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Foreword

Pediatric and adolescent gynecology is now a well-recognized field in medicine and surgery. It is also a very unique approach to care of the female child from birth until adulthood, and it is not simply by chance that pediatric endocrinology has played a central role in its development. It happened to be at the crossroads of most of the specific problems of developmental and reproductive issues.

The first edition has been so successful, under the leadership of Professor Charles Sultan, that a second edition is now being presented. It is the witness of a specific demand to again fill the gap in pre-adult gynecology, a practice involving a large number of topics examining the most recent technology, relevant scientific basis as well as sensitive public health issues.

This second edition has been a challenge for both editor and authors alike. Medical progress in this area has grown tremendously in recent years. Solid traditional practice, more often called evidence-based medicine, is always needed. However, new topics are also presented in a critical way in this unique book. It is well updated on the technological side: use of ultrasound, molecular genetics as performed in most laboratories, and surgery in sex disorders. New problems in relation to reproductive medicine in cancer survivors, patients with genital malformations, or those with expected sterility are also presented.

Adolescent girls are more than ever before being exposed to new problems and risks in their sexual life. Some of these problems are related to transmissible diseases, others are critical social problems related to reproduction and contraception. A comprehensive and prudent approach is needed and is presented here in this edition. The teenage girl deserves the new chapters that have been devoted to her in this book. Pediatricians should be aware of the complexity and importance of female adolescent health care.

I have no doubt that this, the second edition, will be well received and soon be on the desks of many pediatricians, general practitioners and public health specialists. Its content sets a sound basis for clinical practice.

A needed acquisition in girls’ and women's health, to which I wish great success.

Raphaël Rappaport, Paris


 

Preface

The field of pediatric and adolescent gynecology (PAG) has always been of particular interest to physicians. Long at the interface of Pediatrics, Gynecology, Endocrinology, Surgery and Psychiatry, PAG has expanded to now include such fields as Genetics, Legal Medicine, Sport Medicine, Public Health and Sociology.

In response to the growing impact of PAG, a European Post-Graduate Diploma is now being prepared that will equip physicians with the ability to address these many aspects in a comprehensive manner.

I hope this second edition, written by specialists from all over the world and covering a broad range of topics, will be as successful as the first edition.

In my 30 years of clinical practice, I have seen the various disorders of young girls either being minimized and neglected or overdramatized and overtreated.

I am convinced that this book will be an indispensable tool for all physicians caring for the gynecological health of children and adolescents.

Charles Sultan, Montpellier
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Gynecologic Clinical Examination of the Child and Adolescent
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Abstract

Pediatric gynecological examination is very simple, but usually unrecognized by physicians without a specific experience in pediatric gynecology. It is always necessary and most of the time sufficient in children and adolescents consulting for gynecological complaints, endocrine problems, or sexual abuse. However, accurate evidence-based data on its normality is poor in the literature, because of bias represented by the inclusion of abused patients in these studies. Our aim was to describe the preparation to a full gynecological examination, the adequate positions, and the sequence and technique required for a well-accepted and nontraumatic clinical examination. Normal findings are described depending on the age of the patient (child, newborn, adolescent), and are based on evidence from the literature. Indications for vaginoscopy and bacterial sampling are discussed according to the age of the patient. The most important factors in the achievement of a full gynecological examination and a trusting patient-physician relationship are a good anatomical and physiological knowledge of the genital system in children, and the learning of nonaggressive examination technical skills associated with good communication skills. Clinical examination is always necessary and most of the time is sufficient together with the medical history to diagnose and treat the child's gynecological problems. Evidence-based data on normal genital findings is poor in the literature, because many studies include abused children or present bias in the methods of recruitment and assessment of normal girls [1].

Copyright © 2012 S. Karger AG, Basel

Evidence Leading to Gynecological Examination in Children and Adolescents

Reasons for undertaking a gynecological examination include:

• Gynecological complaints: Vaginal discharge or bleeding, pruritus, vulvar or abdominal pain, indicating that there may be underlying infection, tumor or malformation.

• Endocrine reasons: Abnormal course of puberty, abnormal signs of virilization, abnormal menstrual cycle, evaluation of abnormal genitalia in the context of a disorder of sexual development.

• Suspected or confirmed sexual abuse: The physician may be asked to look for and describe objective evidence of abuse.

Preparation for the Examination

A gynecological examination of the child is very simple and painless if performed properly, but is not trivial and needs the child's confidence. The gynecologist must be very familiar with the anatomy and physiology of genitalia before and during puberty. The child must be reassured to be calm and cooperative, which is usually possible with a good preparation of the examination and attention focused on both her and her mother [2–4]. When old enough to answer, the child should be asked to explain in her own words the reason of the visit. If, as in most cases, the mother or the accompanying adult begins to speak in the child's place, the physician must make sure the child listens, understands and nods to what is being said regarding her problem. The prerequisite for a well-accepted, nontraumatic and even therapeutic gynecological examination is the respect shown to the child by choosing her as the privileged and active interlocutor. During the examination, the mother is usually asked to stay when the child is very young. Between the ages of 10 and 13 the child's wish should be respected. Beyond 13 years of age, the teenager is usually seen firstly with her mother, then alone, and her approach should in the first place be nonjudgmental and supportive to respect her autonomy and modesty. This private consultation (sometimes with a nurse attending) is also essential to detect hidden information that is important for medical evaluation, and that the adolescent will be reluctant to provide in front of her parents [5].

Clinical Examination

Complete pediatric assessment must precede the gynecologic examination itself. Care should be given to assess height and weight, puberty course using Tanner stages [6], pilosity examination, and palpation of the breasts and the abdomen.

Gynecological Examination of a Prepubertal Child

A full gynecologic examination of the child mainly includes inspection of external genitalia and in some cases rectal examination. Performing vaginoscopy and obtaining samples are limited to certain cases [2].

The child must be comfortable. Many positions were described, but the best one is the ‘frog-leg’ position: the child is in a supine position, her legs flexed, with her knees apart and her feet touching (fig. 1). The physician is sitting facing the child, a lamp providing ample light from behind his/her shoulder. Children under 2 years of age may sometimes be frightened by the table and may instead be examined in the same position on the mother's lap.

[image: Img]

Fig. 1. Child position for gynecological examination.

[image: Img]

Fig. 2. Vulva examination: separation of labia majora by pulling the inferior part downward and laterally.

The inguinal areas and labia majora are first inspected. Existence of pubic hair is assessed. The labia are then gently separated either by pulling their inferior part downward and laterally (fig. 2) or by pulling them anteriorly (fig. 3). The clinician must absolutely avoid a solely lateral maneuver, which puts a painful strain on the posterior fourchette and may split it, thus provoking a defensive reaction from the child hindering further examination. The size of the clitoris is measured by inspecting and pulling up the clitoral hood. This will help differentiate a true clitoromegaly from a hood skin redundancy. In the prepubertal child, a normal clitoris glans is on average 5 mm in length and 3 mm in transverse diameter and shows little variation after puberty [7] (fig. 4). The labia minora are usually thin and sometimes short. They edge the vulva vestibulum at the bottom of which the urethra and vagina open. On each side of the urethra a Skene's duct can be seen. Without estrogenization the vulvar mucosa appears thin and red and the perihymeneal tissue may look erythematous [2]. The white thick substance noted in the anterior labia folds is called smegma, not to be mistaken for leucorrhea.

[image: Img]

Fig. 3. Vulva examination: separation of labia majora by pulling them anteriorly.
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Fig. 4. Prepubertal vulva.

The vaginal orifice is edged by the hymen, which varies in size and shape. The hymen will often gape open if the child is asked to take a deep breath or cough, and will allow visualization of the distal vagina. If not, the best maneuver consists of gently pulling the labia anteriorly and laterally. The most often observed types of hymens are as follows [8] (fig. 5):

• The annular hymen with a hymeneal edge varying in size, and a regular annular orifice.

• The crescentic hymen which posterior rim looks like a crescent, and which ends are attached on the lateral vaginal wall, without any hymeneal suburethral tissue.

• The redundant hymen has large and fimbriated hymeneal edges.

[image: Img]

Fig. 5. Configuration of hymen in prepubertal girls. a Annular hymen. b Crescendic hymen. c Redundant hymen. According to Pokorny and Kozinetz [8].

The first two types of hymens are the most common from the age of 3 years to the beginning of puberty, while the third is most commonly found below the age of 3 years. Superficial notches are normal findings, but not a complete transection in the inferior rim [1].

On average, the vaginal orifice measures 4-5 mm in girls until the age of 5 and remains under 10 mm until the beginning of puberty. These figures are given as an indication, as the diameter of the vaginal orifice varies a lot with the position of the child, the degree of perineal relaxation, shape of the hymen and the level of estrogenization [9, 10]. It is important to note that the hymen opening size is not a good indicator for trauma, and unhelpful in the diagnosis of abuse, as normal hymens sometimes allow a wide visualization of the vagina, and also because in case of trauma, hymen healing is rapid and sometimes complete without scarring [1].

A narrow and thin hymen does not completely cover the vaginal orifice enabling visualization of the distal half or two-thirds of the vagina without resorting to endoscopy. The most appropriate maneuver is the one described above, which consists of gently pulling the labia majora anteriorly and laterally: the hymen opens and the vaginal axis is corrected. This maneuver is painless and usually easily accepted by the child. It may sometimes be difficult to visualize the free edge of the hymen and the vagina with certain types of hymens, e.g. redundant hymens, microperforate hymens with a suburethral orifice, or septated hymens. The physician can then use a small supple urethral catheter (No. 4-6) to unfold the hymeneal edge and assess hymeneal integrity as the existence of an opening (fig. 6).

[image: Img]

Fig. 6. a Microperforate hymen. b Unfold opening with a small catheter.

The genupectoral position allows good visualization of the vagina, sometimes up to the cervix, and can be useful in case of vulvovaginitis or if a foreign body is present [11]. However, in our personal experience, we do favor the frog-leg position.

Rectal examination is the following and last but not systematic step. It is performed with the little finger until the age of 6 years. It may be used to determine the existence and volume of the cervix that can be palpated on a small midline structure. A normal cervix measures 5 mm in transverse diameter on the average. The ovaries are too small to be felt, thus, any pelvic mass must evoke a cyst or a tumor. The vagina can also be palpated through this rectal exam, allowing to note any foreign body (or tumor) or any vaginal discharge.

Normal vaginal length in prepubertal girls is 3-6 cm at birth, 4-7 cm at age 4 years, and 5.5-8 cm at age 10 years [12]. The vaginal mucosa appears red, thin and folded. It is very sensitive, and petechial lesions may be caused if a vaginoscope is used. The cervix is small, with a centered opening and flush with the vaginal vault, thus making it difficult to visualize.

When the rest of the perineum and rectum are inspected, the clinical examination is complete.

Gynecologic Examination of a Newborn

The examination is conducted as described above. The genitalia are submitted to maternal estrogen effects. Estrogenization signs start to decrease from the 2nd week of life and usually disappear within 6-8 weeks. However, they can persist physiologically until the age of 2 years [10]. The vulva is edematous, and the labia minora are thick and protruding, sometimes beyond the labia majora. The mucosa is pink and covered with physiologic leukorrhea. The clitoral hood may also be relatively thick and the size of the clitoris must be assessed by palpation, after pulling up the clitoral hood. The hymen is frequently thick, pouting out of the introits, and fimbriated. The vaginal orifice is sometimes difficult to visualize, and the physician should then use a small urethral catheter to assert the existence of an opening. The vagina measures between 3 and 6 cm in length [12]. The vaginal mucosa is thick, covered with pH-acid white physiologic secretions including Lactobacilli. Over the first 10 days of life (seldom later), there may be neonatal vaginal bleeding.

Gynecologic Clinical Examination of the Adolescent

The gynecologic examination of an adolescent has a three aims:

• Clinical assessment.

• Diagnosis and therapy.

• Establishment of an interpersonal confident relationship as the basis for support to those teenage girls who may be facing deeply emotional problems such as puberty, sexuality and fertility. For this purpose, the physician may remind the patient that he/she is bound to medical secret [13].

A gynecological examination is never a routine examination, despite other author's opinion [4, 5]. The clinician should be prepared to spend time listening to the adolescent's concerns and gathering information on the personal and family background. The consultation should be simple and interactive when the teenager is healthy, well-informed, and coming for birth control advice or simple menstrual dysfunctions. On the contrary, when the adolescent shows serious chronic pathology, DSD, or has been sexually abused, the consultation will be difficult, critical and fraught with consequences, all the more when these situations are not spoken of, which is often the case.

In any case, the examination principles remain identical:

• It must be preceded by a full medical assessment.

• It must be conducted only after the patient has been given a thorough explanation of the examination as well as of its objectives, and after obtaining her consent.

• Only the least-invasive examination that will be sufficient to assess the problem should be performed.

• The examinations should not be omitted solely because of the age of the patient. However, in some cases, the examination may be postponed to the next appointment if the patient is not comfortable enough to accept it.

• The physician must recognize cultural issues and respect them.

For an adolescent who is not sexually active, the examination is identical to that of a prepubertal child. Vaginoscopy and pelvic examination should not be performed systematically. The vulva is estrogenized and there are physiologic secretions. The vulva axis has become horizontal, the labia minora have developed and may sometimes have become browner, and the labia majora usually cover the vulva. As in adults, the vagina measures on average 9.6 cm in length (range 6.5- 12.5) [14]. Upon rectal examination the uterus is often laterally oriented to the left. One-finger pelvic exam is possible if the teenager is relaxed and her hymen is yielding. A small ‘virgin’ speculum may be used if necessary.

For a sexually active patient, pelvic examination and vaginoscopy with a speculum (with samples if necessary) are also required to look for potential genital infections.

Breast examination is part of the gynecological examination. At the beginning of its development the breast is tender, and the breast bud may be palpated before being seen. It appears as a small, hard mound beneath an enlarged areola. Physiologic breast development is sometimes unequal and asymmetric in its early stage, as there may be a 3- to 12- month difference between the beginnings of the development of each breast. The breast reaches its fully developed size in 2-4 years, but this period may vary. During the development phase, the breast is often firm upon palpation but rarely sensitive. Skin marks are frequent. They are red when they first appear and turn progressively white after a few months. They have no pathological meaning.

Once the examination is over, the physician should sit down with the adolescent to discuss the potential therapy with the help, if necessary, of an anatomical chart. As we said earlier, parents or caregivers should stay in the waiting room during the examination. Information will be subsequently related to them by the adolescent herself or by the physician with her agreement and in her presence. She may ask that some elements of the examination remain confidential and her wish must be respected. A trusty relationship between the physician and the adolescent is absolutely necessary in case of long-term treatment, especially concerning chronic diseases.

Indications for Vaginoscopy and Bacteriological Sampling

In postpubertal sexually active adolescents, indications for vaginoscopy and sampling are the same as in the adult population.

In prepubertal children and nonactive adolescents, vaginoscopy must be limited to the identification of a tumor or foreign body if the clinical examination and ultrasound were not able to provide the origin of a vaginal bleeding (in case of a tumor for example). This examination may need general anesthesia in some cases.

Visualization of a foreign body is not always easy, particularly when important leukorrhea coexist. In this case, vaginal inspection can be facilitated by flushing it with the help of a small urethral catheter and 10-20 ml of saline by manual irrigation.

Samples for bacteriological cultures are sometimes necessary, but limited to cases of true vaginal leukorrhea that are not caused by a foreign body. They are rarely necessary in the case of vulvitis (unless specific and infrequent infections are suspected such as yeast or streptococcus). They can be performed by only touching the fragile mucosa with a cotton swab without rubbing it to avoid any pain, the swab being impregnated with the leukorrhea by capillarization. Another technique has been described using a small angiocatheter (with the needle removed) introduced into a No. 12 red rubber catheter connected to a small syringe containing saline, slowly introduced through the vaginal opening. The vagina is delicately flushed and the liquid drawn up in the syringe to collect sufficient secretions [15]. In all cases, results need to be interpreted according to the clinical context since the vaginal mucosa and the vulva are the homes of normal flora.

Conclusion

Few evidence-based data exist on the normal findings in gynecological examination of children and adolescents. Many established findings that were considered suspicious of abuse are in fact normal. Most important is a deep anatomical and physiological knowledge of the genital system in the child, including the learning of nonaggressive examination technical skills. The training for communication skills is also important [13]. It involves a nonjudgmental approach to the child and adolescent gynecological patient, which will allow the development of a trusting relationship between a confident patient and a supportive physician.
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Abstract

Puberty is unique in the sense that its onset shows an extraordinary individual variability of about 5 years, the basis of which being still elusive despite research efforts to understand the reason why. Continuing changes in environmental influences and interaction with genetic determinants are suggested by the still evolving pattern of the pubertal process both clinically and mechanistically. For instance, secular trends towards earlier breast development have been observed during the two past decades in some countries, resulting in possible skewing of the age distribution of that pubertal sign with less obvious changes in menarcheal age. Conceptually, puberty and subsequent reproduction appear now to be influenced by conditions not only at the time when they occur, but also during fetal and perinatal life. In addition, these influences can be apparently opposing since early maturation follows fetal malnourishment and postnatal overfeeding. In this review, the semiology and pathophysiology of puberty are discussed in a lifelong developmental perspective.

Copyright © 2012 S. Karger AG, Basel

Puberty is a transition period between childhood and adulthood that is characterized by the development of sex characteristics and attainment of reproductive capacity. The pioneering work of Tanner [1] provided detailed clinical description of the pubertal process. Since then, several contributions unraveled the critical role of fetal life events in determining some aspects of the pubertal process beyond sex differentiation. For instance, fetal GnRH neurons and olfactory neurons were shown to originate in the olfactory placode of the rostral brain before they migrate to the hypothalamic area [2]. These observations provided a key to the pathogenesis of Kallmann syndrome resulting from impairment of an X-linked gene (KAL) involved in the control of migration of those neurons and accounting for associated anosmia-hyposmia and central hypogonadism [3]. Also, the first activation of the hypothalamic-pituitary-gonadal system was shown to occur in fetal life around mid-gestation. It is followed by a second activation early postnatally and a third one at puberty [4]. Recently, further emphasis on fetal life came from the interpretation of variations in pubertal timing as an adaptive mechanism determined by fetal life conditions [5]. This concept integrated puberty into the ‘developmental origin of health and disease’ consistent with the so-called Barker hypothesis [6]. Here, our option is to discuss normal female pubertal development in the light of fetal determinants, considering that puberty and its timing reflect interactions between genetic and environmental factors early in life.

Clinical Aspects

Parameters of Puberty

Age at first menstrual bleeding (menarche) is the most commonly used marker of puberty in population based studies, as information on this dichotomized variable (yes/no) can be obtained from questionnaires without pubertal evaluation. It is a rather late pubertal marker occurring 2-2.5 years after breast budding in the average girl. However, the duration from stage B2 to menarche may be longer in early maturing girls, and shorter in late maturing girls. Typically, the first menstrual bleedings are anovulatory, and highly irregular menstrual bleeding patterns are to be expected in the years following menarche. The time from menarche to regular cycling is approximately 3 years, but large interpersonal variability exists [7].

The onset of the pubertal growth spurt (OGS) can be used as an indirect marker of start of puberty, and age at peak height velocity (PHV) as a late pubertal marker. The average girl will growth another 6-7 cm after menarche. Ideally, precise estimation of age at OGS and PHV requires 3-monthly growth measurements, but in many cases 6-monthly measurements may suffice [8]. Bone age can be determined by different manual (Greulich-Pyle, Tanner-Whitehouse) or computerized (BoneXpert) methods [9] from X-ray of the left hand and wrist and indicate the biological age depending on the degree of estrogenization of the epiphyses. Adult height predictions can be derived from actual height and bone age according to different algorithms.

Physiological Variations in Age at Pubertal Development around the World

Traditionally, mean ages at B2 and menarche in European and American populations have been reported to be approximately 11 and 13 years, respectively (fig. 1). These ages at sexual maturation depend on socioeconomic status. In the 19th century, mean age at menarche was around 17 years in European countries, but has declined to approximately 13 years until the 1960s presumably due to improved living conditions and hygiene. Hereafter, age at menarche has stabilized around 13 years for the last 4-5 decades.

Girls from developing countries with poor living standards have later mean age at menarche as compared to girls from well-off countries. This is illustrated by the high mean menarcheal ages of 15.4 and 16.0 years which have been reported from an underprivileged part of India and from Senegal, respectively [for review, see 10].
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Fig. 1. Distribution of age at onset of breast development (B2) and menarcheal age indicating limits for abnormal timing of puberty and borderline normal conditions as well as possible skewing towards early ages.

Secular Changes in Pubertal Timing

During the past 15-20 years, studies from the US (Pediatric Research in Office Settings, PROS and National Health and Nutrition Examination Survey III, NHANES III) and Europe reported earlier breast development in girls [8, 11–13], as compared to historical data. The NHANES III and the PROS studies both reported a lower average age at entering Tanner breast stage 2 (B2) and Tanner pubic hair stage 2 (PH2) than earlier investigations. Both studies clearly suggested an earlier age at puberty onset in American girls in the 1980-1990s compared to the 1930s and 1940s. However, age at menarche occurred at the same time or slightly earlier compared to the previous studies. Thus, the time span from breast development to menarche seemed to have increased. The findings could reflect that the observed breast development and appearance of pubic hair at an earlier age may be induced by exogenous or lifestyle factors, which may influence the typical sequence of pubertal events. In fact, the earlier thelarche seen among contemporary Danish girls did not seem to be associated with activation of the pituitary-gonadal axis. The mean age at B2 was 9.88 years in Denmark [8] and even lower (9.2 years) in another recent study from China [14]. However, another recent European study from Belgium found only marginally lower age at B2 (10.7 years) but the age distribution was skewed so that 3% of the girls have started breast by 7.7 years [15]. Differences in statistical approaches (parametric versus non-parametric models) may account for some of the differences in the more recent studies. Due to the uneven changes in age at B2 and menarche seen industrialized countries, it is possible that the mean age at sexual maturation may no longer follow a normal Gaussian distribution, and that the distribution may be skewed to the left towards sexual precocity (fig. 1).

Particular Conditions (International Adoption, SGA)

Children adopted from foreign countries mature earlier than in their country of origin, and also earlier than their peers in their new foster country. This has been demonstrated in several independent reports from Sweden, Denmark, The Netherlands, France and the USA [10]. The risk of developing precocious puberty was significantly increased 10-20 times in adopted girls compared with girls with Danish background. The risk of developing precocious puberty depended on the country of origin and older age at adoption significantly increased the risk of precocious puberty in adoptees independent of region of origin [16]. Theoretically, several etiological factors may be involved in this phenomenon. An insufficient intrauterine environment resulting in a low birth weight for gestational age could play a role, as being born SGA has been associated with earlier maturation in some studies of nonadopted children [17]. Postnatal catch-up growth following adoption per se could also induce premature sexual maturation. However, adopted children with no evidence of pre- or postnatal growth restriction also seem to experience early puberty making this a less likely theory. It has also been hypothesized that relief from stressful conditions or from exposure to endocrine disrupting chemicals in the country of origin following adoption to another country may induce premature activation of the pituitary-gonadal axis [10]. Altogether, some factors, as yet to be determined, related to migration and change of environment must be involved in this phenomenon.

Mechanistic Aspects

Hypothalamic-Pituitary- Ovarian System

Some of the components of the hypothalamic-pituitary-ovarian system and their interactions at the time of puberty are schematically represented in figure 2. The central role of the hypothalamus in the onset of puberty has been highlighted by Knobil and coworkers who administered synthetic GnRH intermittently to monkeys with lesioned hypothalamus. Based on changes in gonadotropin secretion, they introduced the concept of GnRH pulse generator and showed its increased frequency and amplitude of activity at onset of puberty [18, 19]. Such a concept was further substantiated using ultrasensitive gonadotropin assays in clinical conditions.

In essence, the onset of puberty could result from either disappearance of inhibitory inputs or occurrence of stimulatory inputs or both. During the past decades, key hypothalamic mediators involved in trans-synaptic regulation of GnRH neurons were identified. Among the numerous hypothalamic modulators shown to possibly account for the developmental inhibition in GnRH secretion, GABA appeared to be a key component of the prepubertal inhibition in primates [20]. Data obtained in the rat and evidence from a patient with nonketotic hyperglycinemia [21] indicated the role of GABA in the prepubertal restraint in rodents and humans as well. Several inhibitory neuromodulators such as beta-endorphin and melatonin were shown to display reduced activity at the time of sexual maturation [22]. Their causal involvement in puberty was however debated since they were dependent on sex steroids for their effects and their action was more obvious during than before puberty. Therefore, their role in mediating the prepubertal restraint remained uncertain. Among the modulators with dual effects on GnRH/LH secretion, Neuropeptide Y was shown to have either stimulatory or inhibitory effects, the latter being developmentally regulated in the monkey [23]. As opposed to GABA, glutamate is a central excitatory component of puberty through the N-methyl-D-aspartate (NMDA) subtype of receptors in primates and rodents with some evidence of involvement in humans [21]. Recently, the permissive role of a G-protein coupled receptor (GPR54) was demonstrated both in rodents and humans [24, 25]. Mutations or deletions in the gene encoding GPR54/ Kiss1R, the specific receptor binding kisspeptin, were found in patients with hypogonadotropic hypogonadism. Conversely, an activating GPR54 mutation was reported in a girl with precocious puberty [26]. The expression of kisspeptin in the rodent and primate hypothalamus increased at puberty while estradiol positive feedback appeared to be a prequisite to kisspeptin expression in the anteroventral periventricular area of the hypothalamus [27]. Astroglial regulation appeared to play an important role at puberty through the production of factors such as PGE2, growth factors, particularly TGFα, and adhesion molecules [28]. Among their effects, they control plasticity, i.e. structural aspects influencing contacts between GnRH neurons, other regulatory neurons, astroglial cells and blood capillaries.
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Fig. 2. Schematic representation of the hypothalamic-pituitary-ovarian system with the developmental changes in GnRH and LH secretion; some changes can be seen among the hypothalamic regulators as well as feedback and environmental factors.

Among the above mechanisms, few were studied during fetal life. In the fetal rat hypothalamus, we found that increase in activity of glutaminase, an enzyme critical for glutamate biosynthesis, contributed to perinatal occurrence of pulsatile GnRH secretion [29]. Sex steroid negative feedback is also an important component of maturation through a developmental reduction in sensitivity that was conceptualized as the gonadostat [4]. The effects of sex steroids are complex due to several dual aspects: central versus peripheral, estrogenic versus androgenic or secondarily estrogenic after aromatization, negative versus positive feedback, and immediate versus differed and possibly linked with early programming. During fetal life, sex steroids are crucial for sexual differentiation of the hypothalamus since exposure to aromatizable androgens or estrogens disrupted the central drive of the preovulatory LH surge in many species [30]. Data obtained in the lamb exposed to testosterone in utero suggested that pubertal timing was programmed in utero since virilization of fetal lambs was associated with a shift from the female to the male pattern of pubertal timing together with disturbed cyclicity [31, 32].

The Adrenals

In girls, androgenic steroids of adrenal origin, chiefly dehydroepiandrosterone (DHEA), provide a significant contribution to the development of pubic hair (pubarche). The secretion of adrenal androgens increases around puberty following a maturational process in the adrenals (adrenarche) which occurs independently of gonadarche i.e. pituitary-gonadal maturation, as shown in different conditions [4]. In physiological conditions, adrenarche does not influence the onset of puberty. In pathological conditions such as congenital adrenal hyperplasia, however, the excess of sex steroids can secondarily lead to sexual precocity, such as in other forms of peripheral precocious puberty. It is possible that central puberty becomes manifest in those conditions after treatment of the primary condition has reduced the level of sex steroids and, consequently, their central negative feedback effect [10].

Genetic Factors

Based on twin and family studies, the variance in pubertal timing appeared to be predominantly (50-80%) explained by genetic factors [33]. However, the likely polygenic control of physiological variations in pubertal timing remains not elucidated. Polymorphism of genes involved in sex steroid metabolism could play some role [34]. Besides the KAL gene and kisspeptin-GPR 54 genes already mentioned, other genes were shown to be implicated in hypogonadotrophic hypogonadism: FGFR1, leptin and leptin receptor, GnRH receptor. Genetic alterations of transcription factors (HESX1, PROP1, LHX3) accounted for hypogonadism associated with other pituitary deficiencies. The upstream genomic control of puberty in rodents and primates also involves transcription factors such as Oct-2 that activates transforming growth factor alpha, a glial factor involved that we discussed already [35]. More recently, a new gene ‘Enhanced at puberty-1’ (EAP-1) was identified that encoded a transcription factor expressed in neurons involved in the hypothalamic control of reproduction [36]. In a recent GWAS study, a correlation between pubertal timing and genetic variation in the gene LIN28B, a potent and specific regulator of microRNA processing, was observed [37]. It appears, however, that such a gene would only account for a few percent of the variability in pubertal timing per major allele [32]. Also, recent studies indicate that epigenetic mechanisms could take place early in life in the hypothalamus as shown for sexual differentiation [38].

Environmental Factors

Nutrition

Since the ‘critical fat mass’ hypothesis proposed by Frisch and Revelle four decades ago, the role of postnatal nutrition in the regulation of pubertal development has been confirmed, particularly in the female. However, the influence of energy balance was not univoqual probably due to the many other interfering factors and differences between physiological variations and abnormally insufficient or excessive adiposity [10]. Further insight into the role of nutrition came after the discovery of leptin, a crucial link between the status of peripheral energy stores and the homeostasis of energy balance and reproduction. We provided direct evidence that leptin and ghrelin which are, respectively, anorectic and orexigenic, also had opposing effects on pulsatile GnRH secretion [39]. As already mentioned, the permissive role of leptin was confirmed by the hypogonadism in leptin deficiency and its reversal after leptin treatment.

As shown in figure 3, nutritional conditions during both fetal life, as reflected in birth weight for gestational age, and early postnatal life were shown to be possible determinants of different physiological and disordered events throughout life [5, 6]. The severity of leanness at birth was shown to be correlated with the likelihood of subsequent disorders including premature adrenarche and pubarche, ovarian hyper-androgenism and insulin resistance [17]. While the correlation between birthweight and menarcheal age was controversial [10], the velocity in weight increase during first year of life was found to predict age at menarche [40]. We recently reviewed some of the many neuroendocrine connections between homeostasis of reproduction and homeostasis of energy balance, during both prenatal/neonatal and postnatal life [41]. Fetal malnourishment was shown to possibly result in low birth weight and early puberty in the female rat [42]. Moreover, the consequences of fetal malnourishment on adult adiposity excess and metabolic syndrome could be prevented by neonatal or early postnatal leptin treatment indicating the critical role of this peripheral peptide in fetal/neonatal programming [43].
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Fig. 3. Schematic representation of pubertal issues integrated into the ‘developmental origin of health and disease’. Intrauterine life works like a prism translating early conditions including nutrition quantitatively and qualitatively, exposure to chemicals, and stress into a spectrum of influenced or disordered events throughout postnatal life.

Physical Activity and Stress

While chronic or severe diseases and physical or mental critical illnesses are known to impair pituitary-gonadal function, the mechanisms are complex with intricated nutritional and stress factors. Exemplifying conditions are adolescent dancers or gymnasts involved together in strenuous activity and strict control of weight increase [10]. In the female monkey, amenorrhea in conditions of strenuous physical activity seemed to be more dependent on energy availability than stress since food supplementation resulted in restoration of menarche [44]. In contrast, among anorexia nervosa patients who recovered weight during one year of follow up, only 57% resumed regular menstrual cycles indicating the role of other factors besides energy availability [45].

Other Environmental Clues

As discussed above, the evidence of early puberty in children migrating for international adoption [10] and the possible involvement of endocrine disrupters in such a condition were suggested by the presence of a stable derivative of the estrogenic pesticide DDT in the serum of those children [46]. Furthermore, the stimulatory effects of DDT on GnRH secretion in vitro and in vivo were confirmed in a rodent model [reviewed in 41]. The endocrine disrupter effects on the reproductive system were known since vaginal adenocarcinoma were shown to occur in the female offspring of women treated with DES during pregnancy [47]. Fetal malnourishment as well as fetal exposure to endocrine disrupters such as DES and BPA were shown to possibly result in low birth weight, early puberty, ovulatory disorders, obesity in adulthood and metabolic syndrome [reviewed in 41]. The hypothesis was raised recently that EDC effects on adipose tissue and energy balance could be a toxicological factor in the obesity epidemic [48]. Thus, while some authors suggested that the obesity epidemic could account for the changes in pubertal timing in some countries, it can be hypothesized that endocrine disrupters are a common pathogenetic link of secular changes in adiposity and pubertal timing [41]. Thus, the global concept is that several factors including nutrition, stress and endocrine disrupters interplaying during fetal and early postnatal life could determine several disorders throughout life (fig. 3). It is likely that all those factors play some role in a condition such as internationally adopted children [49].

Neurodevelopmental Changes

Recent magnetic resonance imaging longitudinal studies of the Central Nervous System have highlighted important structural remodeling between childhood and adulthood with changing balance between limbic/subcortical and frontal lobe functions [50]. Though these observations cannot be correlated so far with neuroendocrine and behavioral changes in adolescence, they put emphasis on the need to further investigate the reciprocal interactions between suprahypothalamic nervous system and the neuroendocrine system in relation to pubertal and adolescent development.

Psychosocial Aspects of Physiological Variations in Pubertal Timing

On the one hand, psychosocial factors could influence pubertal timing in some conditions. For instance, among the subordinate female monkeys that are more vulnerable to social stressors than the dominant counterparts, puberty is delayed in individuals bearing a polymorphism (short variant) in the gene encoding serotonin reuptake transporter [51]. These findings nicely illustrate the interconnection between social factors and genetic susceptibility in influencing timing of maturation. In the male monkey, low social ranking is also associated with delayed puberty after early postnatal disruption of the pituitary gonadal axis [52].

On the other hand, pubertal timing could influence psychosocial factors. Besides the few patients with abnormally ‘precocious’ and ‘delayed’ puberty [see chapters by Sultan and Fenichel], attention has been paid during past decades to psychosocial maturation in the subjects starting puberty at the ‘early’ and ‘late’ edges of the physiological 4- to 5-year age window (fig. 1). Three theories have been proposed to account for the psychosocial implications of variations in pubertal timing [53]. According to the ‘stage termination’ or ‘early timing’ hypothesis, disturbed behavior and social maladjustment would be more likely to occur and possibly to persist when pubertal timing is early but not when it is late, physical immaturity being thus protective. Consistent with this theory, a longitudinal study in early Swedish girls reported increased behavioral problems that were partially persisting into adulthood [54]. Several studies further supported this hypothesis, including a recent report confirming increased psychopathology in young adult women who had experienced early but not late pubertal timing [55]. In a Swiss cohort of about 7,500 adolescents, Michaud et al. [56] reported increased dissatisfaction about self-image in early maturing girls and late boys. Early adolescents were more frequently involved in exploratory behaviors and sexually active. According to the ‘deviance’ or ‘off-time’ hypothesis, disturbed behavior and social maladjustment would be more likely to occur when pubertal timing lies out of the normal range, both in early and late conditions. In a recent study disordered eating behavior was correlated with pubertal timing self-assessed globally versus peers: 18 and 21% of the adolescent girls self rating her selves as early and late, respectively, showed elevated scores at the eating attitude test [57]. Graber et al. [55] found, however, that only boys were at increased risk of psychopathology after delayed puberty. A third ‘accentuation’ model was proposed by Caspi and Moffitt [53], pubertal events such as menarche being a stressful transition accentuating behavioural problems among girls who were predisposed to such problems earlier in childhood. In summary, it is recommended to evaluate perception of pubertal timing in the adolescent patients and integrate such information with the other relevant findings, e.g. networking with peers. It should be kept in mind that the relationship between pubertal timing and psychosocial issues in adolescence goes beyond simple reciprocal causality.

Conclusion

The variability in normal pubertal development is a still a moving reality that challenges the clinician through the continued requirement of updated local standards. It also challenges the scientist through the many new environmental factors influencing pubertal timing and their possible interaction with expression of genes that remain to be elucidated. Finally, emphasis has been put on the determination during fetal and early postnatal periods, of the pattern of sexual maturation and subsequent reproduction.
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Abstract

Puberty is characterized by a series a hormonal events leading to the attainment of adult reproductive capacity. Clinical manifestations of the pubertal processes include breast development, pubic hair development, menarche and regular menstrual bleedings. Abnormal pubertal development includes a spectrum of disorders such as premature thelarche, premature adrenarche, central and peripheral precocious puberty, adolescent polycystic ovarian syndrome, functional ovarian hyperandrogenism, late-onset congenital adrenal hyperplasia, primary and secondary amenorrhea, and premature ovarian insufficiency. Diagnosis of these reproductive disorders includes biochemical as well as clinical evaluation. The biochemical evaluation of reproductive function includes measurement of basal reproductive hormone levels and dynamic pituitary or adrenal hormone testing. Correct interpretation of such test results requires detailed knowledge on the normal maturational changes in the hypothalamic-pituitary-ovarian and hypothalamic-pituitary-adrenal axes. Changes in basal reproductive hormone levels in infancy, childhood and adolescence as well as the GnRH and ACTH test procedures in girls and adolescents are described in this chapter.

Copyright © 2012 S. Karger AG, Basel

Hypothalamic-Pituitary-Ovarian Axis

Ovarian Development

In the gonad of the XX fetus, the primordial germ cells are transformed at the 10th week of gestation into oogonia which enter first meiotic division. The oogonia stop further differentiation in the diplotene stage, during which they stay until ovulation. Oocytes are formed and peak in number during midgestation (6-7 million) with a subsequent decline [1]. At birth, 1-2 million oocytes are present in the ovaries of the newborn girl. In postnatal life the number of ovarian germ cells decreases by 1-2% per year by programmed cell death (apoptosis). A minor part of the decreasing number of germ cells is caused by ovulation. From approximately 35-37 years of age, a much steeper rate of germ cell apoptosis occurs concurrent with markedly decreasing reproductive capacity until menopause (fig. 1).
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Fig. 1. Approximate number of ovarian follicles during pre-and postnatal life (line). Important reproductive milestones are indicated by arrows. Redrawn from Baker [1] and Wallace [2].

Hormonal Regulation of Ovarian Function

In early pregnancy from around the 4th week of gestation placentally derived human chorionic gonadotropin (hCG) stimulates the undifferentiated gonads. In the presence of the SRY gene, the gonads develop into testes which secrete anti-Müllerian hormone (AMH). AMH causes regression of the Müllerian duct derivates in the male fetus. In the female gonads which do not produce AMH in early fetal life, the Müllerian structures develop into uterus, oviducts and proximal part of vagina. In the second trimester, the fetal pituitary gland takes over and regulates gonadal function. Hypothalamic gonadotropin-releasing hormone (GnRH) secretion stimulates the pituitary gonadotrophs to secrete follicle-stimulating hormone (FSH) and luteinizing hormone (LH) through activation of GnRH receptors. FSH and LH act via specific receptors on granulosa and theca cells of the ovary (fig. 2). The serum levels of fetal FSH and LH then decline until birth.

In postnatal life, the hypothalamic-pituitary-ovarian (HPO) axis is activated for the second time at approximately 3 months of age - the so-called minipuberty [3]. During early infancy, basal serum levels of FSH and LH reach those of adult cycling women. After the brief period of HPO activity the HPO axis is silenced during late infancy and childhood resulting in low circulating LH, but clearly detectable FSH levels [4] (fig. 3). With the onset of puberty, the HPO axis is again activated resulting in pulsatile secretion of gonadotropins. The diurnal rhythms of serum LH and FSH already exist at 5-6 years of age, and serum levels increase before the onset of puberty [5–7]. This is reflected by elevations in urinary FSH and LH concentration before clinical signs of puberty are evident [8]. Altogether, these results suggest that preparation for the onset of female puberty begins already in 5- to 6-year-old girls.
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Fig. 2. Preantral ovarian follicle (left part of figure). The oocyte is surrounded by granulosa cells (yellow). The basal membrane (blue) marks the separation between the granulosa cells and the surrounding internal and external thecal cell layers (purple cells). Ovarian steroidogenesis is illustrated in the right part of the figure. Theca cells are stimulated by LH which stimulates steroidogenesis and production of testosterone. Testosterone passes the basal membrane to the granulosa cell where it is aromatized to estrogens, primarily estradiol. Aromatase actively is induced by FSH stimulation of the granulosa cell.

Inhibin A and B

The pulsatile FSH and LH secretion stimulates ovarian steroidogenesis under feedback control from circulating estradiol. Granulosa cells also secrete a family of peptides (inhibin-activin-follistatin) in response to FSH stimulation. Two forms of inhibin (inhibin A and inhibin B) exist and consist of two heterodimers linked by disulfide bonds. Inhibin A consists of an α-subunit and a βA-subunit, whereas inhibin B consists of an α-subunit and a βB-subunit. Inhibins suppress pituitary FSH secretion. Serum inhibin B is low or undetectable in Tanner breast stage I. However, measurable levels of inhibin B in more than 60% of prepubertal girls indicate that some gonadotropin-responsive follicular activity is occurring at this early stage. Levels of inhibin A increase progressively from Tanner stage I into adulthood. Inhibin A is only detectable in girls after menarche [9, 10], and is therefore a marker of ovulation. During the menstrual cycle, inhibin B levels are highest in the early and late follicular phases, decrease in the periovulatory phase, and are lower in the mid- and end-luteal phases. Serum inhibin A levels are lowest in the early follicular phase, increase significantly in the late follicular phase with maximal levels in the midluteal phase, with a subsequent decrease in the end-luteal phase [10].
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Fig. 3. Serum levels of FSH (upper left panel) and LH (upper right panel) according to chronological age in healthy females during infancy, childhood and adolescence. Lines represent geometric mean ±2 SD corresponding to the 95% prediction interval. LH/FSH ratios are shown according to age in the lower panel.The dashed line indicates LH/FSH ratio = 1. Data are combined from 3 different publications, and gonadotropin concentrations from the healthy subjects are measured using the same assays [3, 7, 10].

Anti-Müllerian Hormone

AMH, also termed Müllerian inhibiting substance (MIS), is produced from gestational week 36 and onwards by granulosa cells of the antral follicles. AMH seems to reflect the follicle pool (ovarian aging) in adult women. The biological function of AMH in the ovary is largely unknown. Serum AMH levels are detectable in girls from 3 months of age with relatively constant levels until 35-40 years of age, followed by a decrease in AMH levels until menopause where AMH becomes undetectable. AMH shows only minor variation across the menstrual cycle [11] depending on the relative ovarian age rather than the chronologic age. Thus, the young ovary secretes higher mean AMH and inhibin B levels to the circulation, and a small rise in AMH during the follicular phase of the menstrual cycle is seen. This is in contrast to the aging ovary which is characterized by low mean AMH and inhibin B serum levels, shorter menstrual cycle lengths, and minimal variation in AMH levels during the cycle, suggesting diminished ovarian reserve. Thus, AMH is considered a promising marker of ovarian reserve [12]. It remains to be seen if pediatric AMH levels predict reproductive function in adult women.

[image: Img]

Fig. 4. Steroidogenic pathways in the adrenal and ovary. Cholesterol is taken up by ACTH-dependent mechanisms, and converted into progestins. Progestins are converted into 4 classes of steroids; mineral- and glucocorticoids (exclusively in the adrenal gland), and androgens and estrogens (adrenal and ovary). Cortisol, testosterone and estradiol are end products which are further converted in non-steroidogenic tissues to cortisone (inactive), DHT (potent) and estriol (inactive), respectively. Enzymes are written in blue, and structural changes in the steroids compared to the former steroid metabolite are marked in red.

Hypothalamic-Pituitary-Adrenal Axis

Adrenal Development

At approximately the 7th week of gestation, the fetal adrenal cortex is invaded by sympathetic neuronal structures, which differentiate into chromaffin cells which secrete catecholamines. The adrenal cortex consists of 3 zones (zona glomerulosa, zona reticularis and zona fasciculata). Their development depends on adrenocorticoptropic hormone (ACTH). The zona fasciculata and reticularis of the adrenal cortex produce cortisol and androgens. The zona glomerulosa of the adrenal medulla secretes primarily aldosterone which is stimulated by the renin-angiotensin system and potassium.

Hormonal Regulation of Adrenal Function

The hypothalamic corticotropin-releasing hormone stimulates pituitary ACTH secretion which is highly pulsatile. ACTH stimulates the adrenal cortex through its specific receptor (MC2R) to secrete glucocorticoids. The steroid biosynthesis pathway is illustrated in figure 4.

The ovary produces all 3 classes of sex steroids; estrogens, progestins, and androgens. The ovary is distinguished from the adrenal cortex by its lack of 21-hydroxylase and 11-hydroxylase reactions. Thus, glucocorticoids and mineralocorticoids are not produced in the normal ovary.

Steroidogenesis is characterized by a series of enzymatic reactions mediated by steroidogenic enzymes which are members of the cytochrome P450 group of oxidases. All steroids are of similar structure with relatively small chemical differences resulting in major changes in biochemical activity. Conversion of cholesterol to pregnenolone involves hydroxylation at the carbon 20 and 22 positions. The acute regulation of this conversion is controlled by the steroidogenic acute regulatory protein (StAR) which is mediated by ACTH. Following the formation of pregnenolone further conversion can take 2 pathways; the Δ5-pathway via 17-hydroxy-pregnenolone and DHEA, and the Δ4-pathway via progesterone and 17-hydroxy-progesterone.

Steroids are named according to the number of carbon atoms to designate the basic name; pregnane resulting in progestins and corticoids, androstane resulting in androgens, or estrane resulting in estrogens. Glucocorticoids have a C21-structure, and are also referred to as 17-hydroxycorticosteroids. The most important glucocorticoid is cortisol (also known as compound F or hydrocortisone). The interconversion of cortisol and cortisone is catalyzed by 11β-hydroxysteroid dehydrogenase 2, which is present in many peripheral non-steroidogenic tissues including the kidney. Androgens have a C19- structure and are produced in the zona fasciculata and reticularis of the adrenal gland as well as in the gonads. Androgens promote growth and have androgenic effects. Estrogens have a C18-structure, and are converted by aromatase activity from androgens. Estrogen production occurs in the adrenal cortex and gonads, but aromatization of androgens also occurs in peripheral tissues.

DHEAS is the predominant marker of adrenarche in serum which represents an altered pattern of adrenocortical response to ACTH. This is characterized by disproportionately increasing ∆5-steroid intermediates (17OH-pregnenolone and DHEA) compared to ∆4-steroid metabolites (17OH-progesterone and androstenedione). This results from decreasing expression of 3β-HSD in the zona reticularis from 6 to 8 years of age throughout life, which promotes DHEA and DHEAS production. CYP21 expression does not seem to change in the zona reticularis with increasing age, suggesting that adrenarche does not rely on alterations in CYP21 expression. Altogether, the initiation and regulation of adrenarche is poorly understood.

Reproductive Disorders in Girls and Adolescents which Require Biochemical Evaluation

Precocious puberty is defined as clinical signs of puberty before the age of 8 years in girls.

Central Precocious Puberty

Central precocious puberty is caused by activation of the hypothalamic-pituitary-ovarian (HPO) axis, termed central or gonadotropin-dependent precocious puberty (CPP). Central precocious puberty is idiopathic (ICPP) in the majority of cases, but may be secondary to a brain abnormality like hamartomas, gliomas and hydrocephalus (organic CPP) in 15-20% of cases.

Peripheral Precocious Puberty

Alternatively, precocious puberty is caused by an abnormal steroid production in peripheral steroidogenic organs which is not the result of sustained activation of the HPO-axis. This condition is termed peripheral or gonadotropin-independent precocious puberty.

Isolated forms of abnormal precocious puberty like premature thelarche or premature adrenarche are also not caused by central activation of the HPO axis.

Isolated premature thelarche is considered a benign, self-limiting condition, characterized by premature breast development, and no other clinical signs of sexual maturation. There are two types of premature thelarche; one type (classical) manifesting itself in the first year of life, following which it tends to resolve by 2 years of age. Another type of premature thelarche manifests itself after 2 years of age and tends to be more persistent. Commonly, breast development fluctuates over a period of time, and can disappear and reappear within months. Premature thelarche is characterized by overnight gonadotropin secretion, but circulating estradiol concentrations are commonly undetectable by conventional immunoassays. A GnRH test will demonstrate a prepubertal LH rise, and a predominant FSH response. The ovaries are small on ultrasound but may contain large follicular cysts which vary in size in synchrony with the fluctuating breast development. Typically, no acceleration of linear growth is seen, and bone age is not advanced. However, this form of premature thelarche may progress into a true central precocious puberty in some cases.

The distinction between central precocious puberty and premature thelarche may not always be straightforward as intermediate slowly progressing forms (thelarche variant forms) exist.

Isolated premature adrenarche is characterized by isolated pubic or axillary hair development before 8 years of age in girls, and may be associated with other cutaneous manifestations of androgen excess (like microcomedonal acne, greasy hair and body odor). Also, behavioral changes are seen and bone age may be slightly advanced. Suspicion of adrenal pathology increases, the more bone age is advanced.

Androgen-producing adrenal tumors are characterized by a rapidly progressing form of puberty, and serum testosterone are usually high (>5-6 nmol/l). Adrenal tumors are nevertheless extremely rare in children, and may be combined with symptoms of Cushing.

Congenital adrenal hyperplasia (CAH) is most commonly due to 21-hydroxylase deficiency (CYP21 mutation), but also other enzyme deficiencies resulting in CAH exist. CAH is typically diagnosed in the neonatal period due to national screening programs, or during the first weeks of life due to clinical symptoms like failure to thrive, salt wasting (hyponatremic crisis) or ambiguous genitalia. However, milder forms of CAH (late-onset CAH) exist, which may present in childhood with varying degrees of virilization including pubic hair development. Late-onset CAH (CYP21 mutation) is diagnosed by an ACTH test during which 17-OH-progesterone is significantly elevated. Thus, isolated premature adrenarche is an exclusion diagnosis which is relatively common, especially in overweight children and children born small for gestational age. It appears that children born from mothers with PCOS may be at increased risk of premature adrenarche.

Polycystic ovary syndrome (PCOS) is a heterogeneous syndrome of unexplained chronic hyperandrogenism and oligo-anovulation, with a polycystic ovary on sonography being one of the alternative diagnostic criteria [13, 14]. Half of the patients lack one or several of the classical criteria (menstrual irregularity, hirsutism, obesity, and polycystic ovaries).

Functional ovarian hyperandrogenism (FOH) is usually the source of androgen excess in adolescent girls and is characterized by 17-OH-progesterone hyperresponsiveness to GnRH stimulation or to hCG testing, and subnormal suppressibility of serum testosterone by dexamethasone. However, FOH is often accompanied by functional adrenal hyperresponsiveness, which is characterized by 17-OH-progesterone or DHEA hyper-responsiveness to ACTH [15]. These test are primarily used for research purposes.

Absent puberty or primary amenorrhea may result from hypogonadotropic hypogonadism (HH) due to mutations in selected genes (KAL1, FGFR1, GPR54, PROK2, TAC3, TAC3R) which account for only 20-30% of cases with HH. Familial delayed puberty may be suspected based on family history once a 45, X karyotype, hyperprolactinemia or anorexia/ortorexia are excluded. Idiopathic HH will result in low FSH and LH levels, and GnRH testing is of limited value in such conditions.

Evaluation of Basal Serum Hormone Levels

FSH and LH are glycoproteins which are not single proteins, but consist of a number of heterogeneous forms of varying biological activity. Thus, 20-30 different LH and FSH isoforms are present in the circulation. FSH, LH and hCG are dimers which are composed of 2 glycosylated polypeptide subunits, the α- and β-subunits, that are tightly noncovalently bound. FSH, LH, and hCG share a common α-subunit (92 amino acids), whereas the β-subunits differ in amino acid and carbohydrate content. Sensitive and accurate gonadotropin assays are critical for diagnosis and monitoring of pubertal disorders. Random LH and FSH levels follow a distinct developmental pattern. In prepubertal girls, FSH levels are low, whereas LH levels are usually undetectable by currently available sensitive immunoassays [10]. With the onset of puberty, gonadotropin levels rise gradually in puberty (fig. 3) until the adult cyclic pattern is obtained (fig. 5).

LH/FSH Ratio

In prepubertal children FSH levels are higher than those of LH (LH/FSH ratio <1), but half of healthy adolescent children has LH/FSH ratio >1 (fig. 3). This is due to the fact that the LH/FSH ratio is elevated at ovulation and in the luteal phase of a normal menstrual cycle (fig. 5). Thus, a random LH/FSH >1 in an adolescent girl is not pathological per se, whereas an increased follicular phase LH/FSH ratio is indicative of PCOS in cases of oligomenorrhea/hyperandrogenism. The LH/FSH ratio should not be used as part of the diagnostic criteria for PCOS [13, 14].
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Fig. 5. Serum levels of estradiol, LH, FSH and LH/FSH ratio during the menstrual cycles in healthy regularly menstruating young women. Values from individual women are illustrated according to days from ovulation (LH peak). Data derived from Juul et al. [9].

Estrogens

Estrogens, primarily 17β-estradiol and estrone, are produced in the ovarian granulosa cell following aromatization of their precursors Δ4-Androstenedione and testosterone. Estrogens act through two types of estrogen receptors (ER-α and ER-β). Estrogen production is elevated during minipuberty and with the onset of puberty, whereas levels are typically below the detection limit of commonly used immunoassays in prepubertal children (fig. 6).

Our knowledge of the biological significance of low prepubertal sex steroid levels is hampered by the fact that most available analytical methods are not sensitive enough to assess the low levels of estrogenic and androgenic hormones and metabolites in serum of prepubertal children. Available data on sex steroid levels in prepubertal children differ substantially depending on the assay used and remain controversial. Immunoassays are the most commonly used methods for analysis of estradiol levels. However, for clinical and research applications most immunoassays have insufficient sensitivity resulting in substantial inaccuracy and high intra- as well as interassay variations in the low concentration range. The sensitivity of the most sensitive immunoassays is in the order of 10-18 pmol/l, whereas ultrasensitive recombinant cell bioassays (RCBA) or gas chromatography-tandem mass spectrometry (GC-MS/MS) methodologies have lower detection limits (0.7-1.8 pmol/l) [16–18]. This may be of clinical relevance for instance in girls with premature thelarche in whom estradiol is usually below the detection limit of commercially available immunoassays, but clearly elevated compared to prepubertal children using a RCBA [16].
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Fig. 6. Serum levels of estradiol, SHBG, testosterone, DHEAS, inhibin B and inhibin A according to chronological age in 2, 406 healthy girls. Lines represent geometric means ±2 SD corresponding to the 95% prediction interval. Data for DHEAS are not available for infant girls. Please note the logarithmic scale for estradiol SHBG, testosterone and inhibin B. [data derived from refs. 3, 7, 10, 19].

Sex Hormone-Binding Globulin

Estradiol is bound to sex hormone-binding globulin (SHBG), thus a minor part of circulating estradiol is in its free biologically active form. SHBG is regulated by estrogens, androgens, thyroid hormones, insulin and liver function. SHBG seems to reflect the degree of physiological insulin resistance seen in mid-puberty [19, 20].

Androgens

DHEAS levels are low during childhood but start to increase before other hormonal changes of puberty take place, a process termed adrenarche. DHEAS levels are high in patients with adrenal cortical tumors, whereas lesser elevations are seen in patients with congenital adrenal hyperplasia, and moderate elevations are seen in children with precocious adrenarche.

17-OH-Progesterone

17-OH-progesterone is produced by the adrenal as well as the ovary. In classical CAH due to 21-hydroxylase deficiency 17-OH-progesterone is clearly elevated, whereas it is only marginally elevated in late-onset CAH.

Urinary Excretion of Steroids

The polycyclic carbon ring of steroids is not degraded during metabolism, but is transformed by a series of reductions and hydroxylations. Active steroids are glucuronidated or sulfated and thereby water-soluble, and can be excreted into urine. Generally, glucuronidation reduces the activity of a steroid, but glucuronidated steroids can be deconjugated in peripheral tissues, restoring their biological activity locally. Cortisol is excreted as tetrahydrocortisol (THE) and tetrahydrocortisone (THF) is conjugated with glucuronic acid.

Determination of steroid excretion rates in a 24-hour urine sample is a non-invasive way of estimating the combined output of adrenal and gonadal steroid production. A urinary sample of 5-20 ml is required for urinary steroid profiling by GC-MS/MS methodology. Samples can be sent to the laboratory at room temperature, and should be processed within 3 days. A 24-hour collection allows determination of excretion rates (relevant for diagnosis of Cushing or adrenal insufficiency), whereas a spot urine is sufficient for diagnosis of enzymatic defects in the steroidogenic pathway or tumors.

CAH due to 21-hydroxylase deficiency is characterized by elevated urinary levels of 17-hydroxypregnanolone, pregnanediol, and pregnanetriol, whereas CAH due to 11-hydroxylase deficiency is characterized by elevated urinary tetrahydro-11-deoxycortisol. CAH due to 3β-HSD deficiency show increased urinary levels of DHEA, 16-hydroxy-DHEA, pregnanetriol and 17-hydroxypregnanetriol. Children with adrenocortical tumors will typically have markedly elevated urinary levels of DHEA. Thus, urinary steroid profiling is useful in a wide variety of clinical conditions. Urinary cortisol metabolites are increased in Cushing's disease and low or undetectable in adrenal insufficiency.

Adrenocorticotropic Hormone

ACTH can be determined in a single blood sample, but is extremely unstable in blood. Thus, care should be taken at blood sampling and the following sample handling procedure should be followed: heparin or EDTA plasma tubes should be placed immediately on ice, centrifuged and the plasma frozen within 15 min. ACTH is elevated in cases of adrenal insufficiency (or pituitary Cushing), but results are typically difficult to interpret.

GnRH Testing

Measurement of basal LH and FSH levels is sufficient for some reproductive disorders, but a GnRH test is necessary for diagnosis of CPP. Luteinizing hormone-releasing hormone (LHRH; 100 μg Relefact®) is injected intravenously, and blood samples are drawn before and 30 min after the injection of a bolus. Blood samples are analyzed for LH and FSH. The test is easy to perform, and can be performed in an outpatient setting at any time during the day. The upper normal range of stimulated LH levels in prepubertal children depends on the LH assay, and may vary from 3.3 to 5-6 IU/l. A peak LH level >5 IU/l [21, 22] and/or stimulated LH/FSH ratio >0.66 IU/l [23] has been suggested as cut off limits for a pubertal response during GnRH testing in accordance with the recent consensus guidelines [24] (fig. 7). Furthermore, girls presenting with breast development and a basal LH level above 0.3 IU/l are assumed to have CPP [22].

ACTH Testing

A short standard ACTH test using tetracosactrin (the synthetic 1-24 subunit of ACTH) is the most commonly used test. A blood sample is drawn and tetracosactrin (Synacthen®) is injected intravenously as a bolus dose of 250 or 36 μg/kg body weight in infants. Blood samples are drawn 30 and 60 min after injection. Firstly, the blood samples are used for cortisol measurements to rule out adrenal insufficiency. Secondly, steroidogenic metabolites (21-OH-progesterone, 11-OH-progesterone or DHEA) may be analyzed during the short ACTH test to evaluate possible CYP21, CYP11 or 3βHSD defects.

A Synacthen test is easy to perform, and can be performed at any time of the day, does not require fasting or bed rest, and Synacthen can also be administered intramuscularly. A normal cortisol response during an ACTH test is a rise to >500 nmol/l (or a rise of >250 nmol/l). In neonates, the cortisol responses are higher. Ongoing or recent treatment with glucocorticoids may interfere with cortisol measurements by immunoassays, and chromatographic separation is needed in such cases. Furthermore, use of oral contraceptives may result in erroneously high cortisol levels due to the induction of corticosteroid binding globulin, and should be stopped for 4 weeks before ACTH testing is valid.
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Fig. 7. Serum LH and FSH at baseline and 30 min following a GnRH intravenous injection (100 μg LHRH, Relefact). The left panel illustrates a typical prepubertal response to a GnRH agonist challenge with FSH predominance (stimulated LH/FSH ratio <1) and maximal LH level below 5 IU/l. The right panel illustrates a typical pubertal GnRH test with a stimulated LH level above 5 IU/l and a LH/FSH ratio >1.

Conclusions

In girls with premature breast development initial biochemical evaluation may include:

1 basal FSH, LH, E2, SHBG, inhibin A and inhibin B,

2 GnRH test (FSH, LH),

3 AMH (can be used if granulosa cell tumor is suspected).

In girls with premature pubic hair initial biochemical evaluation may include:

1 basal testosterone, DHEAS, ∆4-androstenedione, 17-OHP,

2 Synacthen test (cortisol, 17-OHP),

3 GnRH test (FSH, LH, 17-OHP).

In girls with hirsutism initial biochemical evaluation may include:

1 basal testosterone, DHEAS, ∆4-androstenedione, 17-OHP,

2 Synacthen test (cortisol, 17-OHP),

3 fasting glucose, insulin, HbA1C (or preferably an oral glucose tolerance test).

Urinary steroid profiling may additionally be useful in the above-mentioned conditions.

In girls with primary amenorrhea or premature ovarian failure initial biochemical evaluation may include:

1 Basal FSH, LH, E2, SHBG, testosterone, inhibin A, inhibin B, AMH, prolactin, karyotype.
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