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Abstract

Background—The timing of puberty has well known impact on anthropometric and psychosocial
outcomes. Multiple methods have been used to determine pubertal timing, but all with limitations.
A uniformly applicable method is needed for different study designs and study populations.

Objectives—The objectives of the study are 1) to propose a new method using statistics modeling
to determine relative timing of pubertal maturation; 2) to validate the new method by evaluating its
relationship with pubertal growth and timing parameters, including age at menarche, age onset of
areolar maturation, age of peak height velocity, age at attainment of adult height, adult height, peak
height velocity, BMI and percent body fat; and 3) to contrast the new method with relative timing
of menarche on these pubertal parameters.

Methods—Using the National Heart Lung and Blood Institute Growth and Health Study (NGHS)
data, an ordinal logistic modeling was used to assess relative timing of pubertal maturation.

Results—The proposed method demonstrated good reliability and strong associations with all
pubertal timing parameters, also BMI and percent body fat. Timing was not significantly associated
with adult height and peak height velocity.

Conclusion—The proposed method is highly feasible, easy to implement, and valid. The study
demonstrated important differences between the relationships of relative timing of secondary sexual
characteristics and the timing of menarche on pubertal parameters. The study also demonstrates that
individuals with early or late timing at one point of time are likely to maintain the same relative
timing throughout puberty.
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Introduction

The pubertal maturation process represents a critical biological and psychological period of
the life span. The timing of pubertal maturation has potentially profound implications for
multiple health outcomes, including anthropometric and psychosocial parameters [1-4].
Accelerated physical growth, appearance of secondary sexual characteristics and memorable
events such as initiation of menarche or spermarche mark the critical events throughout
pubertal maturation. Thus, age at peak height velocity, age at onset of secondary sexual
characteristics, and age at menarche or spermarche are often used for determining timing of
pubertal maturation. In order to reliably capture age at peak height velocity or age at onset of
secondary sexual characteristics, longitudinal follow-up at least yearly, and preferably every
six months is required. Age at menarche or spermarche occurred relatively later, and may not
be accurately reported due to recall bias [5,6]. Because a longitudinal study design is often not
feasible due to the costs and logistical difficulties, and that age at menarche or spermarche is
available only for adolescents who had been far enough along in their pubertal development
to experience initiation of menarche or spermarche, alternative approaches to the determination
of timing of puberty are needed.

Perceived relative timing refers to the relative advance or delay of pubertal development for
an adolescent with respect to their gender and age-matched peers. It has been reported typically
through responses by parents or adolescents to questions in standard formats, such as those in
the Pubertal Development Scale (PDS) questionnaire [7]. PDS is a subjective measure, being
influenced by psychosocial characteristics of the individual such as their social norm, self-
esteem, and body image. A more objective approach has been utilizing statistical modeling for
determining the relative timing of puberty [8,9].

Marshal and Tanner introduced a system of staging pubertal maturation on a 1-5 scale, ranged
from “prepubertal” to “mature stage”, based on the appearance of secondary sexual
characteristics. Currently, Tanner maturation stage has been widely utilized in research and
clinical studies. Tanner maturation stage assessed by a trained clinician is considered “gold”
standard [10], and a reliable measure [11,12]. Recently, new approaches have been proposed,
including Garn and Falkner areola staging to better determine breast development
independently from adiposity [13], and testicular volume to better determine genital
development [14].

By regressing biological age to pubertal maturational stage within a homogeneous population
(same gender and race/ethnicity), statistical modeling provides estimation of the expected mean
pubertal maturational stage as a function of age. The regression residuals correspond to the
deviation of an adolescent’s maturation stage from the expected population mean maturational
stage, thus providing relative advance or delay of the adolescent compared to the gender-age-
matched peers. Determination of relative timing of pubertal maturation via statistical modeling
has many advantages: it is easy to obtain, does not require longitudinal study designs, and is
applicable to both gender across all stages of puberty. Currently, linear regression modeling
has been used [8,9], but with limitations. First, the linear regression analysis assumes a linear
relationship between the chronological age and maturation stage; while biologically, a non-
linear S-shape relationship is expected with the maturation stage plateaus at both younger and
older ends of age. Second, it assumes a normal distribution, which may not be reasonable for
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the ordinal scaled maturation stage. Further, no study has been done to evaluate the validity of
the statistical modeling approach for determination of relative timing of puberty.

Ordinal logistic regression is a less commonly used statistical modeling technique than linear
regression. It is a specific modeling technique for an ordinal type of outcome, such as pubertal
maturation stage. Just like the commonly used binary logistic regression, ordinal logistic
regression models the log-odds of cumulative probabilities of the ordinal outcome as a linear
regression function of the predictive variables. Mathematically, if a continuous outcome is
classified into multiple ordered categories, ordinal logistic regression modeling could obtain
unbiased beta estimates as if fitting a linear regression model to a continuous outcome. The
ordinal logistic regression maintains ordinal nature of the outcome, provides estimation of the
expected probabilities for each of the ordered categories, and further calculates the mean score
of expected outcome, for a given set of predictive variables.

The literature provides ample evidence that timing of puberty is related to body fat [15]. A
recent genetic study suggested that the same gene that regulates pubertal growth may also
explain body fat attainment [16]. However, it is less clear whether timing of puberty is related
to adult height and peak height velocity. While some studies noted the relationship between
timing of puberty and adult status [17-19], others reported no association [20,21]. Such
inconsistency may be due to the different measures used for pubertal timing.

Increasingly, the literature suggest that onset of menarche and onset of puberty may represent
distinct biological phenomena [2,22]. Onset of puberty may be driven by a heritable trait such
as genetic influence, while the onset of menarche is influenced by multiple factors including
genes, nutrition factors and environmental exposure [23]. As suggested by the February 2008
special issue of Pediatrics (Vol.121, Suppl. 3), re-analyzing the same existing study data using
different indexes of pubertal time should help shed light on various issues concerning pubertal
development.

We propose that ordinal logistic modeling could be used to provide a valid approach to
determination of the relative timing of puberty. To illustrate this new approach, we analyzed
the National Heart Lung and Blood Institute Growth and Health Study (NGHS), a large multi-
site longitudinal study that followed a group of 9 and 10 year old black and white girls for 10
years annually. We choose to analyze the NGHS study because it provides rich growth and
pubertal timing related data, including age at menarche, BMI, and percent body fat, and allows
for evaluation of age at peak height velocity, age at attainment of full adult height and final
adult height. This is also a re-analysis of a published study by Biro et al [2], using the same
dataset and variables. Unlike the previous study, which utilized age at menarche as the pubertal
timing measure, this study used the relative time of puberty as determined by ordinal logistic
regression modeling. Same as the previous study, the analyses were done separately for black
and white girls, due to the well know racial differences in pubertal maturation [2,11].

The specific aims of this study are:

1. Toillustrate that ordinal logistic modeling can be used to determine relative timing
of pubertal maturation by conducting secondary data analyses using the NGHS study ;

2. To validate the newly proposed approach to the determination of relative timing of
pubertal maturation by evaluating its relationship with pubertal growth and timing
parameters: age at menarche, age at appearance of areolar stage2, age of peak height
velocity, age at attainment of adult height, adult height, peak height velocity, BMI
and percent body fat;
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3. To contrast the two pubertal timing parameters, relative timing of breast development
vs. relative timing of menarche, by comparing the results from this study with the
results from the Biro et al. study [2].

Methods

Study Design and Population

This is a secondary data analysis using the National Heart Lung and Blood Institute Growth
and Health Study (NGHS). The NGHS was a cohort study that recruited a sample (N = 2378)
of 9 and 10 year old black and white girls from three sites (Cincinnati, OH; Richmond, CA;
and Washington DC) in 1987-1988, and followed up annually for 10 years. The study was
designed to follow the development of obesity and related cardiovascular disease risk factors
in girls going through pubertal transition. During the annual visits, physical examinations
included height, weight, skin fold, and pubertal maturation. Participants were also interviewed
for age and date of menarche. Detailed descriptions of the study design and population have
been reported elsewhere [24].

The study was approved by the Institutional Review Boards of the University of Cincinnati
and Children’s Hospital Medical Center, Cincinnati, OH; University of California at Berkeley;
and Westat/Group Health Association in Rockville, MD. All parents/legal guardians gave
informed consent, and all participants over the age of 12 gave their assent.

Measurements Used in the Analysis

Pubertal maturation stage was assessed by trained female research assistants during the annual
physical exam, utilizing Tanner pubic hair criterion [25,26], and utilizing the system of Garn
and Falkner for areolar stages, a method highly correlated to breast stages, and has been shown
to be more accurate and less subjective than Tanner breast criterion [13,27-30]. Of notes,
Areolar stage 2 is the same as the Tanner breast stage 2. Anthropometric measures included
height, weight, and the sum of skin fold (SSF) thickness at triceps, subscapular, and suprailiac
sites. Two measures were repeated for all anthropometric measures; if the two measures
differed by more than a preset amount, a third measure was taken. The average of two closest
measures was calculated and used in the current analysis. The percent body fat was derived
from the triceps and suscapular skin folds using the formulae of Slaughter, et al [31]. Body
mass index was calculated using the average height and weight measures (weight/height?).

Age at menarche was established by structured interview of the adolescent during the annual
examination. Most of the girls experienced onset of menarche (>99% in 9 year old cohort)
during the course of the study, and thus were able to reliably recall their age at menarche
[32]. The age of onset of secondary sexual characteristics was defined by age of appearance
of areolar stage 2. Height velocity was calculated by the increase in height divided by the time
interval between the two consecutive visits. The peak height velocity was identified by the
maximum value for each participant, and the corresponding age was recorded as the age of
peak height velocity. Adult height was determined by first identifying three consecutive visits
(t-1, t, t+1) where changes in height were less than 1.5 cm; the averaged height of those visits
was used as the adult height, and the age of first such visit was recorded as the age adult height
was attained. Compared to the height recorded at age 18, the averaged height is almost identical
(difference of 0.37+/—0.57 cm). In addition, height at the age at menarche was also determined
by an interpolation method using data from the two visits when the onset of menarche was
reported.
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Statistical Methods

Results

Regressing biological ages on the areola stage by race using ordinal logistic regression at each
visit, we calculated expected mean score of pubertal maturation, and plotted the mean score
against age. The expected mean score is a continuous value ranges from 1 (pre-pubertal) to 4
(full maturation), representing the relative position of the pubertal maturation process. For
example, mean score of 2.5 represents a maturational status that is half way between stages 2
and 3.

The relative timing is computed as the deviation score for each individual by subtracting her
areolar stage from the sample mean; higher positive values corresponded to later timing of
puberty. We further categorize adolescent as early, later, or on time by the upper and lower
20" percentile. The deviation score itself was also used as a continuous measure. Model fit
was assessed using a procedure by Hosmer and Lemeshow [33], resulted x2(9) value of 8.70
(P =0.53) for white and 6.26 (P=0.29) for black, suggesting good model fit.

Re-analyzing the previous study [2], we considered the same pubertal growth parameters
including adult height, peak height velocity, BMI, and percent body fat, the relative timing of
puberty was used instead of age onset of menarche as the marker for pubertal timing. In
addition, we also considered other timing parameters including age of onset of menarche, age
of appearance of areolar stage 2, age of peak height velocity, and age of attaining adult height.
Their associations with relative timing of puberty were evaluated using generalized estimating
equations (GEE) [34]. GEE is a statistics technique that is designed to taking into account
repeated measures from the same individual across different longitudinal visits. In addition,
the GEE technique provided robust statistics inferences, even when the correlation matrix is
miss-specified. Intra-cluster correlation coefficients (ICC) were estimated for the proposed
new measure to examine its reliability. All analyses were conducted stratified by race and age
cohort at recruitment, 9 year-old and 10 year-old cohort. Since the results from the two cohorts
are parallel in every respect of analyses, only the results from the 9 year-old cohort are reported.

For the purpose of contrasting the relative timing of areolar (breast) development and the age
of onset of menarche, the results from the current study were compared with the results from
the earlier parallel study [2]. Analyses revealed different results in the outcomes of adult height
and peak height velocity, thus we conducted GEE analyses including both timing variables in
the corresponding models. For the adult height, GEE analyses also considered height at onset
of menarche, and the change in height from onset of menarche to adult height, stratified by
race and age cohort.

Table 1 provides descriptive statistics for the study participants by race (N=615, 53% White
and N = 541, 47% Black). At the baseline, greater than 99% of the girls were premenarcheal.
The mean age at menarche was 12.7+/-1.15 years in white, and 12.0+/-1.14 years in black
participants (P<.0001). More than 80% (83.4%) of the white girls and 63.7% of black girls
were areolar stage 1 at the baseline (P<.0001).

Figure 1 presents the expected areolar stage at a given age by race. This non-linear curve started
at the expected mean areolar stage of 1.17+/-0.05 for the white and 1.41+/-0.12 for the black
atage 9, then steadily increased and approached full maturation (stage 4) by age 15. Black girls
entered into puberty (areolar stage 2) approximately one year earlier than the white girls, and
remained more advanced until age 15. GEE analyses revealed significant racial differences in
pubertal maturation stage up to 15 years of age (P < .0001). Survival analysis for interval

censored age of the appearance of areolar stage 2 estimated the median age at10.40+/-0.02 in
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white and 9.65+/-0.02 in black girls. Intra-cluster correlation coefficients (ICC) of the relative
timing were estimated at 0.73 in white and 0.74 in black.

Table 2 presents GEE analyses, stratified by race. When one considers three timing groups,
i.e. early, on-time and late relative timing of puberty, the ages of menarche in years were
estimated at 12.08, 12.68 and 13.23 in the white girls; and 11.54, 12.00 and 12.52 in the black
girls. Age at menarche was significantly different in three timing groups (P < .0001).

When relative timing was modeled as a continuous variable, GEE results noted that one stage
advance in relative timing of puberty was associated with 0.66+/—0.05 and 0.51+/-0.05 years
of delay in age at menarche in white and black girls correspondingly. Similar to the age at
menarche, girls from the early or late areolar timing group had significantly (P <0.0001) early
or late age appearance of areolar stage 2, age of peak height velocity, and age at attainment of
adult height than the mid (20 ~ 80%-tile) group correspondingly, regardless of their race.

Table 3 presents results of the GEE analyses that examined the association between relative
timing and growth parameters. The findings suggest a consistent graded pattern for BMI and
percent body fat. Early timing girls had significantly (P <0.0001) higher BMI and percent body
fat, and late timing girls had lower BMI and percent body fat, than on-time girls.

GEE analyses were also conducted to examine the effect of age at menarche on adult height,
as well as peak height velocity. The adult height attained by the early menarche girls was 2.4
cm shorter than mid menarche girls, and 3.6 cm shorter than late menarche girls among the
white girls (162.5 cm, 164.9 cm and 166.1 cm respectively, P <.0001 ). Such results were
consistently presented for both races. In a similar fashion, peak height velocity was greatest in
early menarche girls and lowest in later menarche girls among the white girls (8.28 cm/yr, 8.17
cm/yr and 7.51 cm/yr respectively, P <.0001). After adjusting for age at menarche, relative
timing of areolar stage remained non-significant in predicting adult height and peak height
velocity. However, the adjusted timing of areolar stage had a significant effect on height
attained at the onset of menarche (beta = —1.48 and —1.72 in white and black girls
correspondingly, P <.0001), and on the change in height from the onset of menarche to adult
height (beta = 0.98 and 1.14 in white and black girls correspondingly, P < .0001).

Discussion

This study proposed a new approach to the determination of relative timing of puberty using
ordinal logistic regression modeling. Re-analyzing NGHS study by Biro et al, this study
demonstrated the general utility of the proposed method. By examine the relationship between
the relative timing of puberty with growth and pubertal parameters, the study results suggested
this simple method provide a meaningful and valid new approach to the assessment of relative
timing of puberty.

The proposed approach was shown to have significant associations with other age specific
pubertal parameters, including age at menarche, age of appearance of areolar stage 2, age of
peak height velocity, and age at attainment of adult height. Consistent with current literatures
[2,16,19,22], the study has shown that the relative timing correlates well with BMI and percent
body fat during puberty. Early maturing girls have significantly higher BMI and percent body
fat than on-time girls, and much greater than later-maturing.

The intra-cluster coefficients of 0.73 and 0.74 demonstrate a pattern of good reliability within
race groups. This suggests that the relative timing of puberty measured at different ages during
puberty is consistent throughout the pubertal transition period. That is, an individual with early
or late timing at one point of time is likely to be early or later throughout the pubertal transition
period. Similar finding was reported in Smolak et al [35].
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This study demonstrated that adult height was the same regardless of relative timing of areolar
development. However, both this and Biro et al. study [2], demonstrated girls with earlier
menarche had shorter adult height. Contemporary studies have noted a secular downward trend
in onset of puberty in developed countries [36-38], yet adult height is not decreasing.
Consistent with previous studies [22,38], this finding further suggests that menarche and the
onset of puberty represent increasingly different biologic phenomenon.

This study has several limitations. Since the relative timing of puberty in this study is based
on the maturation stage, it may be impeded by the potential misclassification bias related to
maturation stage [39]. Utilizing areolar rather than breast maturation stage in this study maybe
a limitation, however the two rating systems are highly correlated (r =0.94) [13]. The NGHS
enrolled only girls, in addition, 27% white and 36% of black girls were already advanced to
areolar stage 2 or higher at the initiation of the study, thus their age appearance of areolar stage
2 were left censored, in other words, only the upper bound but not the lower bound of the age
appearance of areolar stage 2 is observed. This is why we have analyzed the age onset of areolar
stage 2 as an interval censored data using survival regression. Additionally the NGHS, although
represented by broad socioeconomic diversity, included only black and white participants
recruited from three sites, who were born in the late 1970’s.

Our proposed approach could be adapted to more recently generate nationally representative
datasets, such as NHANES Il1. This should allow estimation of expected population statistics
for maturation stage corresponding to a range of biological age across pubertal maturational
process, within gender and racial groups. Such statistics could be used as reference norms for
researchers or clinicians to determine the relative timing of puberty for an adolescent, during
the pubertal transition process.

This study has proposed a new method to determine relative timing of puberty, utilizing the
ordinal logistic regression approach. It provides a valid alternative to determine relative timing
of puberty. The proposed approach is highly feasible and is easy to implement in different
study designs and study populations. The study concluded good intra-cluster correlation
coefficients, suggesting that relative timing of puberty measured at different ages during
puberty is fairly consistent throughout the pubertal transition period. Furthermore, this study
demonstrated important differences when contrasting outcomes of biologic phenomena, using
relative timing of areolar development from timing of menarche.
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Figure 1.
Expected Areolar Stage at a Given Age by Age Cohort and by Race from Ordinal Logistic

Modeling
Solid line presents black girls, and dashed line presents white girls
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