values and 
helps to detect gaps in the traceability chain, which is a critical unmet requirement 
of assays’ manufacturers. 

 Interpretation of IGF-I results is greatly facilitated by the recent publication of 
Bidlingmaier et al. [ 16 ], presenting the results of a remarkable international project 
for the development and validation of a new IA conforming to international recom-
mendations and its application to establish reference intervals for IGF-I from birth to 
senescence. The major results of this important work could be summarized in regard 
to assay characteristics and the reported IGF-I reference values. The new assay is 
calibrated against the recommended standard (02/254). It is very sensitive (limit of 
detection 4.4 μg/L) and has a broad dynamic range (10–1200 μg/L), with excellent 
accuracy (92–104 %) and precision (total analytical CV <9 %), and explicitly dem-
onstrated lack of interference from the six IGFBPs and other matrix constituents. 
Sample material requirements, preanalytical, post-analytical, short-term, and long-
term stability, and comparison with other assays complete the validation profi le of 
this new, reliable IA technique. Generation of reference intervals is performed under 
strict adherence to the most rigorous international guidelines. Reference ranges in 
childhood and puberty are derived from the conducted multicenter study, with 4252 
samples (1884 males, 2368 females) of newborns, children, and adolescents, 
obtained from seven pediatric cohorts from Canada, the United States, and Europe, 
with the signifi cant contribution of the  Canadian Laboratory Initiative on Pediatric 
Reference Interval Database   (CALIPER and CALIPER new), providing a total of 
1948 (1148 males) samples. The pediatric population was  ethnically diverse and 
deemed to be metabolically stable. Pediatric reference values are calculated for each 
year of life from birth to the age of 20, separately for males and females. Additionally, 
assessment according to Tanner stages is presented, based on one of the largest 
cohorts (Danish Cohort,  n  = 854). This publication is a free-access paper, and all 
clinicians dealing with interpretation of IGF-I concentrations should use it. 
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Briefl y, IGF-I concentrations in cord blood correlated to birth weight but were not 
different between sexes. After that, concentrations declined and remained lower 
than at birth during the fi rst year of life (from 57 to 77 μg/L, 2.5th percentile, to 
126–157 μg/L, 97.5th percentile). Thereafter, IGF-I increased and reached a puber-
tal peak both in girls and boys at 15 years (from 127 to 152 μg/L, 2.5th percentile, 
to 554 μg/L, 97.5th percentile) and relatively fast decline until the age of 21–25 
(from 93 to 115 μg/L, 2.5th percentile, to 342–355 μg/L, 97.5th percentile).  IGF-I   
peak was similar in adolescents when data were stratifi ed to chronological age but 
occurs slightly  earlier   in girls, when considering stratifi cation according to Tanner 
stages. During puberty, reference interval was broader in girls, indicating a higher 
variability of IGF-I concentrations. In both sexes, the lower limit of reference inter-
val (the 2.5th percentile) was lower when calculated on chronological age, com-
pared to the calculation based on Tanner stage, which indicates that reference values 
adjusted for pubertal development can be useful, especially if IGF-I is low. Body 
mass index (BMI) extremities and comorbidities had no signifi cant infl uence on the 
reference intervals.   

    Problems of  Steroid Assays  : Immunochemical Methods 
or  LC–MS/MS   

 Steroid hormones are  synthesized   from cholesterol in the adrenal cortex, the gonads, 
and the placenta, and many of them are of great clinical importance [ 17 ]. Abnormal 
concentration of  steroids      in children and adolescents may be indicative of ambigu-
ous genitalia in infants, hypogonadism, precocious puberty, oligomenorrhea, hirsut-
ism in females, feminization in males, metabolic and electrolyte disturbances, and 
rarely, steroid hormone-producing neoplasms [ 18 ]. The  adrenal gland   is composed 
of the adrenal medulla (inner layer) and cortex (outer layer). The cortex is further 
composed of three layers: zona glomerulosa, which produces mineralocorti-
coids such as 11-desoxycorticosterone, corticosterone, and aldosterone, and zonae 
fasciculata and reticularis, which together are the source of glucocorticoids 
(11- desoxycortisol, cortisol) and of adrenal androgens  dehydroepiandrosterone 
(DHEA)  ,  DHEA-sulfate (DHEAS)  , and androstenedione. Testosterone is produced 
by the Leydig cells of the testes, and female sex hormones, estradiol and progester-
one, are synthesized in the ovaries.  Estradiol   could be derived from testosterone by 
aromatization of ring A (CYP19A1). The same aromatase catalyzes the transforma-
tion of androstenedione to estrone, which is also a precursor of estradiol. Estriol is 
derived from placenta, and its measurement is important in the assessment of fetal 
status [ 17 ,  19 ,  20 ]. Biochemical pathways of steroid hormones are far more com-
plex, and as a result, over 300 precursors and metabolites circulate in the body fl uids 
together with the active hormones, in a variety of concentrations and biological 
activity but with very similar structure. Therefore,  analytical methods   for steroids 
need to pose suffi cient selectivity and sensitivity to allow for measurement  of   the 
steroid of interest, without cross-reactivity  and   interference, a requirement that is 
very diffi cult to achieve. 
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    Free Versus Total Steroid  Measurement   

 Steroid hormones circulate in blood bound to carrier proteins, which regulate their 
activity. Total concentration of hormones that are highly protein bound depends on 
the concentration of the protein carrier and therefore may vary signifi cantly, while 
their unbound (free) concentrations remain within physiologic limits. Measurement 
of free steroids is a much better indicator of their functional activity—it is the free 
hormone that binds to the steroid receptor and elicits the biochemical action, but 
methods that are able to separate free from bound fraction and to reliably measure 
the unbound hormone are very diffi cult to develop and validate. There is a need of 
a preanalytical phase to separate bound and free fraction, which utilizes two tech-
niques—equilibrium dialysis (reference technique) or ultrafi ltration. The fi rst pro-
cedure is very slow and expensive, and both techniques should strictly be adhered 
to; otherwise, a disruption of the physiologic ratio between free and bound hormone 
could occur [ 19 ,  20 ]. After the introduction of very sensitive LC–MS instruments, 
the required high sensitivity for free steroid analysis is not an issue [ 17 ], but until 
recently, alternative indirect approaches for estimation of unbound concentrations 
were predominantly employed in the clinical laboratories. These included measure-
ment of specifi c protein carriers [ cortisol-binding globulin (CBG)  ,  sex hormone- 
binding globulin (SHBG)  , and albumin] and usage of mathematical algorithms for 
calculation of free concentrations: “selective” precipitation of the tightly bound 
form or direct (analog tracer) radioimmunoassay. In the past, measurement of uri-
nary cortisol (also providing an estimate of free hormone concentration) has been 
used for as a screening test for  Cushing disease   [ 19 ]. All indirect methods for 
assessment of free steroid concentrations give approximation for the unbound frac-
tions and not true values [ 21 ,  22 ]. Therefore, when alternative and new techniques 
are available, they should be preferred for routine work. 

  Measurement of    saliva steroid     concentrations  is a practical and convenient way 
to assess the free steroid fraction. Saliva can be viewed as a natural plasma ultrafi l-
trate, where only unbound steroids can transfer from plasma. It is obtained noninva-
sively, which is a special advantage in childhood. In general, most steroids of 
clinical signifi cance can be measured in saliva. For some steroids, such as cortisol, 
estriol, and progesterone, measurement of salivary concentration is documented to 
be a good indicator of the free plasma concentration [ 19 ,  20 ]. The best established 
and accepted application for hormone analysis in saliva is the use of salivary cortisol 
in the diagnosis of Cushing syndrome. In pediatric medicine, saliva has proven very 
benefi cial for diagnosing and monitoring of congenital adrenal hyperplasia (most 
commonly caused by 21-hydrohylase defi ciency) via the measurement of salivary 
17α-hydroxypreogesterone and androstenedione. In addition to estrogens and gesta-
gens, a special focus for assessment of male hypogonadism is testosterone analysis 
in saliva, which demonstrates a very high  correlation   with free testosterone in serum 
[ 20 ,  21 ]. The predominant advantages of saliva steroid analysis in childhood include 
the noninvasiveness of sampling procedure, ability for multiple collections, and, 
unlike venipuncture, availability of samples obtained without unwanted adrenal 
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stress. At the same time, special attention is required regarding standardization of 
collection devices and procedures, patient compliance to collection procedures, pre-
analytical stability of  steroids   in saliva, and usage of standardized and validated 
assays [ 23 ]. Interpretation of salivary steroid concentrations requires the establish-
ment of special reference intervals.  

     Immunochemical Assays  ’ Problems for Steroid Hormones 

 The introduction of IAs nearly 50 years ago allowed for the fi rst time the direct 
measurement of active hormones in human plasma instead of measuring their inac-
tive metabolites by colorimetric methods in urine or application of cumbersome 
in vivo bioassays. Thus, IA platforms opened a new era in endocrine research, clini-
cal diagnostics, and patient measurement [ 24 ]. Earlier, fi rst-generation methods 
employed nonspecifi c polyclonal antibodies and sample pretreatment, such as sol-
vent extraction, chromatographic purifi cation, and pre-concentration. These “indi-
rect” techniques were slow and tedious but provided relatively suffi cient specifi city 
and sensitivity—the pretreatment step compensated for the nonspecifi city of poly-
clonal antibodies. Later, in favor of speed, automation, and simplifi cation, newer 
generation, “direct” IAs, utilizing monoclonal antibodies and enzyme or lumines-
cent labels, replaced the older techniques. Unfortunately, together with high capac-
ity, high speed, and wide availability, the newer “direct” methods sacrifi ced the 
requirements for sensitivity and specifi city of steroid measurements. Employment 
of monoclonal antibodies was not suffi cient to assure the required reliability. 
Interference with chemically similar steroid precursors, metabolites, exogenous 
compounds, and protein carriers, in combination with nonstandard calibration, and 
lack of standardization and traceability introduced unacceptably high intra-assay 
and inter-assay variability of currently used IAs [ 17 ,  19 ,  20 ]. The magnitude of this 
problem is exemplifi ed with results from one of the external quality assessment 
programs, exhibiting a threefold to ninefold between-laboratory difference for a 
single challenge [ 17 ]. Therefore, general requirements to manufacturers, listed for 
GH and IGF-I, fully apply for steroid IAs—need for traceable calibrators, relevant 
validation for interferences, achievement of clinically needed selectivity and sensi-
tivity, traceability of results to reference measurement procedures (ID-MS), etc. The 
majority of recent publications, textbooks, and  guideline  s demonstrate nonlinearity 
and lack of accuracy of the different IAs [ 1 ,  2 ,  17 ,  24 – 26 ] and recommend their 
replacement by LC–MS where possible, especially for the following steroids: mea-
surement of cortisol secretion in serum, 24-h urine sample, or midnight saliva [ 24 ]; 
total testosterone in women, in children, and in hypogonadal men; estradiol in clini-
cal situations with expected low levels of less than 10 or 5 pmol/L (healthy men, 
children, postmenopausal women) [ 1 ,  17 ,  19 ,  20 ,  24 ,  27 ,  28 ]. In conclusion, there is 
no doubt that MS will be the routine method principle for quantifi cation of all ste-
roids in the near future, but the technological transfer will not happen in 1 day and 
in all places. IAs will continue to be part of the analytical arsenal of clinical 

17 Growth Hormone and Steroid Assays’ Problems in Childhood and Puberty



256

laboratories, especially when manufacturers of these assays fulfi ll the previously 
mentioned requirements for  adequate   validation and traceability. For instance, cur-
rent testosterone IAs are still (and will be) acceptable for determination of higher 
concentrations in men; IAs perform satisfactory for estradiol in the assessment and 
management of women with infertility problems [ 20 ,  24 ].  

     Steroid Analysis    by Mass Spectrometry   

 MS has  been   used for steroid analysis for more than 70 years, and therefore, it is 
not correct to appreciate it as the “new guy” in that analytical fi eld. In 1960s,  gas 
chromatography–mass spectrometry (GC–MS)   was the major tool for the investi-
gation of steroid metabolism and assessment of steroid profi les in health and dis-
ease [ 24 ]. Despite of the signifi cant complexity, GC–MS still remains the 
preeminent discovery technique of choice in the clinical research of steroid metab-
olome, even in the era of LC–MS/MS. Our current knowledge on inborn errors of 
steroid metabolism and the identifi cation of nearly all steroid metabolite disorders 
is based on GC–MS [ 24 ,  29 ]. In the last 15 years, the great technological advance 
of triple quadrupole LC–MS/MS resulted in the introduction of methods with 
unbeatable sensitivity and selectivity and extended linearity range, which are much 
simpler to use in the  routine   clinical laboratories compared to GC–MS and at the 
same are based on the current reference (defi nitive) analytical principles [ 17 ,  29 –
 32 ]. LC–MS/MS reference measurement procedure for testosterone, which will 
serve for standardization of routine methods (MS and immunoassays), has already 
been proposed, and such procedures for other steroid hormones are expected to 
appear in the near future [ 33 ,  34 ]. Further signifi cant advantages of LC–MS/MS 
include relatively high throughput and the ability to perform panel steroid profi ling 
with simultaneous measurement of precursors, active hormones, and metabolites in 
a single sample, thus amplifying enormously the informative value of laboratory 
results, with ultimate improvement of patient care [ 17 ,  30 ,  35 ]. For instance, assess-
ment of androgen status requires quantifi cation of testosterone and dihydrotestos-
terone [ 36 ], but immunoassays, being single-analyte platforms, do not provide that. 
Simultaneous analysis of multiple steroids reduces signifi cantly the required sam-
ple volume, compared to IAs. Small sample size is especially important in pediatric 
endocrinology—the ability to obtain more than ten quantitative results from 100 to 
200 μL of plasma is easily achievable [ 17 ,  33 ]. However, it should be clearly under-
stood that analysis by LC–MS/MS does not automatically mean reliable results and 
superiority over IAs. MS is in its early phase of clinical application, roughly at the 
same stage that IAs were many years ago, when labor-intensive manual testing 
dominated and automatic immunochemistry analyzers were not available [ 24 ]. 
Among the disadvantages of LC–MS/MS, which currently limit its wider use in 
routine clinical laboratories, are expensive equipment; fairly labor-intensive sam-
ple preparation (“indirect” technique) and requirement for a highly competent and 
robustly trained staff, compared to immunoassay platforms; lack of standardization 
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(most laboratories develop their own “in-house” methods); and occasional interfer-
ences and matrix effects, which require rigorous validation [ 17 ,  29 ,  33 ]. 
Manufacturers are trying to develop mass spectrometers that are like clinical chem-
istry analyzers—more user-friendly, technically, and methodologically standard-
ized and thus appropriate to meet the requirements of the high-throughput medical 
laboratories. Until that happen, LC–MS/MS will be a preferred routine armamen-
tarium in the larger laboratories, where the expertise and the larger sample work-
load will provide cost- effectiveness in the  effort   to  overcome   the problems of 
current IAs for steroid analysis.  

    Interpretation of  Results and Reference Intervals   

 It is fair to admit that pediatric reference values for steroid hormones are not well 
defi ned—a situation that challenges diagnostic sensitivity and interpretation of 
results, especially in cases with mild to modest elevations. Current reference inter-
vals are usually derived based on very small groups of children, which limits the 
establishment of adequate age-specifi c and sex-specifi c differences. In addition, the 
technological transfer from IAs to LC–MS/MS is underway but not completed: all 
data, based on IAs, are method dependent and hence only valid for the respective 
assay; reference intervals based on LC–MS/MS are method independent and could 
be used more universally, but with mentioned limitations—lack of wide availability 
of the technique and need for standardization. Of particular importance is also the 
lack of agreement and comparability between LC–MS/MS and IA results, the latter 
being signifi cantly higher (often several fold). Therefore, pediatric endocrinologists 
should communicate closely with  the   laboratories, requiring information on the par-
ticular assays used for steroid analysis and how those assays refer to published refer-
ence interval data. This chapter will briefl y summarize some of the most convincing 
and most recent studies presenting pediatric reference values for steroid hormones. 
Konforte et al. [ 18 ] published their results for seven  fertility hormones      in children 
and adolescents as part of the CALIPER study, utilizing a new IA platform. These 
authors present data obtained from 1234 recruited participants and correctly state the 
advantages and limitations of their work: well-defi ned assay characteristics with 
improved sensitivity, compared to other IAs; database still valid for the IA used only, 
with the need for validation for other IAs; assay used not traced to higher metrology 
class technique, i.e., ID-MS; and limited number of participants for some age sub-
groups and for Tanner stage-specifi c partition, which is based on self- reported 
Tanner stage. Notably, authors declare that the results for testosterone are not much 
different from those obtained by LC–MS/MS in the same laboratory. In addition, the 
results for estradiol, but not for progesterone, are comparable to previously pub-
lished data, based on LC–MS/MS [ 20 ]. Their Tanner-specifi c results for estradiol 
could be summarized as follows: for males, upper limits are practically the same for 
Tanner stages I–III (<70 pmol/L) and for Tanner stages IV and V (<130 pmol/L); 
female reference values are fully stratifi ed, <70 pmol/L for Tanner stage I, 
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<90 pmol/L for Tanner stage II, <300 pmol/L for Tanner stage III, 50–520 pmol/L 
for Tanner stage IV, and 70–760 pmol/L for Tanner stage V. The same group has 
published another part of their study, based on LC–MS/MS method for simultaneous 
measurement of eight steroids, again as part of the CALIPER program, with reported 
pediatric reference intervals of a total of 337 specimens [ 37 ]. In this work, proges-
terone values were found to be signifi cantly lower, compared to the previously men-
tioned immunoassay, and similar between boys and girls until the age of 12 years, 
with female levels began increasing thereafter. Table  17.1  compiles and summarizes 
their results for fi ve of the steroids that did not require partitioning based on sex. 
Data have shown that in addition to the known diurnal variation, cortisol changed 
with age, increasing after the age of 7 years old. Slightly different, compared to other 
reports, were the fi ndings of this group for corticosterone, which exhibited the high-
est concentrations between birth and 1 year of life, declining gradually thereafter. 
Elevation of 11-desoxycortisol, 17- hydroxyprogesterone, and 21-hydroxyprogester-
one is of importance for the detection of the respective hydroxylase defi ciencies. 

  Table 17.1    Age-specifi c 
pediatric reference values for 
some serum steroids (method: 
LC–MS/MS, study as part of 
the CALIPER program)  

 Steroid  Age 
 Upper limit 
(nmol/L) 

 Cortisol  0–2 years  530 
 3–6 years  270 
 7–14 years  360 
 15–18 years  510 

 Corticosterone  <1 month  20 
 <1 year  15 
 1–6 years  4 
 7–14 years  9.2 
 15–18 years  15 

 11-Desoxycortisol  <1 year  5.3 
 1–6 years  1.0 
 7–18 years  2.3 

 17-Hydroxyprogesterone  0–14 days  4.8 
 <1 year  3.4 
 1–11 years  1.0 
 12–13 years  2.0 
 14–18 years  4.0 

 21-Hydroxyprogesterone  <1 year  0.8 
 1–2 years  0.25 
 2–11 years  0.15 
 12–18 years  0.24 

  Modifi ed from Kyriakopoulou L, Yazdanpanah M, 
Colantonio DA, et al. A sensitive and rapid mass spectro-
metric method for the simultaneous measurement of 
eight steroid hormones and CALIPER pediatric refer-
ence intervals. Clin Biochem. 2013;46:642–651. With 
permission from Elsevier  
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Kushnir et al. [ 38 ] have published pediatric and adult reference  intervals   for the 
major androgen steroids, testosterone, androstenedione, and DHEA, based on a ref-
erence population of over 2500 participants, utilizing a validated LC–MS/MS 
method. Their Tanner-specifi c stratifi cation is derived from the largest number of 
observations in each subgroup—over 120 samples for each Tanner stage and results 
could be summarized as follows. At Tanner stage I, there were no clinically signifi -
cant sex differences for the three steroids, with upper limits of 0.5–0.6 nmol/L for 
testosterone, 1.1–1.8 nmol/L for androstenedione, and 8.2–9.6 nmol/L for DHEA. In 
girls, the three androgens reached adult values at Tanner stage III (0.3–2.2 nmol/L 
for testosterone, 1.3–7.8 nmol/L for androstenedione, 3.7–27.3 nmol/L for DHEA), 
while in boys adult values (5.6–29.5 nmol/L for testosterone, 0.9–3.7 nmol/L for 
androstenedione, 4.3–23.4 nmol/L for DHEA) were reached later—at Tanner stages 
IV–V. The greatest increase was observed during the transition to Tanner stage II for 
females and to Tanner stage III for males. At Tanner stage II, the upper reference 
limit  for   testosterone was already signifi cantly higher in boys, 10.5 nmol/L, com-
pared 1.4 nmol/L for girls. Levels of androstenedione were approximately twice 
higher in females since Tanner stage II and thereafter, and for DHEA, the major sex 
differences were observed at Tanner stages II and III.
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    Chapter 18   
 Psychosocial Development of Adolescents 
With and Without Deviations                     

     Yolanda     N.     Evans    

          Overview 

  Adolescence   is an intense period of transition. The experience is one that many 
adults tend to move past without looking back. There is the awkwardness of a 
maturing body that may feel foreign and betraying as it morphs from looking like a 
child into that of an adult. At the same time the maturing brain begins to grasp 
abstract concepts while simultaneously seeking out behaviors that yield high 
rewards. With all of this change occurring, it can be challenging to distinguish nor-
mal from the deviations of adolescent development. Our culture is often avoidant, 
afraid of, or shows little patience for children going through adolescence. As adults, 
we interact with adolescents hoping for mature responses, but may fi nd that their 
actions are often different than those expected of adults. Why do teens act this way? 
During adolescence, behavior often occurs because there is a consequence that is of 
benefi t to the youth [ 1 ]. Though the medical community emphasizes the harm that 
can come from  deviations from normal adolescent development  , it may be challeng-
ing to engage the youth in behavior change if they are receiving social benefi ts. The 
 neuropsychological changes   that occur during adolescent development have become 
better understood over the past decade. The limbic system of the brain, which con-
trols rewards and emotions, matures faster than the prefrontal cortex, the logic cen-
ter of the brain. This reward center maturation may translate into ongoing harmful 
behaviors if the stimulus to continue a behavior, and thus receive a reward, is great 
enough. While the neurologic and cognitive changes take longer to mature, the 
physical maturity can contribute to adult-like behaviors in the form of both peer and 
sexual relationships.  
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    Normal Development 

 A key part of the transition from childhood to adulthood is the development of iden-
tity. This formation of identity includes the maturation of intellect, morality, ethnic-
ity, spirituality, and sexuality. The three stages of adolescent development are an 
outline of the journey to discovering identity [ 2 ]. 

     Early Adolescence     : Ages 10–14 Years 

 During the early stage of adolescence, youth begin to exhibit separation from 
the family. This is the time when it is normal for children to be embarrassed 
being seen with their parents in public, and they may ask to go out with peers 
unaccompanied. They are preoccupied with their own body as the  physical 
changes   of puberty are underway. Youth begin to identify with their ethnic back-
ground, and cultural biases regarding gender, size, religion, ability, and race 
may lead to preferential interactions with like-minded peers. While youth in this 
stage have concrete thinking, they are gaining the ability to perceive and truly 
understand the consequences of their actions. However, this understanding of 
consequence may be ignored if the reward from risky behavior is great enough. 
It is during this stage that adolescents may begin to experiment with behaviors, 
such as substance use. Some youth may initiate sexual activity, but the majority 
of teens are just beginning to fi nd themselves attracted to another individual in 
a  sexual   way [ 3 ].  

     Middle Adolescence     : Ages 14–17 Years 

 During middle adolescence, the  physical changes   of puberty are ending. 
Romantic relationships intensify as sexual maturity is achieved. This is the peek 
of confl ict with family as the individual struggles to develop a sense of self. 
Normal confl ict with family can appear in a variety of ways. For some adoles-
cents, they challenge the authority of their parents by defying set rules such as 
curfew or household chore completion. Others take on political stances that are 
the opposite of the family. The teen wants to be seen as an autonomous being, 
yet this is the peek of conforming to peers. Risky behavior heightens, such as 
substance use, sexual activity, violence, and driving. Though teens push away 
from family, this is often the time when parental guidance is most needed as the 
rates of suicide, homicide, sexually transmitted infections, and substance use all 
increase with this age group [ 3 ].  
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     Late Adolescence     : Ages 17 and Older 

 Late adolescence is the developmental stage where identity is beginning to solidify. 
This age group is less reliant on peer acceptance and may resume seeking counsel 
from family regarding values. This is the time when education and vocational goals 
are explored, which provides the developing youth the opportunity to practice 
autonomy as they make decisions that will shape their future employment and 
earning potential. Adolescents transition from high school to the pursuit of univer-
sity or college studies. They may opt to join the military or look at a vocational 
training program. Romantic relationships also change during this stage. Instead of 
intense feelings of desire and attachment, older adolescents are beginning to under-
stand the need for mutual support, trust, and intimacy in order to allow relation-
ships to thrive. 

 The normal stages of adolescence and development of self identity occur over a 
relatively short time period and when coupled with rapid changes in physical matu-
rity equate to a potentially tumultuous portion of an individual’s life. Normal ado-
lescents experiment, push limits, and challenge authority; all are required to reach 
the goal of recognizing the individual’s identity. To aid in this development, society 
as a whole should encourage pursuit of vocational interests, teach and model healthy 
romantic  relationships  , and  encourage   adolescents through mentorship.   

    Deviations from Normal Development 

 Deviations from normal psychosocial development include, but are not limited to, 
the following: mood disorders such as depression and anxiety [ 4 ], violence [ 5 ], 
substance abuse [ 6 – 8 ], and risky sexual behavior [ 9 ]. The Youth Risk Behavior 
Surveillance System ( YRBSS     ) conducted by  the US Centers for Disease Control 
(CDC)   was developed in 1990 to look at trends in behavior among teens that con-
tribute to signifi cant morbidity and mortality [ 3 ]. The behaviors reported by the 
YRBSS provide an overview of deviations from normal development in adolescents 
in the United States. In the survey, adolescents in grades 9–12 were asked questions 
related to behavior. The most recent survey completed in 2013 addresses adolescent 
suicidal ideation, violence, substance abuse (including alcohol, marijuana, and 
tobacco), risky sexual activity, and unhealthy eating behaviors. The following is a 
summary of the fi ndings. 

     Suicide   

 Among those who responded, 17 % seriously considered suicide and 8 % attempted 
suicide in the 12 months prior to the survey.  

18 Psychosocial Development of Adolescents With and Without Deviations



266

     Violence   

 Violent behaviors were categorized by carrying a weapon (17.9 %), carrying a 
weapon on school property (5.2 %), being in a physical fi ght (24.7 %), being bullied 
on school property (19.6 %), being bullied electronically (14.8 %), and being physi-
cally forced to have sexual intercourse (7.3 %).  

     Substance Use   

 Substance abuse was asked in a variety of ways. Sixty-six percent reported having 
at least one alcoholic drink in their lifetime, and 20.8 % had at least fi ve drinks in a 
row during the 30 days prior to the survey. Marijuana use has increased with 31.3 % 
having used in 1991 versus 40.7 % ever used in 2013. Of those surveyed, 23.4 % 
reported  current   use of marijuana.  

     Sexual Activity   

 Since 2001, there has been no change in the percentage of youth who reported 
sexual activity. In 2013, 46.8 % reported that they had ever had sex, 15 % having had 
more than fi ve lifetime partners, 34 % reporting current sexual activity, 59.1 % used 
a condom during the last sexual encounter, and 22.4 % had drank alcohol or used 
drugs before their last sexual encounter.  

     Eating Behaviors   

 Breakfast was not eaten by 13.7 % in the week prior to the survey and only 38 % ate 
breakfast all 7 days prior to the survey. In the 30 days prior to the survey, 13 % did 
not eat for 24 h in order to lose weight and 4.4 % vomited or took laxatives in order 
to lose weight.   

    Contributing Factors to Deviations 

 Environment and community, family and peer interactions, and individual traits are 
all factors that can contribute to normal adolescent development. Deviations from 
normal development in one or more of these factors can lead to  psychosocial 
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challenges   during puberty. For example, the presence of living in a high-risk neigh-
borhood, having low parental monitoring, and engaging with high-risk peers 
impacts the probability of a youth engaging in risky behaviors [ 10 ]. The following 
information will discuss variations in each of the above factors and the effect on 
social characteristics among adolescents. 

     Individual   

 Adolescence is characterized by the increasing ability to think abstractly and 
control behavioral impulses while at the same time seek rewards from behavior 
and novel experiences. The limbic system matures at a faster pace than the pre-
frontal cortex which is the area in control of abstract thoughts, consideration of 
consequences, and logic. This maturation of the emotional control without the 
mature logic center of the brain likely adds to the stereotypical poor impulse 
control, high- risk behaviors associated with  adolescence   [ 11 ,  12 ]. The adoles-
cent brain changes are associated with activation of the regions of the brain 
associated with rewards and attenuation of areas sensitive to aversive stimuli. 
The pruning and molding that occurs allows the adolescent to ultimately develop 
into an adult that encounters aversive stimuli and thus avoids the associated risk 
[ 13 ], but this takes time to mature. Why is it that some teens perform behaviors 
that can have high rewards and high risks, while others are content to exert 
autonomy but limit risk taking? Is this difference related to the rate of matura-
tion of the brain, temperament, personality type, or a combination of all three? 
How might extracurricular activities such as music performance, speaking a 
second language, or sports participation play a role in deviations from normal 
psychosocial development? 

 Temperament and personality type are apparent during childhood and vary 
little over the course of growth and development [ 14 ,  15 ]. Children who have 
optimistic thinking styles have been associated with resilience from depression 
and anxiety [ 16 ]. It is reasonable to expect that certain temperaments would be 
more averse to risk-taking behavior. People who regularly work with teens may 
benefi t from encouraging certain styles of behavior and minimizing others. For 
example, decreasing or minimizing anxious personality traits (i.e., perfectionism) 
and maximizing optimism may lead to fewer risk-taking behaviors. Of course, 
personality type is not the sole factor contributing to behavior. A study  exploring   
white matter integrity in the limbic and prefrontal regions of the brain compared 
adolescent substance users to nonusers. Early-onset substance use is associated 
with regular use as an adult [ 6 ]. While mid-adolescence is the time when brain 
changes are at their highest, many high-risk behaviors, such as substance use, 
peak during emerging adulthood. In the study, those with lower white matter 
integrity at baseline were associated with a greater chance of initiating substance 
use by mid-adolescence, and lower white matter predicted future risk-taking 
behaviors [ 17 ]. This combination of brain composition and temperament likely 
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translates into some of the differences in risk-taking behavior observed during the 
teen years. While both may have genetic contributions, environmental factors 
likely play a large role in  development   as well.  

     Environment and Family   

 There is no question that the environment in which a youth grows can have pro-
found impacts on health, educational attainment, career, and adult life circum-
stances. Growing up in a violent community may lead to physical harm as well as 
external violent behaviors or internal mood disorder. One study of 728 children and 
families found that for boys, growing up in a violent community with a high-confl ict 
family exacerbated the negative effects of community violence, yet growing up in 
the violent community with a low-confl ict family was protective from negative 
effects of community violence (depression, anxiety, and risk-taking behaviors). For 
girls, the family did not moderate the effects of the violent community [ 5 ,  18 ]. 

 Unsupportive environments or changes in environment, whether via immigration 
or community violence, can affect mood and self-esteem. In the United States, the 
2012 Census data found that roughly one fi fth of all households spoke a language 
other than English at home [ 19 ]. Acculturation, variation in peer or family expecta-
tions from that of the new culture, may lead to adolescents making choices that 
negatively impact their health. The need to learn a new language, adjust to new 
cultural norms, and learn new cultural idioms may lead to initial social isolation. 
Efforts to conform to peers may lead to modifi ed mood in the form of low self- 
esteem or depression [ 20 ]. 

 In combination with environment, the opposite of supportive parenting can have 
negative effects on behavior. One study examining a national longitudinal data set 
of adolescent twin and sibling pairs asked if maltreatment by parents caused con-
duct problems or if conduct problems led to parents treating them poorly. The fi nd-
ings were more consistent with the latter. Parents tended to react to unwanted 
behavior in a negative way [ 21 ]. Parenting styles that promote autonomy instead of 
negatively controlling motives have been positively associated with adolescent per-
sonal well-being [ 22 ]. Thus, the  external   environment in which a child develops into 
adolescence in addition to the family environment can shape development.  

     Peers   

 There is a body of literature on the importance of human relationships for adolescent 
development and well-being [ 23 ,  24 ]. As children enter adolescence, relationships 
change and teens begin to exhibit identities that conform to cultural expectations. 
For males in the USA, this may manifest as masculine ideals, decrease in emotional 
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expression, and increase in individualism. For females, this may appear as a shift 
toward a more demure exterior. Peer infl uence plays a signifi cant role in what is 
viewed as normative and changes in friendships impact behavior. A study using a 
national longitudinal data set examined the risk behavior of alcohol use and  peers   in 
an effort to determine if adolescents would exhibit dangerous behavior (increased 
alcohol consumption) in order to gain popularity. The study found that alcohol con-
sumption leads to an increase in popularity among white males and females [ 7 ]. 
When adolescents perceive benefi ts from their actions, they will proceed with the 
behavior even if it is dangerous. Even in the setting on non-risky behavior, peer 
presence is impactful during adolescence. A novel study used functional magnetic 
resonance imaging (fMRI), an imaging study that looks at the blood fl ow to the 
brain, to examine teens ages 14–19 years on a card-guessing task that incorporated 
reward and non-reward tasks. In the setting of completing the task in the presence 
of same-age peers, teens exhibited greater ventral striatal activation, the part of the 
brain involved in rewards, than adults (ages 25–35) on the same task [ 25 ]. This 
activation of reward circuitry is evidence for biomechanical impact of the presence 
on peers for behavioral choices.   

    Summary 

  Pubertal development      encompasses both cognitive and physical changes which 
can deviate from the norm. Health-risk behaviors generally increase during adoles-
cence and then level off and diminish into adulthood [ 26 ]. Adolescent develop-
ment can be modifi ed by many factors, from peer relationships to environment, 
and these factors can contribute to either positive (normal) outcomes or negative 
(deviations) outcomes.  Brain   development may play a role in deviations from the 
norm, as some adolescents may indeed be more susceptible to risk-taking behav-
ior, but there are also factors that may be amenable to intervention, such as peer 
dynamics, parental support, and community. Parental monitoring and parental 
communication have been associated with promoting less risk taking [ 27 ] and 
teens may be more susceptible to seeking out immediate rewards when in the pres-
ence of peers [ 28 ] Providers who routinely engage in care with adolescence should 
be aware of the infl uences on normative behavior and risk taking in order to address 
deviations from the norm. 

    Guidelines for Providing Care to  Adolescents   

 Adolescents are less likely than younger children to be seen by a healthcare pro-
vider. In early childhood, it is recommended that infants visit a provider multiple 
times per year for routine well-child care screening. As children age, they are still 
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evaluated by a healthcare provider yearly. These visits offer the healthcare provider 
the opportunity to provide anticipatory guidance to parents, address concerns about 
development, and screen for behaviors that may impact health. As children enter 
adolescence, healthcare utilization plummets, with only about a third receiving one 
healthcare visit a year [ 29 ]. 

 Confi dentiality is a major barrier to youth seeking out healthcare. If the youth 
does not trust their healthcare provider, they will not come in for visits. In a large 
study of adolescents using a national data base with over 18,000 respondents, boys 
with suicide attempt, depression, and suicidal ideation were more likely to report 
confi dentiality concerns as a reason for not seeking healthcare. Girls with depres-
sion, history of sexually transmitted infection, nonuse of birth control at their last 
sexual encounter, and past alcohol use were also more likely to report confi dential-
ity as the rationale for not seeking care [ 30 ]. These youth have the risky behaviors 
that are most likely to threaten normal development. 

 When healthcare practitioners provide confi dential care, the number of topics 
addressed in the encounter increases [ 31 ], and adolescents are more likely to come 
in for visits. So how do we accomplish this? First, the healthcare provider must 
understand the confi dentiality laws in their state. All 50 states and the District of 
Columbia have confi dentiality laws in place for minors (under age 18 years) for 
provision of services related to mental health, substance abuse, and reproductive 
health. In the patient encounter, an approach that allows the parents to have their 
concerns heard and addressed, while at the same time allows the youth to have time 
alone with the provider, can be a challenge. One approach that works well is to split 
the visit. Initially meet with the youth and parents together. Ask the accompanying 
adults what their concerns are and what they would like covered during the visit. Let 
them know that you will spend a few minutes alone with their adolescent as part of 
your standard practice. After you address the parent concerns,    have them step out of 
the room. When in the room with the adolescent alone, ensure confi dentiality, but 
also let them know the limits to confi dentiality laws. An example of how to inform 
the adolescent about confi dentiality is the following:

  Provider: “Everything we talk about can remain between you and me, but there are a few 
exceptions. If I am concerned about your safety, I have to tell someone. This includes if you 
tell me you have a plan to end your life, if you have a plan to hurt someone else, or if some-
one has hurt you.” 

   The provider should take the opportunity to screen for risky behaviors when 
speaking with the youth in confi dence. Your encounter may be the only opportu-
nity for the adolescent to discuss  normal and abnormal   adolescent development 
during the teen years. Ask about the home environment, their educational pursuits, 
activities of interest, and eating patterns. Screen for depression, anxiety, suicidal 
ideation, and substance use. Inquire about their peers and what activities they 
enjoy. Screen for sexual debut and sexual identity. If the youth provides an answer 
outside of the provider’s scope of practice, refer to an appropriate practitioner to 
 address   the concern and schedule a follow-up with the youth to ensure the issue has 
been addressed.      
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    Chapter 19   
 Substance Use in Adolescence                     

     Candice     E.     Van     Skike     ,     Shannon     L.     Zandy     , and     Douglas     B.     Matthews    

          Introduction 

  Drug experimentation   during  adolescence   is relatively common [ 1 ] and drug use 
during this time is increased, as the rate of past month illicit drug use in adolescents 
and young adults is nearly three times that of adults [ 2 ]. The initiation and progres-
sion of substance use during adolescence is infl uenced by the distinctive behavioral 
and neurobiological alterations occurring during this developmental period. Various 
 environmental and psychosocial factors   also contribute to the initiation of drug use 
in adolescents. For instance, personality and psychological factors such as impulsiv-
ity, autonomy, depression, and anxiety are all associated with drug use. Additionally, 
a family history of substance abuse is a contributor to use and dependence [ 3 ], but 
that effect can be mediated by adolescent novelty seeking [ 4 ]. This behavior, involv-
ing risk taking and sensation seeking, increases during adolescence, which is seen 
in  humans   [ 5 ,  6 ] and rodents [ 7 ]. This parallels drug intake behavior, with adoles-
cent humans [ 8 ] and rodents [ 9 – 11 ] consuming more of the substances per occasion 
than adults. 
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 The  progression   of drug use is driven by drug responses that are unique to this 
developmental period. For most  drugs of abuse  , adolescents generally are more 
 sensitive to the rewarding effects of drugs and also experience less aversive conse-
quences than adults [ 12 ]. Furthermore, exposure to drugs of abuse during  adoles-
cence permanently changes   responses to drug use in the future even after a period 
of abstinence [ 13 – 16 ]. Perhaps because of these unique age-dependent effects, there 
is a clear association between an early age of onset and future substance use disor-
ders [ 17 ,  18 ]. Therefore, adolescence can be thought of as a period of enhanced 
vulnerability to substance use and abuse [ 12 ]. 

 The  adolescent    neurobiology      is distinct from that of the adult. The adolescent 
brain is continuing to develop, with brain regions developing at different rates. For 
instance, activity in the nucleus accumbens, an area important in reward processing, 
peaks early during adolescence and correlates with increased laboratory risk-taking 
behavior [ 19 ]. The  prefrontal cortex  , a region that governs cognitive control, devel-
ops later than reward-processing regions [ 20 ]. It has been speculated that this offset 
in development of reward and control brain regions underlies the increased  risk   
taking during adolescence, although recent data does not provide support for this 
theory on an individual basis [ 20 ]. Additionally, the molecular targets of drugs of 
abuse, called receptors, have differential expression patterns and subunit composi-
tion that are differentially altered by brain region, age, and drug exposure. The 
unique neurobiology of the adolescent likely underlies the enhanced vulnerability 
of the adolescent to substance use and abuse. 

 With these generalizations  in mind  , this chapter will review the epidemiology of 
adolescent drug use, factors contributing to initiation, and the adolescent-specifi c 
neurobiological and behavioral consequences of several commonly used drugs dur-
ing adolescence: nicotine, alcohol, and marijuana. While signifi cant variability 
exists between all drugs during adolescence, we hope these three serve as hallmark 
drugs where the reader gains a valuable insight into how drugs impact this develop-
mental window. We consider both human and animal studies to provide a thorough 
look at the effects of drug use during this time period. Human studies elucidate the 
epidemiology of drug use and provide data regarding the effects of individual pat-
terns of intake. While refl ective of the actual population, the research is limited by 
the wide variability of intake patterns and polysubstance use.  Preclinical research   
allows for experimental control and manipulation of specifi c drugs of abuse and 
patterns of exposure. This permits the study of the behavioral, neurochemical, cel-
lular, and molecular effects of these drugs under specifi c conditions. We cover both 
research approaches, as they complement each other when taking a comprehensive 
look at substance use during adolescence.  

     Nicotine      

 Smoking is a leading cause of preventable morbidity and mortality globally and 
continues to signifi cantly impact public health in the United States.  Smoking   initia-
tion occurs most often during adolescence and early use of cigarettes is associated 
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with increased risk of dependence later in life [ 18 ]. Conventional cigarette smoking 
is declining overall among American teenagers with 8 % of eighth, tenth and 12th 
grade students combined reporting smoking in the prior month [ 1 ]. However, there 
has been a substantial rise in popularity of electronic cigarettes ( e-cigarettes  ) among 
adolescents. Specifi cally, the prevalence of e-cigarette use in the last 30 days is 
more than twice that of regular cigarettes in eighth and tenth grade students and 
fewer of these students associate signifi cant risks with e-cigarettes compared to 
conventional cigarettes [ 1 ]. This is a concern as e-cigarettes may be a more attrac-
tive nicotine delivery method for adolescents. Even low rates of nicotine use during 
adolescence increases the risk of dependence in adulthood, highlighting the need to 
understand the factors contributing to early use [ 21 ]. 

 There are many environmental and psychosocial factors contributing to  smoking 
initiation   in adolescents. Environmental factors, such as exposure to smoking from 
family members and peers, infl uence initiation and escalation of smoking in adoles-
cence. For example, parents and the number of friends who smoke is associated 
with a 30 and 44 % increase in likelihood of adolescent smoking, respectively [ 22 ]. 
Autonomy also plays a signifi cant role in contributing to nicotine use in the adoles-
cent population. As parental involvement declines and decision-making autonomy 
increases, adolescents are more likely to become smokers, which is shown across 
ethnic, gender, and socioeconomic groups [ 23 ]. In addition, psychological factors 
such as depression and anxiety are commonly associated with adolescent smoking. 
Depression and anxiety have been shown to predict initiation of smoking, nicotine 
dependence, and decreased success at smoking cessation. Young adults that reported 
elevated depression symptoms as adolescents were found to have signifi cantly 
higher lifetime smoking rates [ 24 ]. 

 Clinical reports suggest an enhanced sensitivity to the positive subjective effects 
of nicotine may contribute to initiation and continued tobacco use in adolescence. 
In particular, adult smokers that began smoking during adolescence describe more 
positive effects and fewer unpleasant side effects of their fi rst smoking episode than 
smokers that initiated smoking in adulthood [ 25 ]. In addition to enhanced positive 
effects, adolescents may be more resistant to negative effects of nicotine withdrawal, 
which is a signifi cant predictor of relapse in adult smokers. However, in acute absti-
nence, adolescent smokers exhibited minimal withdrawal symptoms that were not 
associated with reports of dependence or biological measures of use [ 26 ]. This 
might indicate that nicotine withdrawal symptoms may not infl uence maintenance 
of smoking behavior in adolescents as it does in the adult population. This has 
 important   implications for clinical identifi cation and treatment of  adolescent   nico-
tine users, as the severity of nicotine withdrawal symptoms is prevalent in current 
diagnostic criteria and the focus of many available treatment options. 

 Given that 90 % of adult smokers were under 18 when they had their fi rst ciga-
rette [ 27 ], this suggests that there is something unique about the adolescent devel-
opmental period that confers increased rates of addiction. Consistent with this 
notion, preclinical studies indicate that nicotine exposure during the adolescent 
developmental period perpetuates  nicotine use   [ 10 ,  13 ], as well as other drugs of 
abuse [ 28 ]. Specifi cally, voluntary nicotine intake is higher in adolescent rodents 
compared to adults [ 9 ,  10 ]. Although  nicotine pharmacokinetics   is altered in 
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 adolescent rats [ 29 ], studies suggest the age-dependent intake patterns are based on 
altered motivational properties of nicotine [ 10 ]. Indeed, adolescent rodents are more 
sensitive than adults to the rewarding effects of nicotine [ 30 ]. This increased reward 
during adolescence persists into adulthood even after a period of abstinence [ 13 – 15 ] 
and corresponds to increased nicotine self-administration later in adulthood com-
pared to adults that were  nicotine naïve   during adolescence [ 10 ]. Furthermore, nico-
tine exposure during adolescence, but not adulthood, sensitizes future behavioral 
responses to other drugs of abuse like cocaine [ 13 ,  28 ], THC [ 31 ], and alcohol [ 32 ]. 

 The altered short- and long-term consequences of  nicotine   use during adoles-
cence have  a   neurobiological basis: the adolescent brain is undergoing maturation 
[ 33 ], so the neurobiological response to nicotine is differentially modulated due to 
both development and drug exposure. Chronic nicotine exposure alters  nicotinic 
acetylcholine receptor (nAChR) expression   in the brain of humans [ 34 ] and rodents 
[ 35 ]. Of particular interest due to their ubiquitous expression in mammalian brain 
[ 36 ] and role in nicotine dependence and reinforcement [ 37 ] are the α4β2-containing 
(α4β2*) nAChRs [ 38 ]. The α4β2* receptors are differentially expressed throughout 
the brain based on age and brain region, with an average of 50 % greater radioligand 
binding to these receptors in adolescent rats [ 39 ]. Additionally,  adolescents   have 
more α4β2* receptors on dopamine cell bodies and terminal regions than adults 
[ 39 ], and since nicotine-induced dopamine release is mediated by the α4β2* recep-
tors [ 40 ], the overexpression of α4β2* receptors in these regions may contribute to 
the enhancement of the nicotine-induced reward seen during adolescence. Nicotine 
use upregulates α4β2* and α7 receptors, which are involved in acquisition and 
dependence [ 41 ]. While the upregulation of these receptors is reduced in adoles-
cents versus  adults   [ 39 ], these changes are more persistent and ubiquitous through-
out different brain regions in adolescents [ 42 ]. This distinct pattern of  nAChR 
expression   and  nicotine-induced upregulation   during adolescence may contribute to 
the initiation and persistence of nicotine use during adolescence. 

 Many factors contribute to  smoking   initiation; however, both human and pre-
clinical research indicates that adolescents have an enhanced sensitivity to nicotine 
reward. Furthermore, nicotine exposure during adolescence  alters   future responses 
to other drugs of abuse, yielding a predisposition toward the development of a sub-
stance use disorder.  

     Ethanol      

 Alcohol is the most widely used  drug by adolescents  . Two-thirds of high school 
students have consumed alcohol by graduation and more than a quarter of students 
report drinking by eighth grade [ 1 ]. Binge drinking (defi ned as consuming fi ve or 
more drinks per drinking session for males and four or more per session for females) 
is the most common drinking pattern among adolescents, often drinking more on 
average in one session than adults [ 8 ]. This is particularly concerning as binge 
drinking is associated with detrimental effects on brain development and cognition 
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and increased rates of alcohol dependence. The rate of alcohol use dramatically 
increases between ages 12 and 20, which directly translates into an increase in alco-
hol use disorders. In fact, the highest prevalence of alcohol dependence occurs in 
ages 18–20, often referred to as “emerging adulthood,” the period immediately fol-
lowing adolescence [ 43 ]. As with other drugs of abuse, age of onset for alcohol use 
is a signifi cant predictor for future alcohol-related problems. Adolescents that began 
drinking prior to the age of 14 were shown to have a fourfold greater rate of alcohol 
dependence than individuals that did not begin drinking until after 20 years old [ 17 ]. 

 Aside from rates of  alcohol dependence  , research has begun to show adolescents 
with a history of alcohol use differ signifi cantly on cognitive and neural measures 
compared to those with little or no alcohol use. Studies show alterations in gray and 
white matter brain structure, poorer neurocognitive performance, and altered brain 
activation patterns [ 44 ]. For example, adolescents with 2 years of heavy drinking his-
tory showed abnormalities in brain activation during a spatial working memory task, 
which was positively correlated to the amount of alcohol use and hangover symptoms 
reported [ 45 ]. There also may be signifi cant gender considerations to be made for 
consequences of adolescent alcohol use. Females are more vulnerable to alcohol-
 induced neurotoxicity   [ 46 ,  47 ], an effect that begins to emerge during puberty. 

 In addition to neurocognitive abnormalities that result from alcohol use, it is also 
important to highlight neurobiological differences and genetic risks that can increase 
susceptibility to early initiation of alcohol drinking or heavy patterns of use during 
adolescence. Poorer performance on tests of  inhibitory control   in early adolescence 
prior to any alcohol or drug use was signifi cantly related to heavy alcohol use in 
later adolescence. Additionally, lower baseline activation and  structural   differences 
predict future heavy alcohol use in adolescents [ 48 ]. Interestingly, twin studies sug-
gest that environmental infl uences such as access to alcohol have a large infl uence 
on the age that adolescents initiate alcohol use. However, a family history of alcohol 
misuse has a stronger infl uence than environmental factors on the amount of alcohol 
consumed in a session and escalation patterns [ 49 ]. Together, these fi ndings suggest 
that alcohol use in adolescence negatively impacts cognition, brain structure and 
function, and future health outcomes.  Current   and future research is leading toward 
unique opportunities to target prevention and treatment strategies specifi c to various 
risk factors within the adolescent population. 

 Preclinical models also indicate that there is  a   neurobiological predisposition to 
excessive binge-like  alcohol consumption   during adolescence. Indeed, much like 
adolescent humans [ 8 ], adolescent rodents will self-administer greater quantities of 
alcohol per unit weight than adults [ 11 ]. This is likely underscored by age- dependent 
effects of ethanol on behavior and neurophysiology. Specifi cally, adolescents are 
less sensitive to ethanol-induced motor impairments [ 50 ], which serve as feedback 
cues to attenuate consumption within a single drinking session [ 51 ]. Changes in 
 cerebellar electrophysiology   [ 50 ] suggest a neurological correlate for this behav-
ioral difference. Furthermore, adolescents are more sensitive to the ethanol-induced 
reward and less sensitive to the adverse effects, like acute withdrawal or hangovers 
[ 51 ,  52 ]. These altered neurobiological responses create a predisposition toward 
excessive binge-like alcohol use in the adolescent. 
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 This susceptibility is particularly concerning because adolescents are especially 
vulnerable to ethanol-induced neurotoxicity, as well as age-specifi c long-lasting 
neuroadaptations. For example, after binge alcohol exposure, the adult brain has 
increased gene expression involved with mechanisms of repair and protection 
against oxidative damage, while adolescents have decreased expression of these 
genes and increased proapoptotic gene expression [ 53 ]. Some of  the   ethanol- 
induced neuroadaptations extend into adulthood and are associated with persistent 
behavioral changes. For instance, adolescent  chronic alcohol exposure   yields per-
sistent reductions of hippocampal volume [ 54 ], decreased neurogenesis [ 55 ], and 
increased cell death [ 55 ]. This is correlated with an increase in disinhibitory behav-
ior [ 55 ], suggestive of altered risk-taking behavior. In fact, chronic ethanol exposure 
increases risk preference in adolescent, but not adult, rats even after nearly 3 weeks 
of abstinence [ 56 ]. Alcohol reward is also altered, as binge-exposed adolescents 
have reduced dopamine release in adulthood [ 57 ]. These  neuroadaptations   likely 
underlie alterations in ethanol preference, as rats that were exposed to ethanol dur-
ing adolescence, but not adulthood, had greater ethanol intake in the future [ 58 ], 
which mirrors the  increased   rate of future alcohol dependence seen in  human   ado-
lescents [ 17 ]. Overall, preclinical fi ndings mirror the ethanol intake patterns of 
human adolescents and suggest that alcohol use during adolescence can yield  per-
sistent   changes in brain and behavior despite long periods of abstinence.  

     Marijuana      

  Cannabis   is one of the most commonly used illicit drugs among adolescents and 
adults. The use of marijuana has remained stable the last few years, with over 20 % 
of 12th grade students reporting use in the previous month [ 1 ]. However, attitudes 
of greater acceptance and less perceived risk are becoming more prevalent among 
teenagers. In fact, only 36.1 % of high school seniors believe regular use puts them 
at great risk [ 1 ]. While public acceptance increases and legalization of marijuana 
continues in the United States, it largely remains unclear how cannabis may cause 
potential alterations in  neuromaturational processes   during adolescence. 

  Chronic marijuana   use in early adolescence is associated with defi cits in cogni-
tive function in humans due to structural changes and decreased connectivity in 
brain regions important to learning and memory [ 59 ]. In fact, short-term memory 
impairments persist after 6 weeks of abstinence in cannabis-dependent adolescents 
[ 60 ]. Additionally, adolescent marijuana users perform worse on tests of executive 
functioning, correlating with the number of days of cannabis use in the past 30 days 
[ 61 ]. Although some studies suggest differences in learning and memory can recover 
to baseline levels following abstinence, attention defi cits seem to be persistent [ 62 ]. 

 Compelling evidence also suggests adolescent  cannabis   use is associated with 
the development of psychosis in adulthood. One prospective study showed an 
increased risk of psychotic disorders at age 26 associated with  cannabis   use in ado-
lescence between ages 15–18 [ 63 ]. Other studies report early use of cannabis 
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 predicts a signifi cant younger age of onset of psychosis and poorer treatment prog-
noses. Overall, the role of genetics and brain white matter maturation have been 
hypothesized to contribute to determining whether cannabis use may infl uence the 
development of adult psychosis in predisposed individuals. 

 Functional imaging studies report signifi cant differences in brain activation pat-
terns between adolescent  marijuana   users and nonusers. Marijuana users show more 
activation in areas of the brain associated with executive control during an inhibi-
tory processing task, suggesting additional recruitment may be needed to maintain 
 inhibition   in adolescents with a history of marijuana use [ 64 ]. Additionally, initia-
tion of cannabis use before age 16 is associated with increased brain activation dur-
ing working memory tasks [ 65 ]. A recent longitudinal study found adolescents that 
reported weekly cannabis use prior to the age of 18 showed greater neuropsycho-
logical decline into adulthood, even following prolonged abstinence [ 66 ]. 

 The major psychoactive component of cannabis smoke is ∆9- tetrahydrocannabinol 
(THC) and exerts its effects through agonism of  cannabinoid-1 receptors (CB1Rs).   
Cannabinoid receptors are expressed throughout the brain, increasing during adoles-
cence and are thought to infl uence gene expression critical for neural development 
[ 67 ]. Therefore, modulation of the endocannabinoid  system   during adolescence is 
likely to produce persistent neurological changes. Preclinical studies reveal baseline 
age-dependent differences in CB1R function that results in differential effects of THC 
at the CB1Rs. Adolescent  CB1Rs   are less sensitive to THC-induced desensitization, 
which corresponds with a lack of tolerance to the memory-impairing effects of THC 
[ 68 ]. Adults also develop tolerance to  THC-induced memory   impairments, indicating 
that adolescents may have greater memory impairments due to altered THC-induced 
neuroadaptations. Indeed, adolescent rats are more sensitive than adults to  chronic 
THC-induced spatial memory impairments  , especially at high doses [ 69 ,  70 ]. These 
spatial learning defi cits in THC-treated adolescents can be attributed to an impaired 
ability to organize working memory [ 71 ] and may arise from THC-suppressing tran-
scription of learning-induced neuroplasticity in the adolescent hippocampus [ 72 ]. 

  THC exposure   during adolescence has long-term consequences as well. Chronic 
exposure to THC during adolescence produces residual impairments in spatial 
working memory, changes in hippocampal morphology, and reduced markers of 
neuroplasticity that extend into adulthood even after 30 days of abstinence [ 73 ]. 
Additionally, adolescent females appear to be particularly vulnerable to both the 
short- and long-term consequences of THC exposure, as they are more sensitive to 
immediate memory disruptions [ 69 ] and  exhibit   depressive symptomology during 
adulthood [ 74 ]. These effects are associated with persistent sex-specifi c cognitive 
impairment and neuroplastic alterations of the prefrontal cortex [ 75 ,  76 ] and are 
mediated by ovarian hormones [ 77 ]. 

 Adolescent THC exposure can also change  responsiveness   to future illicit drug 
intake. Subchronic cannabinoid treatment in adolescents and adults suppressed 
dopamine neuron fi ring; however, cross-tolerance to cocaine, amphetamine, and 
morphine was observed for only the adolescent rats exposed to cannabinoids [ 16 ]. 
Furthermore, THC enhances the effects of cocaine in adolescent, but not adult, rats 
[ 78 ]. There is some evidence that THC exposure during adolescence increases 
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responding for heroin in adulthood [ 79 ] and subsequently increases heroin relapse 
rates [ 80 ]. This mirrors illicit drug use in surveys of human behavior: compared to 
adults who initiated marijuana use after 18 years of age, adults who began marijuana 
use before age 14 are 4.5 times more likely to be dependent on any illicit drug [ 2 ]. 

 Together, human and preclinical research suggests marijuana use in adoles-
cence can signifi cantly impact both short- and long-term cognitive performance 
despite periods of abstinence. Additionally, adolescent marijuana use is associated 
with altered responses to other drugs of abuse, which likely contribute to the 
increased rates of illicit drug dependence in adults  who   began using  marijuan  a 
during adolescence [ 2 ].  

    Conclusion 

 Adolescent drug experimentation is rather common [ 1 ], and after reviewing the 
effects of the three most commonly used drugs during adolescence [ 81 ], it is clear 
that this experimentation is not benign. Drug use during this time period is associ-
ated with excessive intake patterns [ 8 – 11 ], increased rates of future dependence [ 17 , 
 18 ], and altered cognitive outcomes [ 44 ,  59 ,  60 ,  69 ,  70 ] compared to drug use dur-
ing adulthood. While not all adolescents that experiment with drugs become depen-
dent, adolescence represents a unique time period where the vulnerability to 
addiction is increased [ 12 ]. Adolescent drug use permanently changes future 
responses to substance use even after a period of abstinence, making drug use more 
likely to progress [ 13 – 16 ,  28 ,  31 ,  32 ]. 

  Adolescents   have a  unique   neurobiological composition, partly due to age- 
related changes in brain structure, function, and neurochemistry. It is likely that 
because of these innate differences, the effects of drug use during adolescence are 
different when compared to adulthood. While this has been appreciated in terms of 
research efforts for several years, it is also necessary to begin to alter therapy and/or 
treatment options to refl ect the inherent differences that exist between adolescents 
and adults. 

 Initial onset of drug use during this  developmental period   is infl uenced by sev-
eral factors, including changes in personality, mental health, parental supervision, 
autonomy, and impulsivity.  Maturational changes   are rampant during adolescence, 
with hormonal changes playing a primary role in development. For example, puber-
tal onset, especially early puberty in males, is associated with increases in substance 
use [ 82 ]. Indeed, the emergence of hormones can produce sex-dependent patterns of 
intake and escalation of drug use (for an excellent review, see [ 83 ]). For instance, 
unlike the majority of illicit drug use among teens [ 2 ], slightly more than half (52 %) 
of all adolescent prescription drug exposures requiring medical treatment involved 
females [ 84 ]. It is also worthwhile to mention that a signifi cant proportion (38 %) of 
these prescription drug exposures were suspected suicide attempts [ 84 ], perhaps 
indicative of motivational differences in prescription drug use as compared to other 
drugs among a specifi c subset of youth. 

C.E. Van Skike et al.



281

 Briefl y, it is important to consider that other substances like anabolic androgenic 
steroids ( AAS     ) may also be used during adolescence and emerging adulthood. 
Preclinical models of AAS use indicate that AAS administration during adoles-
cence produces increased aggression, whereas no such change is observed in adult-
hood [ 85 ]. In humans, AAS use is associated with impaired attention and impulsivity 
in both ages, with adolescent-onset users displaying a greater sensitivity to these 
impairments [ 86 ]. Further, AAS use is associated with prescription drug misuse and 
illicit drug use [ 87 ]. This substance is relatively new compared to other drugs of 
abuse, so population usage data are scarce and its abuse potential has yet to be fully 
recognized at both the research and clinician levels [ 88 ]. 

 Importantly, single substance use is hardly ever found in those who struggle with 
addiction. The vast majority of the current work, including the much of the current 
work reviewed here, does not consider the effects of polydrug use. This void of 
understanding needs to be addressed for research to more accurately address the 
needs of society. 

 In conclusion, substance use during adolescence continues to be a  societal con-
cern  . While decreasing usage rates and further understanding of the neurobiological 
impact is in progress, additional resources, efforts, and new questions need to be 
acknowledged to better address the issue. Only through the continued collaboration 
between research and practitioners will the impact of drug use during adolescence 
be understood.     
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