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Abstract The aim of this article is to review some common opinions on changes in

pubertal timing and shed new light both on the indicators used in assessing pubertal

timing and the underlying mechanisms. While emphasis is usually placed on the

advancement in timing of female puberty, it appears that timing also changes in

males, both towards earliness for the initial pubertal stages and towards lateness for

the final stages. Such findings suggest that the environmental influences on pubertal

timing are more complex than initially thought. Moreover, self-evaluated pubertal

timing versus peers provides information that is not always consistent with obser-

vations at physical examination, suggesting that both approaches should be con-

sidered, especially when studying the correlation between pubertal timing and

psychosocial aspects.

The mechanisms of changes in pubertal timing may involve both central neuro-

endocrine control and peripheral effects in tissues targeted by gonadal steroids.

Though energy availability is certainly a clue to the mechanism of pubertal devel-

opment, changes in the control of both energy balance and reproduction may vary

under the influence of common determinants such as endocrine-disrupting

chemicals. These effects can take place right before puberty as well as much earlier,

during fetal and neonatal life. Finally, environmental factors can interact with

genetic factors in determining changes in pubertal timing. Therefore, the variance

in pubertal timing is no longer to be considered under the absolutely separate

control of environmental and genetic determinants.
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F. Glowacz

Clinic of Delinquency, Social Maladjustment and Integration Processes, University of Liège,
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Introduction

We review here how studies of the physiological variations in pubertal timing have

changed recently with emphasis on the indicators and the mechanisms. The findings

suggest that the respective roles of genetic and environmental factors in the control

of pubertal timing are complex because they can take place during late prepubertal

life as well as fetal/neonatal life. Moreover, both types of factors likely involve

intricate mechanisms.

Changes in Indicators of Pubertal Timing

Since the mid-nineteenth century, a so-called secular trend towards earlier menar-

cheal age has been observed in many countries in Europe and North America.

An overall advancement in female pubertal timing that averaged 4 years in a

century was derived from those observations (Parent et al. 2003). During the past

50 years, menarcheal age has stabilized in some countries, such as Belgium

(Jeurissen 1969; Vercauteren and Susanne 1985; Roelants et al. 2009), where it

seemed that the secular advancement in pubertal timing was leveling off as opposed

to countries where socio-economical status was still markedly progressing (Parent

et al. 2003). It is notable, however, that recent publications have highlighted a

persistent but moderate decrease in average menarcheal age in countries like

Denmark and the Netherlands (Aksglaede et al. 2009; Talma et al. 2013). Around

2000, a new pattern of changes was observed in several countries such as USA,

Denmark and Belgium (Roelants et al. 2009; Aksglaede et al. 2009; Herman-

Giddens et al. 1997), with a heterogeneity among pubertal events, i.e., advancement

in age at onset of breast development and less or no change in menarcheal age. This

finding has led us to revise some issues about indicators and mechanisms of changes

in pubertal timing.

Studies of female puberty have been prioritized (Table 1) due to the availability

of menarcheal age as a precise timer, and focus on the female has been reinforced

Table 1 Changes in pubertal timing: INDICATORS

Common opinion Revision

More relevance in females (studies using

menarcheal age as timer, female predomi-

nance of precocity, weight as a critical factor)

Reality in males (few studies based on testicu-

lar volume increase, voice break and growth

spurt; association with BMI)

Mean or median age: the clue Changes in pattern of timing distribution indi-

cating involvement of subgroups

Single pubertal signs prioritized (the “onset”

of puberty)

Changes possibly divergent among pubertal

signs

Self-evaluation of pubertal development

(practical and ethical reasons)

Self-perceived timing providing information

different from physical exam
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by the critical role of weight and the predominance of sexual precocity in girls

(Parent et al. 2003). Based on findings about testicular volume increase, voice break

and growth spurt, it has appeared recently, however, that male pubertal timing is

advancing as well (Roelants et al. 2009; Aksglaede et al. 2008; Sorensen et al. 2010;

Juul et al. 2007; Herman-Giddens et al. 2012). As already pointed out in the female,

the initial pubertal signs and signs of completion of puberty could show secular

changes that are different, suggesting heterogeneity in the response of pubertal

events to modulating factors. For example, the first 3–10 % of boys with evidence

of initial pubertal increase in testicular volume (�4 ml) are younger than in the past

(Roelants et al. 2009; Herman-Giddens et al. 2012; Mul et al. 2001) whereas the

final 3–10 % (centile 90 and 97) appear to attain adult testicular volume (�15 ml)

later (Roelants et al. 2009; Mul et al. 2001). Thus, besides the changes in mean or

median ages at a given pubertal sign, subtle changes in the pattern of distribution of

timing of pubertal signs may occur, extending the age range beyond the physio-

logical 4–5-year period for both the initial and the late stages of puberty. The latter

finding is also consistent with the secular increase in latency between menarche and

the occurrence of regular (ovulatory) cycling that was reported in France together

with the classical secular trend towards earlier menarche (Clavel-Chapelon

et al. 2002).

In the evaluation of pubertal development, two distinctive issues can be consid-

ered: pubertal status, which refers to the degree of physical changes, and pubertal

timing, which refers to the age at attainment of a given degree of physical change.

The adolescents are understandably reluctant to allow assessment of pubertal status

if not justified by the chief complaint at consultation. Therefore, methods of self-

assessment of pubertal status (Table 2) were designed, in comparison with Tanner

stages, provided either as pictures or drawings (Duke et al. 1980; Morris and Udry

(1980), or as written statements (Petersen et al. 1988). Controversial data have been

published regarding the validity of these methods that cannot substitute for a

physician’s examination (Hergenroeder et al. 1999; Brooks-Gunn et al. 1987;

Bond et al. 2006; Dick et al. 2001; Dorn and Biro 2011). Moreover, the significance

of self-assessed pubertal status in determining pubertal timing has been limited to

the interpretation of current status with respect to age. In some instances, retro-

spective assessment of pubertal timing could be interesting. Berg-Kelly and Erdes

(1997) proposed an age-independent method of self-assessment of pubertal timing

through a global multiple choice question rating maturation versus peers. The

answer to this question was found to result in 94 % agreement with physician

examination and normal distribution of timing in the studied population (Berg-

Kelly and Erdes 1997). We have used a similar question: “Between 8 and 18 years,

boys and girls change physically but not all at the same time. If you consider your

physical development, how do you evaluate it in comparison with friends of the

same age: Very early? A bit early? Same as most friends? A bit late? Very late?”

Such a question enables self-evaluation of pubertal timing based on current status,

as done in the Swedish study (Berg-Kelly and Erdes 1997), or retrospectively, as

done in our study. As shown in Fig. 1, the distribution of responses in two separate

studies was found to be asymmetrical, with more adolescents estimating they had
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matured early than late. Interestingly enough, in a study comparing adolescent self-

perception of pubertal timing using both a global question (peer normative) and the

pubertal developmental scale (PDS; stage normative), a similar proportion of late

timing (12–13 %) was found using both tools whereas the global question resulted

in a greater proportion of early timing (28 %) as opposed to the PDS (13 %; Cance

et al. 2012). This finding suggests that the comparison with peers involves a factor

Table 2 Comparison of some features of different methods of self-assessment of pubertal status

and timing in healthy adolescents

Pubertal status

Pubertal

timing

Sexual maturation scale (SMS) Pubertal

developmental

score (PDS)

Global

question

Tanner’s

pictures Tanner’s drawings

References Duke et al. 1980 Morris and Udry 1980;

Petersen et al. 1988;

Hergenroeder

et al. 1999; Dorn and

Biro 2011

Petersen

et al. 1988;

Brooks-Gunn

et al. 1987; Bond

et al. 2006

Berg-Kelly

and Erdes

1997

N items in

girls (F) &

boys (M)

F: 2 M: 2 F: 2 M: 2 F: 6 M: 5 F & M: 1

Items

assessed

Sex characteris-

tic staging (five

Tanner’s stages)

Sex characteristic

staging (five Tanner’s

stages)

Sex characteris-

tic staging (five

items)

Global timing

(five

qualifications)

Method of

self-

assessment

Current devel-

opment versus

photographs

and descriptive

text

Current development

versus drawings

Current develop-

ment versus

descriptive text

+menarcheal

age

Current and

retrospective

development

versus peers

Acceptability/

response rate

Fairly good Fairly good/64 % Good/66 %,

70 %

Good/82 %

Usable for

different

races

No Yes Yes Yes

Agreement

with clinical

assessment

κ> 0.81–0.91

(Duke

et al. 1980)

r 0.59–0.81 (Morris

and Udry 1980) or κ
0.34–0.37

(Hergenroeder

et al. 1999) or 0.06–

0.43/27–59 %

(Schlossberger

et al. 1992); r¼ 0.77–

0.91 and κ 0.33–0.50

(Dorn and Biro 2011)

α 0.65–0.82

(Petersen

et al. 1988)

94 % (Berg-

Kelly and

Erdes 1997)

F: 31–62 %

(Brooks-Gunn

et al. 1987)

F : κ :0.57 M : κ: 0.42 (Bond et al. 2006)

Biases Adiposity

F females, M males, κ Kappa coefficient (Cohen’s rule of thumb), r Pearson’s correlation

coefficient, α Cronbach’s alpha coefficient

166 J.-P. Bourguignon et al.



that accounts for increased self-perception of early timing of maturation. Desirability

could play some role: evaluating oneself as early versus peers could be felt as a plus

whereas being late would be a minus. Some discrepancies in self-evaluation of

pubertal timing could be related to the conditions of evaluation. Agreement with

physician evaluation was greater when the sexual maturation scale was administered

in a clinical setting rather than at school (Schlossberger et al. 1992). These authors also

found a greater proportion of early-maturing subjects based on adolescent global

self-rating than based on physician evaluation.

Our data also raise the question as to whether an increased proportion of self-

evaluated earliness is actually consistent with early or precocious puberty. The

response is negative since, among a group of adolescents with early or precocious

puberty confirmed by physical examination, about 2/3 had a concordant self-

evaluated timing whereas 1/3 were felt to be average maturers. Thus, self-perceived

pubertal development does not reliably match data from physical exam and pro-

vides different information that can have its own significance for adolescent

behavior. Such a conclusion has been drawn by Deppen et al. (2012), who reported

that adolescent girls with average timing of menarche but early self-perceived

pubertal timing were at increased risk of adolescent exploratory behaviors.

Fig. 1 Upper panel: self evaluation of pubertal timing versus peers of the same age in two

separate groups of 265 adolescents irrespective of gender and 249 adolescents (108 girls and

141 boys). Lower panel: self evaluation of pubertal timing versus peers of the same age in

52 adolescents with early or precocious pubertal timing, based on physical exam
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Changes in Mechanisms of Pubertal Timing

In searching for possible causes and mechanisms of changes in pubertal timing, the

default hypothesis is hypothalamic-pituitary maturation, possibly because central

precocity is much more frequent than peripheral precocity (Table 3). It appears,

however, that peripheral mechanisms can coexist with central mechanisms or

secondarily facilitate them. Such a concept is supported by the dissociation between

advancement in age at onset of breast development in Denmark, the Netherlands

and Belgium without a parallel change in menarcheal age, suggesting that both

events are influenced by different factors, including possible breast development

due to estrogenic effects independent of hypothalamic-pituitary maturation

(Roelants et al. 2009; Aksglaede et al. 2009; Mul et al. 2001). That dissociation

of breast development and menarche could account for the secular reduction in

correlation coefficient between the ages at occurrence of the two pubertal events

(Biro et al. 2006). The interpretation of the mechanistic role of sex steroids or

related environmental factors is complex due to the multiple sites where they can

interact between the hypothalamus and the peripheral target tissues. In particular,

sex steroids exert potent inhibitory feedback on the pituitary gonadotrophins. As an

illustration (Fig. 2), a girl with androgen excess caused by an adrenal adenoma has

developed no breasts at 13, possibly due to the androgen/estrogen ratio as well as

the negative feedback caused at the pituitary level. However, hypothalamic matu-

ration should have progressed silently since, 6 months after withdrawal from the

androgen excess, breast development is nearly adult and menarche occurs. This

condition is somehow comparable with the mechanism that we have delineated in a

female rodent model (Rasier et al. 2007, 2008) to explain sexual precocity in girls

who were previously exposed to the estrogenic insecticide DDT and then with-

drawn from that environment after migration to Belgium (Krstevska-Konstantinova

et al. 2001).

Table 3 Changes in pubertal timing: MECHANISMS

Common opinion Revision

Central puberty as default hypothesis Peripheral mechanisms likely coexisting with

or preceding secondary central puberty

Direct causal role of nutrition in onset of

puberty established

Factors such as EDCs affect both energy bal-

ance and pubertal timing

Focus on environmental conditions right before

onset of puberty

Fetal and neonatal origin of changes in

pubertal timing

Variance of pubertal timing explained by

genetic factors for 70–80 % and environmental

factors for 20–30 %

Environmental and genetic factors interaction

through polymorphisms and epigenetics

Increase in age at pubertal onset is associated

with reduction in pubertal growth and little or

no change in final height

In the male, promotion of bone growth by

androgens and bone maturation by estrogens

can be dissociated, e.g., using aromatase

inhibitors

EDCs endocrine-disrupting chemicals
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Fig. 2 Growth curve of a female patient presenting at 13 years with no breast development

(B1 Tanner’s stage) and adult pubic hair (P6 Tanner’s stage) due to an androgen-secreting adrenal

adenoma. Within 6 months after surgical removal of the adenoma, breasts attained B4 stage and

menarche occurred. Target height and bone age (X) are indicated
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Because nutrition has long been known to be a determinant of puberty, especially

in females, a direct causal relationship between obesity and earlier onset of puberty

has been hypothesized (Parent et al. 2003). Evidence has indeed accumulated that a

sufficient amount of fat mass signaling to the neuroendocrine system through leptin

is a prerequisite to the onset of puberty. Leptin can stimulate pulsatile GnRH

secretion and is indeed necessary but not sufficient to account for the onset of puberty

(Lebrethon et al. 2007). It appears also that both energy balance and pubertal timing

share common regulatory factors that could be jointly influenced during prenatal or

neonatal organization of the neuroendocrine control of homeostasis (Bourguignon

et al. 2010, 2013) Along the same lines, most studies on the role of environmental

factors in triggering the onset of puberty were centered on the immediately preceding

period. Now, the impact of events during fetal and neonatal periods appears to be

equally important. For instance, Ibanez et al. (2011) have provided evidence that, in

girls with premature pubarche, menarche is advanced as a function of reduction in

birth weight. Studies of the effects of neonatal exposure to endocrine disrupters such

as diethylstilbestrol (DES) in the female rat showed opposing effects on GnRH

secretion and pubertal timing, depending on the dose (Franssen et al. 2014). More-

over, both prenatal food restriction and neonatal DES exposure resulted in a reduced

response of pulsatile GnRH secretion to leptin, with both effects being additive

(Franssen et al. 2014). Though the mechanism of variations in pubertal timing caused

in fetal or neonatal life is not fully elucidated, it could involve epigenetics that,

together with polymorphisms, teach us that the contribution of genetic and environ-

mental factors is intricate in explaining the variance in pubertal timing.

While the pubertal growth spurt is decreasing with age at onset of puberty, the

impact of differences in pubertal timing on final height is limited (Bourguignon

1988). Such a finding, however, may be revised based on the dissociated gain in

height and progression of bone maturation in two prismatic male cases with

estrogen receptor or aromatase deficiency (Smith et al. 1994; Carani et al. 1997).

Those observations have highlighted the specific role of estrogens in bone matura-

tion and led some authors to use aromatase inhibitors in short adolescents and

demonstrated a significant gain in adult stature (Hero et al. 2006). Such treatment,

however, may involve undesirable effects such as vertebral deformities and should

be restricted to research protocols that also have to delineate the possible effects of

such treatment on brain and behavior.
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