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Background: Changes during puberty may influence
final adult height. Height is related to multiple health
conditions, including lung function. We investigated
the association between the age of onset of five puberty
events and height at age 18 years, analyzing boys and girls
separately.

Methods: Of 1456 children recruited into the Isle of
Wight birth cohort (1989-1990), 1313 were followed up at
age 18 years. Height was measured, and age of pubertal
onset was collected at age 18 years. Cluster analysis was
performed on the five puberty events in boys and girls and
linear regression was applied with the clusters predicting
height at age 18 years. Individual linear regression analyses
assessed the age of onset of each pubertal event as a
potential predictor for height at age 18 years.

Results: Of the 1313 children followed up at age 18
years, 653 were males and 660 were females. All puberty
variables had high internal consistency. In girls, earlier
age of menarche, breast development, and growth spurt
were related to shorter height. In boys, earlier age of
growth spurt and slower progression through puberty
were related to taller height at age 18 years.

Conclusions: Given that boys and girls may have
opposing associations between pubertal timing and adult
height and that height is an important predictor of lung
function, the effect of pubertal timing on respiratory
health should be explored.
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Introduction

uberty, a series of biological processes that occur
Pin the transition between childhood to adulthood,

is a pivotal stage in an individual's growth. The
developmental changes that occur during puberty may
influence adult health outcomes such as obesity and
breast and testicular cancers.”” On a fundamental
note, it is important to investigate the effect of different
pubertal events on final adult height. Height is an
objective measure that can be easily obtained and has
been independently linked to adult socioeconomic
status, cardiovascular health, and pulmonary diseases in
both men and women."”

Height is of particular importance when respiratory
illnesses are considered because it is related to lung growth
and respiratory obstruction.”™ A few studies suggested that
adult height may be influenced by the timing of pubertal
events, particularly age at menarche and age of onset of
pubertal growth spurt. Early age of menarche has been
associated with short adult stature.”” In a longitudinal
study that did not separately analyze boys and girls,
pubertal growth spurt was associated with shorter leg
length but was not associated with overall height.""”’ Age
of menarche is often used as a marker for pubertal onset
in girls'"" "' even though it is a relatively later event
in puberty and breast development is known to occur
first. Furthermore, there are fewer pubertal studies on
boys because the age of onset of the first pubertal event,
testicular enlargement, is difficult to ascertain in large
scale studies. Instead, age of pubertal growth spurt (or
peak height velocity) is used as a proxy marker for
pubertal onset in boys and sometimes as a common
indicator when studying puberty in both sexes.!'""”
Since girls enter puberty earlier and tend to be shorter
than boys,"" separate analyses should be performed
when evaluating the effect of pubertal timing on adult
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height.

Puberty tempo may also be important in conceptua-
lizing the effect of pubertal timing on adult height. The
time span between breast development and peak height
velocity was found to be longer for early maturers than
it was for late and average maturers.!"” Despite this
finding, no relationship was found between puberty
duration and final adult height. However, the oldest age
of follow-up maturation tempo was 16.1 years so the
participants may not have yet reached their final adult
height. The effect of puberty duration on adult height
therefore needs further examination.

In this study, we investigated pubertal onset patterns
for boys and girls in the Isle of Wight Birth Cohort and
their relationship with height at age 18 years.

Methods

Study population

Between January 1989 and February 1990, 1536
children born on the Isle of Wight (IOW), UK were
recruited and interviewed with 1456 available for
further follow-up in a longitudinal study. The local
research ethics committee approved the study and
informed written parental consent was obtained from
all participants at recruitment and subsequently at each
follow-up. The IOW birth cohort has been described
in detail elsewhere."'®'”! Briefly, upon delivery, birth
weight was measured and data from birth records and
extensive questionnaires were collected, including
information on maternal smoking during pregnancy and
maternal height. Children were followed up at the ages
of 1 (n=1167, 80.2%), 2 (n=1174, 80.6%), 4 (n=1218,
83.7%), 10 (n=1373, 94.3%) and 18 years (n=1313,
90.2%).

Height at age 18 years was reported via the
standard height measurement used at the allergy clinic.
When a visit to the clinic was not possible for a height
measurement, a telephone or postal questionnaire was
completed by the study participant.

Puberty measurements

The study used the National Institute of Child and
Human Development (NICHD) questionnaire from the
Study of Early Child Care and Youth Development,"*
which is based on the Pubertal Development Scale
(PDS) method. The PDS method uses self-reports of
children on their development using five markers of
pubertal growth with both genders being asked about
their growth spurt, body hair growth, and skin changes.
In addition, changes to voice and growth of facial hair
are requested in boys and breast development and age
of menarche in girls. At age 18 years, children in the
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IOW study were first asked to identify the puberty
characteristics of interest and then recall the age of
the first onset. In our study the questions asked of
boys were as follows: 1. How old were you when you
noticed that you had started to spurt in height? 2. How
old were you when you noticed that your body hair
started to grow? 3. How old were you when you noticed
changes in your skin? 4. How old were you when you
noticed your voice deepening? 5. How old were you
when you noticed your facial hair starting to grow?
Girls were asked the following questions: 1. How old
were you when you noticed that you had started to
spurt in height? 2. How old were you when you noticed
that your body hair started to grow? 3. How old were
you when you noticed changes in your skin? 4. How
old were you when you noticed your breasts beginning
to grow? 5. How old were you when you started to
menstruate?

Statistical analyses

Puberty information gathered in boys and girls was
assessed separately. We created a variable to represent
the time span of the progression of pubertal onset by
subtracting the oldest age of onset by the youngest age
of onset. For the sake of brevity, we will henceforth
refer to this variable as the progression of puberty
onset. Minimum age of puberty was ascertained as
the minimum age when the first pubertal event was
experienced. Spearman's correlation coefticients of the
age of onset described associations between different
puberty events. In addition, Cronbach's alpha quantified
internal consistency or the average correlation of
items in this survey. According to Nunnally et al,"” a
Cronbach's alpha coefficient of 0.7 or higher is a good
measure of reliability between variables.

To determine if there was a particular trend in the
timing of the five pubertal events in each gender, we
conducted cluster analysis using the k-means approach.
In cluster analysis, variables are classified into groups
so that those individuals within a cluster are highly
associated with each other (based on a set of variables)
and those between clusters are weakly associated with
each other.”” In the k-means method (least squares
estimation), this classification is based on the Euclidean
distance between subjects across a number of variables
(in our case, age of onset of puberty events). Each
observation is initially designated to its own individual
cluster, and then clusters are merged to reduce the least
squares criterion until convergence is achieved. There is
no concrete rule as to the number of clusters that should
be assigned. The goal is to find clusters that are the
most informative in showing a set of patterns within and
between the cluster groups. To that end, we compared
results after 50 iterations that consisted of three to
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eight clusters and found that with five clusters we
could observe a pattern whereby homogeneous ages of
pubertal events were grouped together to form discrete
clusters. For example, when looking at five clusters in
girls, all of the girls in the first cluster happened to have
the youngest age of onset for all puberty events (this is
more clearly illustrated in the results).

We ran linear regression analysis of the clusters
predicting height at age 18 years. To do this, we needed
to assign one cluster as the reference. Our choice of
the reference group for each sex was based on two
criteria: the reference cluster that is in the midpoint of
all clusters and the cluster that has the largest sample
sizes. In girls, the ages in the clusters ranged from 9 to
14 years, leaving the median age to be 11.5 years. This
left the "ages 11-14" cluster or the "ages 12-13 cluster".
The latter cluster had larger sample sizes for all of
the pubertal events, leading us to choose that as the
reference group. In boys, the cluster ages ranged from
10 to 15 years, leaving 13 years to be the median point.
This led us to the "ages 13-15" cluster which also had
the largest sample size, resulting in that cluster being
chosen as the reference group in girls.

Lastly, we considered each puberty event by
running individual linear regression analyses with each
age of onset of pubertal event as a potential predictor
for height at age 18 years, controlling for maternal
smoking during pregnancy, maternal height, and birth
weight. All statistical analyses were performed using
SAS 9.2.

Results

Population characteristics

There was no statistically significant difference between
the 1313 offsprings (90% of the original birth cohort)
who were followed up at age 18 years and the 994
children who had available information on measured
height at age 18 years with respect to socioeconomic

Table 1. Population characteristics

status, maternal smoking during pregnancy (Yes/No),
maternal body mass index (BMI, kg/m’), birth weight
(kg), BMI at age of 10 and 18 years (kg/m’), height at
age of 10 and 18 years (cm), and sex (data not shown).
Of those followed up at age 18 years, 653 were males
and 660 were females. Boys and girls had similar
characteristics regarding maternal height, birth weight,
and maternal smoking during pregnancy (Table 1).

The puberty event most frequently recalled was
age of facial hair growth in boys (#=602) and age of
menarche in girls (n=631, Tables 2, 3). On average,
girls started puberty 1.6 years earlier than their male
counterparts. The range of progression of puberty
onset was also shorter for girls (2 years, Table 3)
than for boys (3 years, Table 2), indicating that girls
progressed through puberty faster.

All puberty variables had high internal
consistency; overall raw Cronbach's alpha coefficient
was 0.80 in boys and 0.86 in girls. Age of onset of
different puberty events was significantly correlated
among boys and girls (Tables 2, 3). On average,
male pubertal events had the following sequence:
body hair growth, growth spurt, skin changes, voice
deepening, and facial hair growth. Female events
occurred in the following order: body hair growth,
breast development, growth spurt, menarche, and skin

16.01
155F | —{F Mean age in boys —O—Mean age in girls
15.01
_145F
214.0r
j:" 13.5F
13.0F
12.5F
12.0F
11.5 - - —
Body  Growth spurt Skin changes Voice Facial hair
hair /breast /growth  deepening  growth/skin
growth  growth spurt /menarche  changes

Fig. Sequential order of mean age of pubertal events in boys and girls.

Boys Girls
Variables n Median 5%, 95% Variables n Median 5%, 95%
Maternal height (cm) 599 162.0 [153,172] Maternal height (cm) 580 163.0 [153,173]
Birth weight (kg) 774 3.5 [2.6,4.2] Birth weight (kg) 737 3.4 [2.5,4.2]
Body hair growth (y) 574 13.0 [11.0, 16.0] Body hair growth (y) 589 12.0 [10.0, 15.0]
Facial hair growth (y) 604 16.0 [13.0, 17.0] Breast growth (y) 592 12.0 [10.0, 15.0]
Voice deepening (y) 590 14.0 [12.0, 16.0] Menarche (y) 631 13.0 [12.6, 12.8]
Skin changes (y) 480 14.0 [12.0, 16.0] Skin changes (y) 455 13.0 [11.0, 16.0]
Growth spurt (y) 562 14.0 [13.6, 13.9] Growth spurt (y) 503 13.0 [10.0, 15.0]
Age of first pubertal event (y) 621 13.0 [10.0, 15.0] Age of first pubertal event (y) 640 12.0 [9.0, 14.0]
Height at age 18 years (cm) 483 178.0 [167.0, 189.9] Height at age 18 years (cm) 511 164.0 [154.5,175.0]
N % N %
Maternal smoking during pregnancy (Yes) 196 25.2 Maternal smoking during pregnancy (Yes) 188 25.3

All years refer to age of onset.
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changes (Fig.).

In boys, the later the age of onset of the first
pubertal event, the shorter the time window
(progression of puberty events) in which all puberty
events occurred (Table 2). This inverse correlation was
also observed in girls: age at the first pubertal event
was correlated with progression of puberty onset (p=
-0.44, P<0.0001) (Table 3).

Age clusters and height at age 18 years
The five clusters (each in boys and girls) were
characterized by similarities in timing of pubertal

Table 2. Spearman's correlation of dependent variables for boys

events within clusters and differences in timing between
clusters (Table 4). For example, girls in the first cluster
happened to experience the pubertal events at a younger
age than girls in the fifth cluster. The cluster results do
not emphasize specific individual pubertal events but
rather focus on their timing. However, the clusters for
both boys and girls suggest that the older the age of
onset of puberty, the shorter the time span of onset of
all puberty events (Table 4). For example, the youngest
age cluster in boys had a range of 5 years, while the
oldest group had a range of 1 year. The same pattern
was observed between the youngest and oldest age

Median (ps, p95) Facial hair Voice

Skin changes Growth spurt Age at first pubertal Progression of

growth (y) deepening (y) (y) (y) event (y) puberty onset (y)
Body hair growth (y) 13.0 (11.0, 16.0) 0.45 0.53 0.49 0.48 0.80 -0.46
<0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
565 557 457 529 574 574
Facial hair growth (y) 16.0 (13.0, 17.0) 0.50 0.45 0.38 0.41 0.29
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
577 471 549 604 604
Voice deepening (y) 14.0 (12.0, 16.0) 0.52 0.47 0.56 0.29
<0.0001 <0.0001 <0.0001 <0.0001
465 537 590 604
Skin changes (y) 14.0 (12.0, 16.0) 0.40 0.60 -0.23
<0.0001 <0.0001 <0.0001
436 480 480
Growth spurt (y) 14.0 (11.0, 16.0) 0.70 -0.34
<0.0001 <0.0001
562 562
Age at first pubertal event (y)  13.0 (10.0, 15.0) -0.67
<0.0001
621

Progression of puberty onset (y) 3.0 (0, 9.0)

The values in the Spearman's correlation columns represent the following (from top to bottom): Spearman's correlation, P value, and sample size

used in that correlation calculation.

Table 3. Spearman's correlation of dependent variables for girls

Median Breast Menarche  Skin changes Growth spurt Age at first pubertal Progression of
(p3, p93) growth (y)  (y) ) ) event (y) puberty onset (y)
Body hair growth (y) 12.0 (10.0, 15.0) 0.64 0.58 0.50 0.50 0.76 -0.18
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
576 582 442 489 589 589
Breast growth (y) 12.0(10.0, 15.0) 0.61 0.47 0.50 0.70 -0.06
<0.0001 <0.0001 <0.0001 <0.0001 0.17
586 445 489 592 592
Menarche (y) 13.0(11.0, 15.0) 0.46 0.58 0.62 0.06
<0.0001 <0.0001 <0.0001 0.15
450 582 631 631
Skin changes (y) 13.0(11.0, 16.0) 0.42 0.70 0.21
<0.0001 <0.0001 <0.0001
378 503 455
Growth spurt (y) 13.0 (10.0, 15.0) 0.70 -0.09
<0.0001 0.06
503 503
Age at first pubertal 12.0 (9.0, 14.0) -0.44
event (y) <0.0001
640

Progression of puberty onset (y) 2.0 (0, 7.0)

The values in the Spearman's correlation columns represent the following (from top to bottom): Spearman's correlation, P value, and sample size

used in that correlation calculation.
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cluster in girls.

Clusters of age at puberty onset as predictors for height
at age 18 years
In the linear regression analysis, clusters with earlier or
later age of puberty onset were associated with shorter
adult height in girls (Table 5). Girls in the 9-11-year-
old, 11-12-year-old, and 13-14-year-old clusters tended
to be shorter [adjusted means of 162.40 cm (160.56
cm, 164.24 cm), 163.73 cm (162.60 cm, 164.85 cm),
and 164.24 cm (162.92 cm, 165.56 cm) respectively,
data not shown] compared to the reference 12-13-year-
old cluster [adjusted mean of 166.05 cm (165.01 cm,
167.07 cm), data not shown] by 3.64 cm, 2.32 cm and
1.81 cm, respectively (Table 5).

The association was opposite in boys. Earlier
onset of puberty was associated with greater adult

Table 4. Puberty age clusters of five pubertal events in boys and girls

height: the youngest age cluster (age 10-15 years)
was 4.0 cm taller at age 18 years than the 13-15 years
age cluster (Table 4). The adjusted mean for the 10-
15 years age group was 181.2 cm (178.9 cm, 183.4
cm) while the adjusted mean for the reference group
(the 13-15 years age cluster) was 177.8 cm (176.7 cm,
178.1 cm) (data not shown).

Individual pubertal markers as predictors for height
at age 18 years

In girls, the linear regression analysis of pubertal ages as
predictors for height at age 18 years revealed that later
onset of breast development and menarche is associated
with taller adult height (Table 5). On average, for every
one year increase in age of breast development and
menarche, height at age 18 years increased by 0.46
cm (P=0.01) and 0.59 cm (P=0.004), respectively. In

Female age clusters

Pubertal events Ages 9-11 Ages 11-12 Ages 11-14 Ages 12-13 Ages 13-14
n  Mean 5%, 95% n Mean 5%, 95% n Mean 5%, 95% n Mean 5%, 95% n Mean 5%, 95%
Breast growth, y 47 9.6 [8.0,11.0] 141 11.6 [10.0,13.0] 142 119 [11.0,13.0] 160 13.1 [12.0,15.0] 102 14.5 [13.0,16.0]
Body Hair growth,y 47 9.7 [8.0,11.0] 141 114 [10.0,13.0] 141 122 [11.0,13.0] 158 12.8 [12.0,14.0] 102 139 [12.0,15.0]
Growth spurt, y 37 99 [80,12.0] 117 113 [9.0,13.0] 122 13.0 [12.0,15.0] 137 12.6 [10.0,14.0] 90 145 [13.0,16.0]
Skin changes, y 41 114 [10.0,13.0] 117 12.0 [11.0,13.0] 100 14.1 [12.5,16.0] 123 13.0 [11.0,14.0] 74 14.7 [13.0,16.0]
Menarche, y 57 108 [9.0,13.0] 148 119 [11.0,13.0] 143 123 [11.0,14.0] 174 134 [12.0,15.0] 109 142 [13.0,16.0]
Male age clusters
Pubertal events Ages 9-11 Ages 11-12 Ages 11-14 Ages 12-13 Ages 13-14
n  Mean 5%,95% n  Mean 5%,95% n  Mean 5%,95% n  Mean 5%,95% n  Mean 5%, 95%
Body hair growth, y 43 12.3 [10.0,14.0] 64 11.7 [10.0,13.0] 197 13.1 [12.0,14.0] 177 13.6 [12.0,15.0] 93 153 [14.0,16.0]
Facial hair growth, y47 15.6 [14.0,17.0] 68 134 [12.0,15.0] 209 15.1 [14.0,16.0] 187 158 [15.0,17.0] 93 165 [16.0,17.0]
Voice deepening, y 45 13.8 [12.0,15.0] 64 125 [11.0,14.0] 205 13.8 [12.0,15.0] 182 147 [14.0,16.00 94 156 [14.0,17.0]
Growth spurt, y 36 102 [7.0,12.0] 61 122 [10.0,14.0] 200 132 [12.0,150] 173 147 [14.0,160] 92 153 [13.0,17.0]
Skin change, y 33 132 [11.0,150] 55 123 [11.0,14.0] 173 13.6 [12.0,15.0] 146 143 [13.0,16.0] 73 159 [15.0,18.0]
Table 5. Association between age clusters and height at age 18 years and association between puberty events and height at age 18 years
Boys Girls
Variables Eg?;%??c mly) SD Pvalue  Variables Eg?;%??c mly) SD P value
Male clusters for age of pubertal onset Female clusters for age of pubertal onset
Intercept 177.76 0.97 <0.0001  Intercept 166.04 0.52 <0.0001
Reference: Age 13-15 cluster  0.00 - - Reference: Age 12-13 years cluster 0.00 - -
Age 10-15 cluster 3.40 1.27 0.008 Age 9-11y cluster -3.64 1.08 0.0008
Age 11-13 cluster -0.67 1.11 0.55 Age 11-12 y cluster -2.32 0.78 0.003
Age 14-15 cluster 0.39 0.79 0.62 Age 11-14 y cluster -1.50 0.79 0.059
Age 15-16 cluster 0.44 0.99 0.65 Age 13-14 y cluster -1.81 0.85 0.035
Male linear regression N Female linear regression
Age of growth of body hair (y) -0.10, 0.26 0.71 Age of breast growth (y) 0. 46 0.18 0.01
Age of facial hair growth (y) 0.26'+ 0.29 0.37 Age of body hair growth (y) 0. 24 0.21 0.25
Age of voice deepening (y) -0.13, 0.28 0.64 Age of growth spurt (y) 0.30A 0.18 0.09
Age of growth spurt (y) —0.46i 0.19 0.02 Age of skin changes (y) 0.11"‘ 0.21 0.61
Age of skin changes (y) -0.27 0.25 0.28 Age of menarche (y) 0.59 0.20 0.004

*: adjusted for birth weight, maternal height, and maternal smoking during pregnancy; : adjusted for birth weight and maternal height; }: adjusted
for birth weight; §: adjusted for maternal height; ||: adjusted for maternal height and maternal smoking during pregnancy. SD: standard errors.
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Table 6. Mean ages of onset of pubertal events in published studies
(Tanner Stage 2)
Boys

Growth Body

Voice changes  Skin Facial

spurt hair (P2) /deepening changes  hair
1124 12.021) 13.901¢ 1207
11.902% 13.37%) 1659 14.452
12.3884
Girls
Growth Breast Body Skin Menarche
spurt development (B2) hair (P2) changes
94 10.16 10.57% 117 13.10%¢
11.20% 11.908% 13.28 13.308%
10.252 11.072%
10.155 10.485 1304 14.5451
9.201%] 11.165 12.275)
10.718¢ 10.465¢ 12.445¢
10.1957 10.9557
9.745% 10.495¥ 12.685
10.20°% 11.705%
10.501% 10.60™” 11.901%
10.72%4 12.4211

All units are in years. Values taken only from populations in developed
countries in recent years (year 2000 and onward).

boys, the age of growth spurt was inversely associated
with height (Table 5). For every year earlier of onset
of growth spurt, height increased by 0.46 cm (P=0.02).
This inverse association between growth spurt and
height at age 18 years is also reflected in the significant
association between the youngest age cluster and greater
height. Lastly, the progression of puberty onset was not
significantly associated with height at age 18 years
in either boys or girls after controlling for potential
confounders (data not shown).

Discussion
In boys, both cluster and linear regression analyses
reveal that earlier age of puberty (specifically growth
spurt in linear analysis) is related to taller height at age
18 years. Meanwhile, in girls, cluster analysis suggests
that earlier and later puberty is related to shorter height,
while linear regression analysis points to earlier puberty
being associated with shorter height at age 18 years
(particularly early age of menarche and onset of breast
development). This suggests that when height and
clusters of ages of pubertal onset are considered, boys
and girls should be analyzed separately. Furthermore,
given that taller height has a number of health
advantages such as decreased mortality from pulmonary
diseases' and decreased risk for intracerebral
hemorrhage,”" early age of puberty in girls and later age
in boys may be considered as possible origins of health
disparities in adulthood.

The IOW is an unselected whole population
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cohort with subjects who were recruited at birth. The
high proportion of follow up minimizes potential
selection biases. Regarding information biases, with the
exception of maternal smoking during pregnancy and
recall of puberty events, all other information reflected
the current status at the point of follow-up. Maternal
smoking involved a 9-month recall while information
on puberty covered a longer recall period, which may
influence the reliability and validity of the puberty
variables. Nevertheless, the data collection has yielded
puberty markers that have high construct validity
(Cronbach's alpha >0.8). Regarding the age of onset of
individual events, some variables were more frequently
answered than others, suggesting ease of recall.

Another way to assess recall is to compare the
order of events in our study to the order reported in
other recent investigations. To our knowledge, few
studies have assessed all five puberty variables in both
genders at once. Aside from the original Tanner study,””
we found only one other study performed by Lee et
al.””! Focusing on populations in developed countries
after 1999, the combined studies have found the order
of pubertal events in girls to be growth spurt, breast
development and body hair growth occurring at the
same time, skin changes, and then menarche (Table
6). We found an order of breast development and body
hair growth occurring at the same time, followed by
growth spurt, then menarche, and lastly, skin changes.
Given that breast development occurs before menarche,
it may be more directly and immediately influenced
by endocrine changes during puberty and should also
be used when investigating timing of pubertal onset.
In boys, sequences reported in other studies were as
follows: growth spurt and body hair growth, voice
deepening, skin changes, and facial hair growth (Table
6). In our study, we found the following order: body hair
growth, growth spurt, skin changes, voice deepening,
and facial hair growth. Therefore, the timing of growth
spurt reported by boys in the IOW study is consistent
with those of other studies (Table 6).

Of concern is the lack of differentiation between
age at take-off (ATO) and age at peak height velocity
(APHV) when determining the age of onset of growth
spurt. ATO occurs first and is the event that our
questionnaire is targeting. However, it is possible that
some children in our study may have reported APHV
instead. Despite this limitation, our method of identifying
the onset of growth spurt is the best option for large
scale epidemiological studies. The two alternatives are
using the Tanner Sexual Maturation Scale (SMS) or
creating a growth curve. Many studies use the Tanner
method, whereby a status of maturation (between scales
of 1 to 5) is assigned to the child at one point in time.
This is problematic because there is no way to ascertain
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if that child who is in the middle of their growth spurt
experienced ATO a year earlier, therefore preventing
a differentiation between ATO and APHV. Creating
a growth spurt allows for the estimation of ATO and
APHV," but it requires repeated measurements of
height from age of 5 years for boys and from age of
6 years for girls. To have the best estimation, one
would have to take repeated measurements frequently,
particularly near the age of take off. This is less feasible
for large scale epidemiological studies. Therefore, while
the pubertal development scale is retrospective and
therefore imperfect, for large studies, it is the best option
currently available.

In addition to being a better option of determining
the onset of growth spurt, the PDS method is optimal
for the ascertainment of the other pubertal events and
is less prone to misclassification as compared to the
established Tanner method. If measurements are not
taken repeatedly in the Tanner method, the measurement
only provides a snapshot of pubertal stage at one age,
while PDS provides a more comprehensive picture of
pubertal onset. Furthermore, SMS has been found to
result in more missing data (13%) than the PDS method
(4%).*

Surprisingly, in the cluster analysis for girls, earlier
and later than average puberty onset was associated
with shorter adult height. The reason for this is not
known, although pre-pubertal factors such as birth
weight and infant and early childhood weight gain
may be contributing factors.”***) It is possible that
girls who start puberty very late may be malnourished,
resulting in a shorter adult height. In our study, there
was a significant difference between the puberty age
clusters in boys and in girls with respect to body mass
index (BMI) at age of 10 years (P=0.01 in boys and
P=0.003 in girls; data not shown). In both sexes, those
in the youngest age clusters had the highest BMI at age
of 10 years. This could reflect the minimum weight
hypothesis for the initiation of puberty, which proposes
that a minimum weight is required for the initiation
of puberty, particularly in girls."”’ However, it is not
possible to know the directionality of the association
between higher BMI and early onset of puberty in our
data.

In clusters for boys, we noticed that because the
"10-15" years age group has a wide range, some of the
pubertal variables in that group were older than those
in the reference group (the "13-15" years age group).
We therefore ran the analysis using a different reference
group, "14-15 years", in which all puberty events on
average occurred at a later age than those in the 10-15
years age group. The results using this new reference
group showed that those in the 10-15 years age group
still had a taller height (by 3.0 cm) at age 18 years
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compared to those in the older "14-15 years" age group.
Whereas most pubertal events follow a linear age effect,
the "10-15 years age group" seems to present a specific
group in boys with a longer progression through puberty
not seen in girls.

A limitation of our study is that we have a
Caucasian population. Since age of pubertal onset and
duration vary with respect to secular trends'*’”" as
well as distinctions in race, ethnicity, socioeconomic
background, and paternal and maternal history of
adolescent development,”' our observations might be
limited to Caucasian populations.

The opposite trends observed between boys and
girls with regards to early puberty and adult height
may be explained by the mechanism responsible for
epiphyseal plate closure. In boys, testosterone causes the
rise of gonadotropin-releasing hormone (GnRH) levels,
whereas in girls, the precursor is estradiol. Although
estradiol is also a product of testosterone metabolism in
males, the levels of estradiol rise later and more slowly
in boys than they do in girls."” Therefore, the initiation
of puberty in boys seems not to be associated with a
rise in estradiol sufficient to initiate epiphyseal plate
closure, whereas the opposite seems to be true in girls."””
In addition, the male growth spurt also starts later and
advances more slowly. Growth spurt in boys therefore
lasts longer before epiphysis.””

When considering adult health associated with
height, it is uncertain whether height is on the causal
pathway or if pubertal timing is directly associated
with these outcomes. For instance, a study found no
association between age of attainment of final height
and pre-menopausal breast cancer, while a positive
relative risk was observed with respect to adult height
and invasive breast cancer.”® On the other hand,
other studies have found that women with earlier age
of menarche had higher estrogen levels throughout
puberty and their adult lives,””*” possibly contributing
to increased risk of breast cancer incidence.””"* Our
findings suggest that the timing and tempo of puberty
should be more closely examined when addressing adult
health outcomes.

This is an epidemiological investigation that is
ultimately interested in respiratory outcomes. Height
is an important predictor of lung volume and the sex
differential association between pubertal timing and
adult height sheds insight onto puberty's influence
on lung function (since taller adult height may be an
indicator of better lung growth). Given evidence that the
timing of pubertal onset may play a role in adult health
outcomes, pubertal data for pediatric research should
more closely document the age of onset of these events
(adrenarche, thelarche, menarche, and growth spurt) in
boys and in girls.

World J Pediatr, Vol 9 No 3 - August 15, 2013 - www.wjpch.com



Puberty onset and height at age 18

Acknowledgements

The authors gratefully acknowledge the cooperation of the
children and parents who participated in this study, and
appreciate the hard work of Mrs. Sharon Matthews and the Isle of

Wight research team in collecting data.

Funding: The 18 year assessment of the 1989 Isle of Wight
birth cohort was funded by grants from the National Institute
of Health, USA (R01 HL082925). The 10-year follow-up of this
study was funded with the assistance of the National Asthma
Campaign, UK (grant no. 364).

Ethical approval: The study was approved by the local research
ethics committee.

Competing interest: The authors do not have any competing
interests.

Contributors: Yousefi M contributed to study design, analysis
and interpretation, and manuscript preparation. Karmaus W
contributed to conception and study design, data analysis,
manuscript preparation and acts as guarantor for the study.
Zhang H contributed to data analysis and critical revision of the
article. Roberts G contributed to critical revision of the article.
Matthews S contributed to critical revision of the article. Clayton
B contributed to critical revision of the article. Arshad SH
contributed to study design and critical revision of the article.

References

1 Freedman DS, Khan LK, Serdula MK, Dietz WH, Srinivasan
SR, Berenson GS. The relation of menarcheal age to obesity in
childhood and adulthood: the Bogalusa heart study. BMC Pediatr
2003;3:3.

2 Berkey CS, Frazier AL, Gardner JD, Colditz GA. Adolescence
and breast carcinoma risk. Cancer 1999;85:2400-2409.

3 Richiardi L, Askling J, Granath F, Akre O. Body size at birth and
adulthood and the risk for germ-cell testicular cancer. Cancer
Epidemiol Biomarkers Prev 2003;12:669-673.

4 Jousilahti P, Tuomilehto J, Vartiainen E, Eriksson J, Puska P.
Relation of adult height to cause-specific and total mortality:
a prospective follow-up study of 31,199 middle-aged men and
women in Finland. Am J Epidemiol 2000;151:1112-1120.

5 Knudson RJ, Lebowitz MD, Holberg CJ, Burrows B. Changes in
the normal maximal expiratory flow-volume curve with growth
and aging. Am Rev Respir Dis 1983;127:725-734.

6 Crapo RO, Morris AH, Gardner RM. Reference spirometric
values using techniques and equipment that meet ATS
recommendations. Am Rev Respir Dis 1981;123:659-664.

7 Polgar G, Promadhat V. Pulmonary function testing in children:
techniques and standards. Philadelphia: WB Saunders, 1971.

8 Bhatt NY, Wood KL. What defines abnormal lung function in
older adults with chronic obstructive pulmonary disease? Drugs
Aging 2008;25:717-728.

9 Kirchengast S, Gruber D, Sator M, Huber J. Impact of the age
at menarche on adult body composition in healthy pre- and
postmenopausal women. Am J Phys Anthropol 1998;105:9-20.

10 Gasser T, Sheehy A, Molinari L, Largo RH. Growth of early and
late maturers. Ann Hum Biol 2001;28:328-336.

11 DiVall SA, Radovick S. Pubertal development and menarche.
Ann N'Y Acad Sci 2008;1135:19-28.

12 Macsali F, Real FG, Plana E, Sunyer J, Anto J, Dratva J, et al.

World J Pediatr, Vol 9 No 3 - August 15, 2013 - www.wjpch.com

Early age at menarche, lung function, and adult asthma. Am J
Respir Crit Care Med 183:8-14.

13 Karlberg J, Kwan CW, Gelander L, Albertsson-Wikland K.
Pubertal growth assessment. Horm Res 2003;60:27-35.

14 Euling SY, Herman-Giddens ME, Lee PA, Selevan SG, Juul
A, Sorensen TI, et al. Examination of US puberty-timing data
from 1940 to 1994 for secular trends: panel findings. Pediatrics
2008;121 Suppl 3:S172-191.

15 Pantsiotou S, Papadimitriou A, Douros K, Priftis K, Nicolaidou
P, Fretzayas A. Maturational tempo differences in relation
to the timing of the onset of puberty in girls. Acta Paediatr
2008;97:217-220.

16 Kurukulaaratchy RJ, Fenn MH, Waterhouse LM, Matthews
SM, Holgate ST, Arshad SH. Characterization of wheezing
phenotypes in the first 10 years of life. Clin Exp Allergy
2003;33:573-578.

17 Arshad SH, Hide DW. Effect of environmental factors on the
development of allergic disorders in infancy. J Allergy Clin
Immunol 1992;90:235-241.

18 National Institute of Child and Human Development. NICHD
Study of Early Child Care and Youth Development. https://secc.
rti.org/display.cfm?t=mé&i=Chapter_74 4. (Accessed on June
29,2012)

19 Nunnally JC, Bernstein IH. The Psychometric Theory. Third ed.
Vaicunas J, Belser JR, eds. New York: The Clarinda Company,
1994: 752.

20 Wardlaw AlJ, Silverman M, Siva R, Pavord ID, Green R. Multi-
dimensional phenotyping: towards a new taxonomy for airway
disease. Clin Exp Allergy 2005;35:1254-1262.

21 Smith LG, Yatsuya H, Psaty BM, Longstreth WT Jr, Folsom
AR. Height and risk of incident intraparenchymal hemorrhage:
atherosclerosis risk in communities and cardiovascular health
study cohorts. J Stroke Cerebrovasc Dis 2011.

22 Tanner JM, Whitehouse RH, Marubini E, Resele LF. The
adolescent growth spurt of boys and girls of the Harpenden
growth study. Ann Hum Biol 1976;3:109-126.

23 Lee P. Normal ages of pubertal events among American males
and females. J Adolesc Health Care 1980;1:26-29.

24 Tanner JM, Whitechouse RH, Marubini E, Resele LF. The
adolescent growth spurt of boys and girls of the Harpenden
growth study. Ann Hum Biol 1976;3:109-126.

25 Semiz S, Kurt F, Kurt DT, Zencir M, Sevinc O. Pubertal
development of Turkish children. J Pediatr Endocrinol Metab
2008;21:951-961.

26 Hagg U, Taranger J. Menarche and voice change as indicators of
the pubertal growth spurt. Acta Odontol Scand 1980;38:179-186.

27 Dreno B, Poli F. Epidemiology of acne. Dermatology
2003;206:7-10.

28 Desmangles JC, Lappe JM, Lipaczewski G, Haynatzki G.
Accuracy of pubertal Tanner staging self-reporting. J Pediatr
Endocrinol Metab 2006;19:213-221.

29 Neyzi O, Alp H, Yalcindag A, Yakacikli S, Orphon A. Sexual
maturation in Turkish boys. Ann Hum Biol 1975;2:251-259.

30 Rzany B, Kahl C. Epidemiology of acne vulgaris. J Dtsch
Dermatol Ges 2006;4:8-9.

31 Sorensen K, Aksglaede L, Petersen JH, Juul A. Recent changes
in pubertal timing in healthy Danish boys: associations with
body mass index. J Clin Endocrinol Metab 2010;95:263-270.

32 Lee P. Normal ages of pubertal events among American males
and females. J Adolesc Health Care 1980;1:26-29.

33 Rabbani A, Khodai S, Mohammad K, Sotoudeh A, Karbakhsh
M, Nouri K, et al. Pubertal development in a random sample

237



World Journal of Pediatrics

of 4,020 urban Iranian girls. J Pediatr Endocrinol Metab
2008;21:681-687.

34 Schafer T, Nienhaus A, Vieluf D, Berger J, Ring J. Epidemiology
of acne in the general population: the risk of smoking. Br J
Dermatol 2001;145:100-104.

35 Ma HM, Du ML, Luo XP, Chen SK, Liu L, Chen RM, et al.
Onset of breast and pubic hair development and menses in urban
chinese girls. Pediatrics 2009;124:¢269-277.

36 Hosny LA, El-Ruby MO, Zaki ME, Aglan MS, Zaki MS, El
Gammal MA, et al. Assessment of pubertal development in
Egyptian girls. J Pediatr Endocrinol Metab 2005;18:577-584.

37 Christensen KY, Maisonet M, Rubin C, Flanders WD, Drews-
Botsch C, Dominguez C, et al. Characterization of the correlation
between ages at entry into breast and pubic hair development.
Ann Epidemiol 2010;20:405-408.

38 Razzaghy-Azar M, Moghimi A, Sadigh N, Montazer M, Golnari
P, Zahedi-Shoolami L, et al. Age of puberty in Iranian girls living
in Tehran. Ann Hum Biol 2006;33:628-633.

39 Zukauskaite S, Lasiene D, Lasas L, Urbonaite B, Hindmarsh
P. Onset of breast and pubic hair development in 1231
preadolescent Lithuanian schoolgirls. Arch Dis Child
2005;90:932-936.

40 Bona G, Castellino N, Petri A. Secular trend of puberty. Minerva
Pediatr 2002;54:553-557.

41 Marco Hernandez M, Benitez R, Medranda I, Pizarro C, Mendez
MJ. Normal physiological variations of pubertal development:
starting age of puberty, menarcheal age and size. An Pediatr
(Barc) 2008;69:147-153.

42 Preece MA, Baines MJ. A new family of mathematical models
describing the human growth curve. Ann Hum Biol 1978;5:1-24.

43 Bond L, Clements J, Bertalli N, Evans-Whipp T, McMorris BJ,
Patton GC, et al. A comparison of self-reported puberty using the
Pubertal Development Scale and the Sexual Maturation Scale in a
school-based epidemiologic survey. J Adolesc 2006;29:709-720.

44 Buyken AE, Karaolis-Danckert N, Remer T. Association of
prepubertal body composition in healthy girls and boys with
the timing of early and late pubertal markers. Am J Clin Nutr
2009;89:221-230.

45 Karaolis-Danckert N, Buyken AE, Sonntag A, Kroke A. Birth
and early life influences on the timing of puberty onset: results
from the DONALD (DOrtmund Nutritional and Anthropometric
Longitudinally Designed) Study. Am J Clin Nutr 2009;90:1559-
1565.

46 Baker ER. Body weight and the initiation of puberty. Clin Obstet
Gynecol 1985;28:573-579.

47 Demerath EW, Li J, Sun SS, Chumlea WC, Remsberg KE,
Czerwinski SA, et al. Fifty-year trends in serial body mass index
during adolescence in girls: the Fels Longitudinal Study. Am J

238

Clin Nutr 2004;80:441-446.

48 Aksglaede L, Sorensen K, Petersen JH, Skakkeback NE, Juul A.
Recent decline in age at breast development: the Copenhagen
Puberty Study. Pediatrics 2009;123:¢932-939.

49 Cole TJ. Secular trends in growth. Proc Nutr Soc 2000;59:317-
324.

50 Kaplowitz P. Pubertal development in girls: secular trends. Curr
Opin Obstet Gynecol 2006;18:487-491.

51 Biro FM, Huang B, Crawford PB, Lucky AW, Striegel-Moore R,
Barton BA, et al. Pubertal correlates in black and white girls. J
Pediatr 2006;148:234-240.

52 Dober I, Kiralyfalvi L. Pubertal development in south-Hungarian
boys and girls. Ann Hum Biol 1993;20:71-74.

53 Kuehn LA, Nonneman DJ, Klindt JM, Wise TH. Genetic
relationships of body composition, serum leptin, and age at
puberty in gilts. J Anim Sci 2009;87:477-483.

54 Ma HM, Du ML, Luo XP, Chen SK, Liu L, Chen RM, et al.
Onset of breast and pubic hair development and menses in urban
chinese girls. Pediatrics. 2009;124:¢269-277.

55 Teilmann G, Petersen JH, Gormsen M, Damgaard K, Skakkebaek
NE, Jensen TK. Early puberty in internationally adopted girls:
hormonal and clinical markers of puberty in 276 girls examined
biannually over two years. Horm Res 2009;72:236-246.

56 Wu T, Mendola P, Buck GM. Ethnic differences in the presence
of secondary sex characteristics and menarche among US girls:
the Third National Health and Nutrition Examination Survey,
1988-1994. Pediatrics 2002;110:752-757.

57 Abbassi V. Growth and normal puberty. Pediatrics 1998;
102:507-511.

58 Baer HJ, Rich-Edwards JW, Colditz GA, Hunter DJ, Willett WC,
Michels KB. Adult height, age at attained height, and incidence
of breast cancer in premenopausal women. Int J Cancer
2006;119:2231-2235.

59 Apter D, Reinila M, Vihko R. Some endocrine characteristics of
early menarche, a risk factor for breast cancer, are preserved into
adulthood. Int J Cancer 1989;44:783-787.

60 MacMahon B, Trichopoulos D, Brown J, Andersen AP, Cole P,
deWaard F, et al. Age at menarche, urine estrogens and breast
cancer risk. Int J Cancer 1982;30:427-431.

61 Hsieh CC, Trichopoulos D, Katsouyanni K, Yuasa S. Age at
menarche, age at menopause, height and obesity as risk factors
for breast cancer: associations and interactions in an international
case-control study. Int J Cancer 1990;46:796-800.

62 Brinton LA, Schairer C, Hoover RN, Fraumeni JF Jr. Menstrual
factors and risk of breast cancer. Cancer Invest 1988;6:245-254.

Received September 21, 2011
Accepted after revision April 23, 2012

World J Pediatr, Vol 9 No 3 - August 15, 2013 - www.wjpch.com



