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Evaluation of the feasibility of international growth
standards for school-aged children and adolescents

Nancy F. Butte, Cutberto Garza, and Mercedes de Onis
Abstract
Development of an international growth standard for the
screening, surveillance, and monitoring of school-aged
children and adolescents has been motivated by two
contemporaneous events: the global surge in childhood
obesity and the release of a new international growth
standard for infants and preschool children by the World
Health Organization (WHO). If a prescriptive approach
analogous to that taken by WHO for younger children is
to be adopted for school-aged children and adolescents,
several issues would have to be addressed regarding the
universality of growth potential across populations and
how to define optimal growth in children and adolescents. A working group concluded that subpopulations
exhibit similar patterns of growth when exposed to
similar external conditioners of growth. However, on
the basis of available data, it cannot be ruled out that
some of the observed differences in linear growth across
ethnic groups reflect true differences in genetic potential
rather than environmental influences. Therefore, the
sampling frame for the development of an international
growth standard for children and adolescents would
have to include multiethnic sampling strategies designed
to capture the variation in human growth patterns. A
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single international growth standard for school-aged
children and adolescents could be developed with careful
consideration of the population and individual selection
criteria, study design, sample size, measurements, and
statistical modeling of primary growth and secondary
ancillary data. The working group agreed that existing
growth references for school-aged children and adolescents have shortcomings, particularly for assessing
obesity, and that appropriate growth standards for these
age groups should be developed for clinical and public
health applications.
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Introduction
Development of an international growth standard for
the screening, surveillance, and monitoring of schoolaged children and adolescents has been motivated by
two contemporaneous events: the global surge in childhood obesity [1] and the release of a new international
growth standard for infants and preschool children
[2]. Recognition of the limitations of existing growth
references used for assessing childhood obesity (e.g.,
the National Center for Health Statistics/World Health
Organization (NCHS/WHO) growth reference [3], the
Centers for Disease Control and Prevention (CDC)
2000 growth charts [4], and the International Obesity
Task Force (IOTF) cutoff points [5]) and the release
of a new growth standard for infants and preschool
children by WHO, in collaboration with the United
Nations University (UNU) and other UN agencies,
governments, and nongovernmental organizations,
have created the urgency and desirability of harmonizing growth assessment tools conceptually and pragmatically. This new growth standard for infants and
toddlers was developed from the Multicentre Growth
Reference Study (MGRS) and released in April 2006.
The MGRS was designed to describe how children
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should grow rather than how they grew in a particular
time and place [6, 7]. In part, the prescriptive approach
on which the new standard was based required an
expanded definition of “health,” one that went beyond
the absence of overt disease to the adoption of lifestyle
practices that support optimal growth and development. If a prescriptive approach analogous to that
taken by WHO and UNU for younger children is to be
adopted for the development of a growth standard for
school-aged children and adolescents, several issues
would have to be addressed regarding the universality
of growth potential across populations and the characteristics of children and adolescents who are most likely
to exhibit optimal growth.

Methods
This paper reviews the feasibility of developing a single
international growth standard, with height, weight,
and body-mass index (BMI) as primary measures for
school-aged children and adolescents based on the proceedings of a meeting convened in Geneva on 16–19
January 2006 by the UNU Food and Nutrition Program
in collaboration with the WHO Department of Nutrition for Health and Development and the Nutrition
Department of the Food and Agriculture Organization (FAO). At this meeting, 11 position papers were
presented and discussed. They included theoretical,
biological, and pragmatic issues pertaining to the
development of an international growth reference for
school-aged children and adolescents with representatives from WHO, CDC, UNU, FAO, the World Food
Program (WFP), UNICEF, IOTF, and the International
Association for Study of Obesity (IASO).
In this paper, issues pertaining to the feasibility
of developing an international growth standard for
school-aged children and adolescents will be evaluated, drawing from the 11 position papers [3, 8–17].
The first issue to be addressed is whether it is possible
to develop a single international growth reference for
children over 5 years of age that is representative and
useful for the global population, given possible genetic
differences in growth potential across populations. The
second issue is whether a prescriptive approach can be
taken to develop a growth standard for school-aged
children and adolescents from historical growth data,
prospective growth data, or both.

Results and discussion
Important limitations of the NCHS/WHO growth
reference warrant its replacement with a truly international reference. The current reference was based on the
1977 NCHS growth charts [18]. Age-sex specific BMI
percentiles [19] based on 1971–74 National Health and
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Nutrition Examination Survey I (NHANES I) data were
endorsed for global use by WHO [20]. The NCHS/
WHO reference was developed from cross-sectional
data collected from four separate samples of children
and adolescents surveyed in the United States between
1963 and 1974. Unfortunately, the NCHS/WHO reference may not describe optimal growth, given the extent
of its positive skewness in body weight, a drawback
shared by other, more recent references such as the
CDC 2000 reference and the IOTF cutoff points [21].
The upward skewness of these three references results
in a substantial underestimation of obesity in schoolaged children and adolescents [21–25].
In 1995, a WHO Expert Committee outlined several
desirable features for the development of a new international growth reference [20]. The sample should
represent healthy children undergoing unconstrained,
but not excessive, growth from several developing and
developed countries. Secular trends in growth should
be small or absent in the sampled population. The
sample size should be sufficient to reflect normal variance and to permit an estimation of the more extreme
percentiles of weight and height distributions. Cutoff
points for under- and overweight should be derived in
terms of specificity, sensitivity, and positive predictive
values of functional and health-related outcomes.
The technical shortcomings of existing growth
references are addressable, but the fundamental issue
challenging the development of a single international
growth reference is the legitimacy of combining subpopulations, given possible genetic differences in
growth potential. The universality of human growth
was demonstrated for preschool-aged children reared
under favorable nutritional and environmental conditions, regardless of genetic or ethnic background
[26], as described by Martorell and Habicht [27]. The
feasibility of developing a single international growth
reference was challenged by Eveleth and Tanner [28],
who pointed to differences in achieved height and
growth patterns across subpopulations of children and
adolescents.
To expand on studies tabulated in Worldwide Variation in Human Growth, by Eveleth and Tanner [28],
Haas and Campirano reviewed the literature since 1988
on interpopulation variation in achieved height [9].
Growth data of nominally healthy, privileged children
across five major geographic regions—Africa, East Asia,
South Asia, West Asia, and Europe—were compiled
and compared against the NCHS/WHO reference.
Multiracial immigrants moving to more advantaged
environments were also included. The major findings
from this latest review were as follows. African children and adolescents of upper socioeconomic status
achieved similar heights to the NCHS/WHO reference
medians, although studies are few. African-American
boys and girls achieved or exceeded the median values.
The mean heights achieved by East Asian children
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and adolescents were below the NCHS/WHO median
at all ages from 7 to 18 years, except for recent values
from Beijing [29] and Taiwan [30]. In these studies,
heights were similar to the NCHS/WHO reference until
puberty, at which time mean heights fell to about the
25th percentile. Similarly, heights of boys and girls from
South and West Asia tended to follow or were slightly
below the NCHS/WHO reference until the age of 11 to
13 years, at which time they fell to about 5 cm below the
reference. The heights of children from central Europe
tended to be 2 to 4 cm less than the NCHS/WHO
median, whereas the heights of children from southern and northern Europe tended to be similar to the
NCHS/WHO median. At puberty, the mean heights of
children from most European populations approached
the reference median, except for adolescents from
northern Europe, where heights were 4 to 7 cm above
the reference at 18 years.
Even though the above studies focused on nominally healthy, privileged children, secular trends in
linear growth still may be occurring in some of the
regions. Therefore, Haas et al. [9] compared the tallest
children from various ethnic or geographic regions,
who presumably attained their genetic potential in
linear growth. The mean heights of these boys and girls
tracked along the median of the NCHS/WHO reference, with an average difference of about 5 cm between
the ages 7 and 13 years. By 15 years, the mean heights
of Mexican-American and Japanese adolescents fell to
about 5 cm below and the Dutch means increased to
approximately 5 to 7 cm above the reference. The mean
heights of children living under privileged conditions
worldwide did not vary by more than 4 cm from 7
years of age until the initiation of puberty. During
adolescence, the mean heights in all populations, except
those of European origin, were about 5 to 6 cm (about
0.6 SD) below the NCHS/WHO reference median, and
those from northern Europe exceeded the reference
median by 1.0 SD at 18 years of age. It remains to be
determined whether these differences in adolescent
linear growth for non-European populations represent
full attainment or some unrealized gain in genetic
potential. Whether the degree of geographic isolation
and ancestral environmental exposures experienced by
some subpopulations are sufficient to affect the genes
that control linear growth is unknown. If subpopulation differences in height achieved under optimal
environmental conditions persist, genetic differences
in growth potential may be responsible.
In general, growth parameters, including height and
weight, are highly heritable traits [10]. Determinants of
human growth, such as the timing and tempo of puberty
and other measures of skeletal and sexual maturation,
are also largely under genetic control. Weight, fat mass,
and fat distribution are influenced to a larger extent by
environmental factors, although genetic factors also are
significant. Heritability estimates for growth param-

S171

eters are lower in nonaffluent populations, probably
because of the more pronounced influence of specific
nongenetic factors, such as disease and nutrition, in
those populations. Limited data are available on crosspopulation effects of specific genes or gene variants
on growth during childhood and adolescence. Genetic
epidemiologic studies are needed in different regions
of the world to better explore population differences in
gene frequencies and gene–environment interactions.
Although the fundamental genetic underpinnings of
human growth are likely to be essentially the same
worldwide, the frequencies of allelic gene variants and
gene–environment interactions that influence growth
and maturation may differ across populations. Their
relative influence in different groups, however, remains
unknown.
In the development of a single international growth
standard, average growth and normal variation in
growth across populations must be represented. This
should not pose an insurmountable problem, since the
largest variance in complex traits such as weight and
height is usually contained within any sufficiently large
sample of children from any given population.
There was consensus in the working group that
humans follow a similar pattern of growth across ethnic
groups and geographic locations. When exposed to
similar external conditioners of growth, subpopulations exhibit similar patterns of growth. This was
demonstrated years ago for children under 5 years of
age [26] and was more recently confirmed by the WHO
Multicentre Growth Reference Study [31]. Although
the data for children 5 years of age or older are more
limited, similar growth patterns across subpopulations
were accepted as a general principle by this working
group. Therefore, it was concluded that a single standard can describe universal human growth patterns.
However, based on available data, it cannot be ruled
out that some of the observed differences in linear
growth across ethnic groups reflect true differences
in genetic potential rather than the sole influence of
environmental factors. Therefore, the sampling frame
for the development of an international growth standard for children and adolescents would have to include
multiethnic sampling strategies designed to capture the
variation in human growth patterns.
In addressing the issue of the feasibility of adopting
a prescriptive approach to develop a new international
growth standard for school-aged children and adolescents from historical growth data, prospective growth
data, or both, it is useful to reaffirm the operational
difference between growth references and growth
standards. A reference describes a growth pattern of a
defined population, whereas a standard defines a recommended pattern of growth that has been associated
empirically with specified health outcomes and the
minimization of long-term risks of disease.
In the short term, a cross-sectional growth reference
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that approaches a standard for universal use could
be constructed by using carefully selected historical
datasets that reflect realized growth potential and
good health of school-aged children and adolescents
[11]. The reference population should be one that has
stabilized in terms of secular increments in height and
weight and that has not been subjected to discernible
external constraints on growth (dietary deficiencies,
infections, etc.). But since historical datasets seldom
have detailed subject descriptors, the health status of the
cohort would be unqualified. Furthermore, the available
datasets are not representative of the global population,
and therefore, such an interim cross-sectional growth
reference should be viewed as provisional.
In the long term, a mixed longitudinal growth standard reflective of the multiethnic populations across
the regions of the world could be developed. By using
prospective data to develop an international growth
standard, a prescriptive approach is possible if careful consideration is given to selecting populations or
subgroups living in communities that support healthy
lifestyles and thereby, presumably, optimal growth.
Thus, communities sampled for the development of
a growth “standard” would not be representative of
national or regional populations but would be uniquely
defined on the basis of broadened criteria for health in
a manner analogous to that of the new WHO growth
standard for infants and preschool children [6]. Criteria
that specify healthy behaviors at the individual level
would be applied to generate prescriptive-based data.
It is very important that the samples selected be free
from obesity as well as constrained growth.
A mixed longitudinal design would produce the most
useful growth data in the shortest period of time [12].
The sampling frame for the development of a prescriptive growth standard would involve identification of a
given number of countries that are broadly representative of the global community, drawing samples of children who are subject to inclusion and exclusion criteria
to ensure unconstrained but not excessive growth. The
sample size depends on the complexity of the growth
curve; prior to puberty, the growth patterns for height
and weight are relatively simple, in contrast to the more
complex pattern of the pubertal growth spurt, which
would require a larger sample size.
Major environmental influences on the growth of
children and adolescents must be considered for the
selection of individuals and populations in the development of an international growth standard [13, 32].
Inclusion criteria should encompass adequate nutrition, lack of significant endemic rates of infection, and
socioeconomic status that does not constrain growth.
Low birthweight, catch-up growth, breastfeeding, and
early adiposity rebound can affect growth and/or body
composition into puberty. Exclusion criteria might
include low birthweight due to identifiable pathologies
and catch-up growth for individuals, and high altitude
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and exposure to extremely high levels of environmental
pollution for populations. Populations with minimal
evidence of secular trends in growth should be chosen.
Positive secular trends have been documented in European, European-origin, and Asian populations where
mean heights and weights across generations have been
shown to be greater, while the sexual maturation and
adolescent growth spurt have taken place at progressively younger ages. The average secular increase in
height in Europe and North America between 1880
and 1980 was more pronounced during adolescence
because of the tempo effect (2–3 cm per decade) and
less so during childhood (1–2 cm per decade) [28].
In Japan between 1950 and 1980, the secular trend in
height was almost entirely due to the increase in length
of the legs. The age of menarche decreased during the
last century by about 3 to 4 months per decade in most
European countries. In Japan between 1950 and 1975,
there was a dramatic decline in the age of menarche in
the general population of approximately 1.0 years per
decade; the age of menarche in Japan now is as early as
or earlier than that in the majority of European populations. Negative secular trends also have been seen
among populations in Africa, Papua New Guinea, and
Latin America that are largely attributable to socioeconomic and political deterioration; populations under
such psychosocial stress should be excluded from the
sampling frame.
Since biological maturation is closely related to
growth, indicators of biological maturation, including
sexual, skeletal, morphological, and/or dental maturity, must be included in the data collection for the
development of a growth standard [14]. The timing,
sequence, and tempo among maturity indicators of
growth must be considered. Maturation of the skeleton
is usually monitored with standardized radiographs,
and assessment of maturity is based on changes occurring from initial ossification to the attainment of adult
morphology of the bones of the hand and wrist. Sexual
maturation begins with early embryonic differentiation
and ends with full maturity of the sexual organs and
fertility. Assessment of sexual maturation is based on
secondary sex characteristics—breast development,
pubic hair, and menarche in girls, and genital development and pubic hair in boys. Ratings can be performed
by clinical examination or self-examination with the
use of standardized drawings. In European and North
American girls, the average age at takeoff of the adolescent growth spurt is between 8.0 and 10.3 years, and
peak height velocity (PHV) occurs two years later (10.8
to 12.2 years) Maturation events occur two years later
in boys. Interindividual variation within populations
is considerable. Indicators of sexual maturation, age at
takeoff of the growth spurt, age at PHV, and skeletal
maturity are recommended indicators of the maturation process.
Direct methods for the determination of size and
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structure, including height, weight, skinfold thicknesses, and waist circumference, are well established
and can be used to monitor linear growth, body mass,
ponderosity, abdominal fat, and fat distribution [8].
More complex body-composition methods, such as
dual x-ray absorptiometry (DXA) and hydrometry,
would be desirable, given the mounting evidence of
the relationship of body fat to the risk of cardiovascular
diseases and diabetes in children and adolescents.
Measurement of physical activity and physical fitness
as indicators of a healthy lifestyle should be incorporated in the development of international growth standards for children and adolescents [15]. Physical activity
plays an important role in the regulation of weight, fat
mass, and the structural and functional integrity of
bone and skeletal muscle, but probably not height or
the maturation process. Physical fitness changes with
age, growth, and maturation independently of physical
activity. Physical activity is assessed by questionnaires,
interviews, diaries, direct observation, film or video,
devices such as pedometers and accelerometers for
measuring movement, heart rate monitoring, measure-

S173

ment of oxygen consumption, and doubly labeled water
for the assessment of energy expenditure. Commonly
used indicators of physical fitness are cardiorespiratory
endurance (endurance shuttle run), function of the
lower back (strength and flexibility), and many healthrelated fitness batteries. Although data for children and
adolescents are limited, they suggest a relationship,
though moderate, between physical activity and fitness
and a favorable risk profile.
In conclusion, an international growth standard for
school-aged children and adolescents could be constructed with careful consideration of the population
and individual selection criteria, study design, sample
size, measurements, and statistical modeling of primary
growth and secondary ancillary data. The working
group agreed that the NCHS/WHO growth reference
for school-aged children and adolescents, the CDC
2000 growth charts, and the IOTF cutoff points all
have shortcomings and that a more appropriate growth
standard for these age groups should be developed for
use in clinical and public health applications.
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Limitations of the current World Health Organization
growth references for children and adolescents

Youfa Wang, Luis A. Moreno, Benjamin Caballero, and Tim J. Cole
Abstract
Since the 1970s, the World Health Organization (WHO)
has recommended the use of the growth references developed by the United States National Center for Health Statistics (NCHS) based on national survey data collected in
the 1960s and 1970s. These references are known as the
WHO or NCHS/WHO growth references. Over the past
three decades, the WHO or NCHS/WHO growth references have played an important role internationally in
the assessment of child and adolescent growth and nutritional status. However, the references have a number of
weaknesses. The limitations of the infant portion of the
references were thoroughly assessed in WHO’s effort to
develop a new international growth reference for infants
and preschool children. The present report discusses the
limitations of the NCHS/WHO references for schoolaged children and adolescents, including a number of
conceptual, methodological, and practical problems. The
global obesity epidemic poses another challenge that the
NCHS/WHO reference cannot appropriately meet. There
is a need for a single international reference to assess the
nutritional status and growth of school-aged children
and adolescents across different countries.
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For the past 30 years, the World Health Organization
(WHO) has recommended the use of the growth references developed by the United States National Center
for Health Statistics (NCHS) of the Centers for Disease
Control and Prevention (CDC), based on national
survey data collected in the 1960s and 1970s. These are
called the WHO growth references, the NCHS/WHO
growth references, or the NCHS/WHO growth chart
[1–3]. The limitations of the infant portion of the
current NCHS/WHO growth references have been
thoroughly assessed in WHO’s effort to develop a new
international growth reference for young children from
birth to 5 years of age [1, 2, 4–7] In 2000 the CDC
published new growth charts to replace the old ones for
assessing the size and growth patterns of infants, children, and adolescents in clinical practice and research
[8, 9]. In 2006, the Department of Nutrition for Health
and Development at WHO, the United Nations University Food and Nutrition Program (UNU-FNP), and the
Food and Agriculture Organization (FAO) convened a
team of experts to assess the feasibility and appropriateness of developing a single international growth reference or standard for school-aged preadolescents and
adolescents. As part of the current effort, the present
report focuses on school-aged children and adolescents. After a brief introduction to the current WHO
growth references, the report addresses the following
issues: limitations of the reference population database;
methodological limitations; inconsistency between preadolescents and adolescents; racial or ethnic differences
and secular trends in growth and maturation patterns;
uncertainty and inadequacy for assessing linear growth
in adolescents; new challenges and needs posted by the
growing global obesity epidemic; and adjustment for
between-population maturity differences.

What are the current WHO growth
references?
The current WHO growth references (table 1) were
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TABLE 1. Summary of the current NCHS/WHO growth referencesa
Outcomes

Anthropometric measures and
cutoff points

Indication of growth or nutrition problems

Infants and children (< 10 yr)
Stunting
HAZ < –2, or < 3rd percentile
Wasting/thinness
WHZ < –2, or < 3rd percentile
Overweight
WHZ >2

Chronic malnutrition
Acute malnutrition, current malnutrition
Overweight

Adolescents (≥10 yr)
Stunting
Thinness
At risk for overweight
Obese

Chronic malnutrition
Underweight
Overweight
Obesity

HAZ < –2, or < 3rd percentile
BMI-for-age < 5th percentile
BMI-for-age ≥ 85th percentile
BMI-for-age ≥ 85th percentile, and triceps
and subscapular skinfold thickness-forage ≥ 90th percentiles

NCHS, National Center for Health Statistics; WHO, World Health Organization; HAZ, height-for-age z-score; WHZ, weight-for-height zscore; BMI, body-mass index
a. According to the WHO/NCHS reference [1, 2] and the BMI percentile developed by Must et al. [18].

recommended by a WHO Expert Committee in 1995
[2] and include two portions: the 1977 NCHS growth
charts, which have been previously recommended
by WHO [10], and a new set of age- and sex-specific
body-mass index (BMI) and skinfold percentiles for
adolescent anthropometry, developed from US data.
Previously WHO had made no specific recommendation for this age group.
The NCHS growth charts include anthropometric
measurements such as weight-for-height, weight-forage, height-for-age, and head circumference, which
were developed on the basis of several datasets (see
below). They are generally referred to as the “1977
NCHS growth charts” [11–13]. These include growth
charts for infants from birth to 36 months and for older
children from 2 to 18 years of age. In 1978, the CDC
produced a normalized version of the NCHS curves.
WHO subsequently recommended these normalized
growth charts for international use in assessing nutritional status in child populations [10, 14–17]. These
normalized versions of the 1977 NCHS growth charts
are thus sometimes referred to as the NCHS/WHO,
CDC/WHO, or NCHS/CDC/WHO growth charts. In
1980, a software version of the reference for mainframe
computers was developed by the CDC to facilitate the
interpretation of growth data from surveys or clinical
studies. Throughout the 1980s, several microcomputerbased software versions of the NCHS/WHO references
were developed and supported by the CDC and WHO.
These have contributed significantly to the wide acceptance of the concept of the international reference by
simplifying the handling of anthropometric data [2].
Details regarding the historical background of the currently used NCHS/WHO growth charts can be found
elsewhere [1–3, 14].
In 1995, a WHO Expert Committee reviewed these
growth references and new research findings and reendorsed the use of the 1977 NCHS growth charts [2,
3]. The committee also addressed a number of weak-

nesses of the NCHS infant growth charts. A major
new recommendation by this committee was the use
of sex- and age-specific BMI values and triceps and
subscapular skinfold thickness percentiles for the classification of obesity in adolescents [2]. These BMI percentiles were developed by Must and colleagues in 1991
on the basis of data from the first National Health and
Nutrition Examination Survey (NHANES I) collected
in 1971–74 [18], and the skinfold thickness percentiles
were developed by others [19, 20]. The committee
acknowledged some potential problems in using these
US-derived adolescent BMI percentiles, and information regarding their usefulness to predict future risk
in children from developing countries is limited. The
committee recommended the use of these references
on a provisional basis until better reference data for
adolescent growth become available [2, 3].

Limitations of the reference population
and data
There are conceptual differences between growth
“references” and “standards.” The WHO Expert Committee defined “reference” as a tool for grouping and
analyzing data and for providing a common basis for
comparing populations, but not for drawing inferences
about the meaning of observed differences. In contrast,
a “standard” embraces the notion of a norm or desirable target and thus involves a value judgment [2]. Still,
the committee acknowledged that it would be virtually
impossible to prevent the use of references as “standards” for judging the nutritional status of individuals
and populations. Therefore, the committee pointed out
that it is always desirable to choose references that most
resemble true standards.
The 1995 WHO Expert Committee defined several
desirable features for datasets to be used in the development of a new reference population [2, 3]. These
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features include the following: the anthropometric data
should represent multiple countries and geographic
regions, including less-developed countries; the data
should reflect the status of healthy populations with
unconstrained growth (even when not representative
of the whole population); data for children from birth
to adolescence should be included; the sample size and
data-collection procedures should be appropriate and
well documented, with at least 200 individuals in each
age and sex group; data for adolescents should include
assessment of sexual developmental stage; and secular
trends in growth should be small or absent, because
they suggest either constrained or excessive growth
or weight gain in the reference population. In light of
these recommended characteristics, the NCHS/WHO
references have a number of limitations.
First, the current NCHS/WHO references were
developed on the basis of data collected in only one
country, the United States. As noted by the WHO
Expert Committee, including data from several countries will improve the estimate of variability of physiologic growth and will also minimize political concerns
that arise from the use of patterns of child growth of a
single country as a standard for all other countries. The
WHO Working Group on Infant Growth has chosen a
prescriptive approach to develop a truly international
growth standard for infants and preschool children
based on data collected from several countries [2, 4, 6].
It is likely that the US NCHS reference population does
not present the optimal growth patterns for all age
groups and for all different world regions (see below).
Second, the NCHS reference population was selected
by using a descriptive approach, which when applied to
a population like that of the United States, which has
an increasing prevalence of obesity, is likely to result
in a nonhealthy sample. For example, the distribution
of weights in the NCHS reference is positively skewed,
with a long tail to the right and a high prevalence of
overweight. According to the NHANES I data for
1971–74, the prevalence of overweight (BMI ≥ 25) was
47.7% in US adults and 15.4% in children aged 6 to 18
years (≥ 85th BMI percentile [21]). The NCHS BMI
percentiles for US children are much higher than those
of French children. For example, the 85th percentiles
for US boys exceeded the 90th percentiles and approximated the 97th percentiles for French boys [2, 3].
This would suggest that the prevalence of overweight
among “healthy” US children and adolescents might be
higher than 15% if overweight was assessed by using a
standard truly representative of a healthy population.
Conversely, using 85th BMI percentile from the US
charts to classify childhood obesity worldwide would
result in many overweight children being classified as
lean or of normal weight.
Third, the current WHO reference dataset consists
of several unrelated samples, whereas a single survey
sample would be more desirable. Several datasets

collected in the United States were used, including
data from the National Health Examination Survey
(NHES II, 1963–65) for the ages of 6 to 11 years, NHES
III (1966–70) for the ages of 12 to 17 years, and the First
National Health and Nutrition Examination Survey
(NHANES I, 1971–74) for the ages of 1 to 18 years.
For children under 2 years of age, data from the Fels
Longitudinal Study were used. The decision to fit separate curves for the Fels and later data has resulted in a
disjunction between the NCHS/WHO references for
infants and children and has led to spurious age-related
differences in growth status when these references have
been used to assess infants and children. These spurious differences, in particular, affect the assessment of
growth in height, since length was measured in the
Fels study whereas height was measured in the other
surveys [1].
Additionally, the Fels dataset reflects the growth of
formula-fed rather than breastfed infants. Furthermore,
formula composition and feeding practices of 30 years
ago may differ substantially from current recommendations [5, 6, 22]. Similar problems may affect the growth
references for older children because of the possible
long-term effects of the early feeding experience. In
addition, the data collected in the 1960s through the
1970s from US children and adolescents may not reflect
the desirable eating and growth patterns for these age
groups or the more recent patterns worldwide.
Fourth, the NCHS/WHO references were developed
on the basis of cross-sectional data and are inadequate
for longitudinal growth monitoring for several reasons: the cross-sectional reference does not express
growth as a velocity percentile-it gives no clue as to
whether or not a given rate of percentile crossing is
unusual; there is no adjustment for regression to the
mean, whereby smaller children tend to grow faster;
and the rapid changes in velocity due to puberty and
variability in timing of puberty are not captured by
cross-sectional data. Moreover, for most sex and age
groups in the NCHS/WHO references, the sample size
was approximately 120. For example, the sample sizes
used in developing the BMI percentiles ranged between
91 and 153 [18], sizes smaller than the recommended
size of 200 [2, 3].

Methodological limitations
Growth assessment parameters—anthropometric
indexes

Another limitation of the current NCHS/WHO references is their recommendation of the use of different
anthropometric measures and different cutoff points
for children and adolescents, particularly in the assessment of overweight and underweight. Age- and sexspecific weight-for-height was used in children (z-score
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of 2 for overweight and –2 for underweight) and BMI
percentiles in adolescents (85th percentile for “at risk
of overweight” and 5th percentile for underweight).
These different measures cause a number of conceptual, methodological, and practical problems.
Weight-for-height reference is advantageous in that it
does not require knowledge of the individual’s chronological age. However, the weight-to-height relationship
changes dramatically with age and with maturation
status. As a result, at a given height, the weight corresponding to a particular percentile is not the same
for all ages, so that the meaning of a given weight-forheight percentile differs according to age [2].
It is recommended that an ideal measure of body fatness should meet several requirements [1, 2], including
the following: the measure should be accurate in assessing the amount of body fat; the measure should be precise, with small measurement error; the measure should
predict the risks of health consequences; it should be
possible to develop some cutoff points to separate
individuals into different groups on the basis of their
excess adiposity-related health risks; and the measure
should be accessible in terms of simplicity, cost, and
ease of use and acceptable to the subjects in order to
be useful in clinical settings or epidemiologic studies.
Although none of the existing measures satisfies all
of these criteria, the current consensus is that BMI is
probably the best choice among available measures,
including weight-for-height; BMI can be easily assessed
at low cost and has a strong association with body fat
and health risks. BMI has been recommended for use
in children, adolescents, and adults to assess body
weight status [8, 23–27].
However, BMI also has a number of limitations as an
indirect measure of fatness [28, 29]. One potential limitation is the association of BMI with height in young

people, which varies by age and sex [29]. Using data
collected in NHANES III for American children aged
2 to 18 years, we calculated the correlation coefficients
and the power of height (p) values needed to construct
a weight/height index that was not correlated with
height (see fig. 1). Among boys aged 5 to 16 and girls
aged 5 to 11, BMI was correlated with height, and the
p values need to be greater than 2 [29]. This confirms
the pattern first highlighted by Cole [30, 31]. Franklin
[32] presented similar findings of p values for boys aged
6 to 18 from the United States, United Kingdom, Japan,
and Singapore. He argued that BMI underestimates the
effect of height on weight; taller children tend to have
larger BMIs than shorter children, and as a result, they
are more likely to be classified as being overweight or
obese when age-specific BMI cutoff points are used.
Our analyses show that among boys aged 6 to 12 years,
tall boys (those in the upper age-specific height tertile)
were approximately twice as likely to be overweight as
those in the bottom tertile [29, 32].
Some researchers have argued that there is no
intrinsic reason why BMI should be uncorrelated with
height. Fat children tend to be taller than average, and
the higher BMI matches the extra height [33]. Our
comparison analysis based on skinfold thickness and
BMI suggests that at least some of the height-related
differences in the prevalence of overweight defined by
BMI cutoff points is due to the association between
gains in height and adiposity during late childhood and
puberty [29], so that within populations fatter children
tend to be taller. What remains to be seen is whether
the same relationship holds across populations. The
large differences in the heights of young people worldwide (see below) underscore the potential problems
of using the US BMI percentiles, as recommended by
the WHO Expert Committee. This issue will need to
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FIG. 1. Correlation coefficients between BMI and height (A) and estimates of the p value in the weight–height p index (B) in
American boys and girls, according to age. Data from NHANES III (1988–94). Adapted from Wang [29]
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be addressed if, as is likely, BMI will be used in a new
international standard.
Studies also show that in comparison with classifications of obesity based on direct measures of body
fatness, such as percentage of body fat (%BF), the sensitivities of international BMI cutoff points for screening obese individuals are relatively low, although they
have good specificities [34, 35]. For example, Reilly et
al. [34] found that when the 95th %BF percentile of
the study population distribution was used as the “gold
standard” of obesity, the International Obesity Task
Force (IOTF) BMI reference (see below) had a very
low sensitivity, and it differed markedly between boys
and girls (46% versus 72%, respectively). In contrast,
the local BMI reference (95th percentile) had a much
better sensitivity (88%), although both references had
a good specificity (99% versus 94%, respectively).
Similarly, on the basis of data collected from children
and adolescents in Spain, Sarria et al. [35] found that
when the 85th %BF percentile was used as the gold
standard, the sensitivity and specificity of BMI cutoff
points were approximately 50% to 60% and 85% to
90%, respectively. This suggests that BMI may not be
sensitive enough for screening overweight children and
adolescents. A more direct measure of body fat, such as
skinfold thickness, waist circumference, or bioelectrical
impedance, is needed instead.
The WHO Expert Committee recommended that
triceps and subscapular skinfold thickness measurements be used in addition to BMI for the assessment of
obesity in adolescents, in particular to maximize specificity. In reality, such skinfold thickness measurement
data are often not available or are difficult to collect.
Although the use of skinfold thickness measurements
is logically appealing, since they are “direct” measures
of fatness, they pose methodological and practical
problems. Skinfold thickness and skinfold compressibility vary according to age, site, sex, and possibly
ethnicity [18]. Further, in obese individuals, skinfold
thickness measurements have poor reliability [18]. To
our knowledge, few researchers have used this WHO
obesity reference (i.e., both BMI and skinfold thickness
cutoff points).
Emerging evidence suggests that other anthropometric measures might be important and need to be
considered in developing new international obesity
standards. For example, recent studies predominantly
among adults suggest that waist circumference, which
is not used in the current NCHS/WHO references, is
more closely associated with chronic diseases such as
cardiovascular disease and type 2 diabetes [36–38].
Waist circumference may be particularly useful for
monitoring changes in individuals in comparison
to BMI.

Selection of cutoff points

The NCHS/WHO references, in particular the anthropometric measure cutoff points such as the 2 and –2
z-scores and 85th percentiles, were chosen mainly on
the basis of statistical criteria rather than of health
outcomes. Ideally, the criteria should be established
on the basis of health outcomes, and cutoff points
should be chosen at the point most appropriate for the
particular purpose in view. The selection of appropriate cutoff points for assessing “high-risk” individuals
and population groups should be based on evidence of
increased risk of morbidity, mortality, and/or impaired
functional performance [1]. However, the reality is that
to assess the relationship between different indicators
and cutoff points and health outcomes is more difficult
in children than in adults. In children, two different
types of health outcomes may need to be considered:
short- and intermediate-term health outcomes during
childhood and adolescence, and long-term health
outcomes in adulthood. Well-designed long-term longitudinal studies are needed.
Pelletier [39] suggests that the general approach
for selecting cutoff points for assessing growth and
nutritional status should be based on three types of
considerations: health and functional consequences
of deviations in a given anthropometric indicator; differences in age, maturation, sex, ethnicity, and other
factors that affect anthropometric measurements
independently of, or in conjunction with, the health
or social causes or consequences of obesity; and the
intended or potential uses of anthropometric indicators, such as clinical diagnosis, policy formulation,
social utility, and advocacy for particular problems
and solutions. Pelletier argues that on the basis of these
considerations, a logical conclusion would be that different indicators and cutoff points are needed for different uses. However, past experience suggests that this
conclusion is not likely to be accepted by various user
communities, including international expert groups,
because of the strong desire to agree upon and promote
single, simple indicators and cutoff points for all uses.
Nevertheless, considering our increasing understanding of the complexity of assessing children’s and
adolescents’ growth and the new reality of a growing
global obesity epidemic, and considering that many
developing countries are facing a double burden of
under- and overnutrition problems, the international
community and the public might accept complex indicators and cutoff points if appropriate single, simple
indicators and cutoff points cannot be developed.
The current NCHS/WHO references use both
z-scores and percentiles. In particular, z-scores of –2
and 2 as well as the 97th and 3rd percentiles are used
for children, and the –2 z-score as well as the 5th, 85th,
and 90th percentiles are used for adolescents. A critical problem is that z-scores of 2 and –2 correspond to
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percentiles of 97.7 and 2.3, whereas the 85th and 5th
percentiles correspond to z-scores of 1.04 and –1.65,
respectively. Thus, these two methods will generate
very different estimates of prevalence for children and
adolescents. For example, even if two children approximately 10 years of age have similar nutritional statuses
based on a gold standard, one may be classified as
“normal” and the other as having a nutrition problem
simply because of their age difference (e.g., an adolescent aged 10.1 years and a child aged 9.9 years).
The use of z-scores was recommended because of
several considerations. First, z-scores are calculated on
the basis of the distribution of the reference population
(both the mean and the standard deviation); thus, they
reflect the reference distribution. Second, as standardized measures, z-scores are comparable across ages,
sexes, and indicators [40, 41]. Third, another major
advantage is that summary statistics such as means and
standard deviations can be calculated from z-scores. In
addition, z-score values can quantify the growth status
of children outside of the percentile ranges. However, a
limitation of z-scores is that they are not easy to explain
to the public and may be of limited use in practice. In
contrast, percentiles are easily understood and used by
both health professionals and the public. The percentile refers to the position of an individual on a given
reference distribution. During recent years, a growing
consensus among scientists has been to use sex- and
age-specific BMI percentiles as cutoff points instead
of weight-for-height z-scores for assessing overweight
and obesity as well as thinness and underweight in
children over 2 years old [1, 2, 8, 23, 24]. However, a
limitation of using percentiles is that the same interval
of percentile values corresponds to different changes in
absolute values in different anthropometric indicators.
In addition, the use of percentiles does not allow for
quantification of the change in percentile values near
the extremes of the reference distribution [2, 42]. For
this reason, percentiles should not be used to assess
change in status over time; change in z-score is a better
measure. Future research needs to examine the associations between anthropometric indicators and cutoff
points proposed for assessing growth and long-term
health outcomes. The results may support the use of
different cutoff points than those developed on the
basis of statistical approaches.
Statistical methods and techniques used for curvefitting and smoothing

Since the development of the NCHS/WHO references,
new and better statistical techniques and strategies have
been developed for curve-fitting and smoothing. For
example, the development of the 2000 CDC growth
charts was carried out in two stages: curve-smoothing and transformation. The least mean square (LMS)
method that was introduced in the 1980s [43–45]
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was modified for use in the transformation stage [8,
9]. When the 1977 NCHS/WHO growth curves were
developed, a least-squares-cubic-spline technique
was used [13]. The NCHS/WHO BMI and skinfold
thickness percentiles were developed with the use of
LOWESS (LOcally WEighted regression Scatter-plot
Smoothing) [18].
Different methods will affect the final curves and
cutoff points. For example, the BMI percentiles developed by Must et al. [18] and Hammer et al. [46] on the
basis of the NHANES I data are not identical. Take the
5th percentile for white adolescents aged 18 years as an
example. According to Must et al., the BMI values for
this percentile are 17.5 for males and 16.9 for females;
according to Hammer et al., the corresponding values
are 18.3 and 17.2. For the 95th percentile, Must et
al. found BMI values of 29.9 for males and 29.2 for
females; the corresponding values for Hammer et al. are
29.7 and 31.0. Different curve-fitting and smoothing
techniques were used in these two studies. In general,
methods that summarize the centiles as an underlying distribution, such as the LMS method, “borrow
strength” from neighboring ages and centiles and thus
make better use of the data than the separate centilefitting methods used in the NCHS/WHO references.

Inconsistency between preadolescents and
adolescents
Different anthropometric parameters, terminology,
and statistical cutoff points are used in the current
NCHS/WHO references regarding the classifications
of overweight, obesity, and underweight for preadolescents (< 10 years) and adolescents (≥ 10 years)
(table 1). This inevitably leads to inconsistencies of
prevalence estimates across the age boundary. A new
reference should ensure that the same definitions apply
across the age range in order to avoid these problems
of inconsistency.

Racial or ethnic differences and secular
trends in growth and maturation patterns
Racial or ethnic differences and secular trends in
growth, body composition, body build, and sexual
maturation are likely to complicate the interpretation of
anthropometric measures and cutoff points [28, 47–54].
Some of these problems are addressed in other articles
in this issue. An important reason for supporting the
use of the US CDC/NCHS growth charts as an international standard (i.e., the NCHS/WHO references)
was the consensus that environmental factors rather
than genetics are the main determinants of betweenpopulation differences in child growth. Many studies
of affluent populations have found that the mean
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heights of young children differ little across ethnic
groups in comparison with the socioeconomic variability within a given ethnic group [55]. Data collected
among privileged groups of children in developing
countries show that child growth is influenced mainly
by socioeconomic status and not by race or ethnicity,
and that the distributions of weight-for-height and
height-for-age values for the privileged groups and
the US CDC/NCHS reference population are nearly
identical [15].
It is worth noting that the consensus that environmental factors rather than genetics are the main determinants of between-population differences in child
growth applies mainly to young children; however,
limited information is available about older groups,
and not all researchers share the consensus view. For
example, Ashcroft and Desai [56] reviewed data collected from infants and children of African, Indian,
Chinese, and European origin in Guyana and Jamaica
in order to compare the influence of ethnic origin and
environment on anthropometric measurements. They
found that the mean heights and weights of African and
European children were greater than those of Indian
and Chinese children. African children had greater
weight-for-height and greater arm circumferences but
smaller triceps skinfolds than Indian children. The
authors argued that these differences, which could not
be explained by nutritional or other environmental
causes, indicated that ethnic origins could not be disregarded when assessing nutritional status by anthropometric measurements. It is accepted that there are
some variations in the growth patterns among children
of different racial or ethnic groups even in developed
countries, although these variations are relatively small
compared with the large worldwide variation in growth
related to health, nutrition, socioeconomic status, and

environmental factors [1]. In table 2 we present the
height medians for 10- and 12-year-old boys and girls
in several growth references and populations as examples. Some experts in the field have argued against the
use of universal international references [65].
A limited number of studies have examined the
between-population differences in older children’s
and adolescents’ growth patterns. Growing evidence
suggests that there are large between-population differences in their growth and sexual maturation patterns
(see other papers by Beunen et al. [66] and by Haas
and Campirano [67] in this issue). This is likely to pose
even more uncertainty and concern regarding the use
of the US NCHS reference in populations other than
the US population, in particular populations in developing countries [2].
Evidence is insufficient to disregard the contribution of genetic factors to the between-population differences in growth in adolescents, especially height.
Data collected from a group of 818 Bengali boys from
middle-class families in India showed that the median
height curve of the boys had a similar shape to that of
the NCHS/WHO reference but on average was approximately 5 cm lower than the NCHS/WHO reference
(ranging from 2.4 cm to 7.8 cm) [68]. The researchers
suggested that these differences were the result of a
combination of genetic and environmental influences.
Another, more recent study conducted among affluent
urban Pakistani adolescents aged 10 to 15 years found
that the younger adolescents were taller than the US
2000 CDC growth references but the older adolescents
were shorter [69].
Some studies have shown differences in young
people’s height across industrialized countries (see
table 2), and other data suggest that considerable differences may exist between different ethnic groups even

TABLE 2. Comparison of median heights (centimeters) of 10- and 12-year-old boys and girls in different populations with
growth references
Boys

Girls

Country or growth reference

10 yr

12 yr

10 yr

12 yr

Source

NCHS/WHO reference
US 2000 CDC reference
UK 1990 reference
China
National average
High-income group
France
Italy (Central and North)
Italy (South)
Netherlands
Spain
Swedish 1995 reference
Swedish 2002 reference

137.5
140.1
138.4

149.7
150.9
148.4

138.3
139.8
138.4

151.5
153.4
149.8

Hamill et al., 1979 [13]
Kuczmarski et al., 2000 [8]
Freeman et al., 1995 [57]

132.5
136.2
135.6
139.5
137.9
143.2
136.5
140.1
141.1

142.5
146.2
145.9
151.3
149.1
154.0
146.7
150.5
152.1

132.1
136.3
134.7
139.6
138.6
143.3
136.7
140.1
141.1

143.6
148.5
147.7
152.6
150.9
155.3
148.4
153.0
153.9

Ge et al., 1995 [58]
Sempe et al., 1979 [59]
Cacciari et al., 2002 [60]
Fredriks et al., 2000 [61]
Hernandez, 1988 [62]
Lindgren et al., 1995 [63]
Wikland et al., 2002 [64]

NCHS, National Center for Health Statistics; WHO, World Health Organization; CDC, Centers for Disease Control and Prevention
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within the same country. For example, on the basis of
nationwide data collected between 1994 and 2000 from
approximately 55,000 Italian schoolchildren aged 6
to 20 years, Cacciari et al. [60] reported that children
in central and northern Italy were taller and heavier
than their counterparts in the South. At the end of
the growth period, the average difference between the
Center and North and the South was 2.4 cm for girls
and 2.7 cm for boys. The authors argued that these
differences in height were unlikely to be due to social,
environmental, or nutritional factors. In addition, published data show that age at adiposity rebound varies
across populations [29].
Secular changes in growth, body composition, and
sexual maturation may complicate the interpretation
of anthropometric measures such as weight-for-height
and BMI. This poses a challenge for the development
of both local and international anthropometric references. For example, Wells et al. [53] showed that for a
given BMI value, contemporary Cambridge children
have more fat mass and less lean mass than the British
reference child. Their findings suggest that BMI-based
assessments have underestimated the increase in
children’s fatness. Changes over time in the relationship between BMI and body composition will give a
misleading predicted risk of future adult illness. These
changes in the relationship between BMI and health
outcomes may make it difficult to justify using fixed
age- and sex-specific BMI cutoff points developed from
another country such as the United States to assess
obesity, particularly in societies that have been experiencing dramatic socioenvironmental changes. Thus,
there are two key decisions involved: selection of the
database (local data versus data from other places) and
choice of cutoff points (e.g., 85th or 90th percentile).
However, the reality is that unless each country develops its own reference, which is not feasible or recommended [2], we will inevitably have to use references
developed on the basis of data collected from some
populations in many other countries.

Uncertainty and inadequacy in assessing
linear growth in adolescents
As addressed in previous sections, there are considerable between-population differences in adolescents’
linear growth (see table 2). It is likely that at least a
part of these differences is due to genetic factors, and
this has fueled the debates and concerns regarding the
use of growth standards developed on the basis of data
from one country to assess the linear growth in other
populations, in particular in developing countries. Such
concerns were expressed in the WHO Expert Committee’s 1995 report [2].
A small change in the standard can result in large
differences in the prevalence of stunting. For example,
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Eckhardt and Adair [70] compared the NCHS/WHO
and 2000 CDC references for stunting in Filipino children from birth to 16 years. Although the CDC stated
that the differences between the two references were
minor on the basis of US data, these authors found that
the differences in the prevalence of stunting according
to the two references were large and inconsistent. For
example, the prevalence was approximately 45% on the
basis of the NCHS/WHO reference versus 61% on the
basis of the 2000 CDC reference in girls aged 8.5 years,
47% versus 37% in girls aged 11.5 years, and 44% versus
48% in girls aged 15 years. On the basis of the NCHS/
WHO reference, the prevalence remained relatively
consistent between the ages of 8.5 and 15 years, whereas
on the basis of the 2000 CDC reference, it decreased.
Similarly, Moestue et al. [71] found differences in stunting prevalence among Bangladeshi children depending
on whether the NCHS/WHO, CDC 2000, or British
1990 reference was used.

The growing global obesity epidemic
The NCHS/WHO references do not meet the need to
address the growing global obesity epidemic. Increasing numbers of studies published worldwide show that
the prevalence of overweight and obesity has increased
over the past two decades in both developed and
developing countries and that we are facing a global
epidemic of childhood obesity [72, 73]. Traditionally,
the WHO growth references have been developed and
widely used with a focus on addressing malnutrition
problems. To assess childhood obesity, different classifications and references have been advocated by different organizations and used in different regions and
countries (see table 3).
For example, recently a number of countries, including the United States, the United Kingdom, France, and
China, have developed or re-endorsed their own BMI
percentiles for the classification of child and adolescent
obesity. These BMI cutoff points differ considerably
[8, 75–78], which can result in very different estimates
of obesity prevalence. For example, Zimmermann et
al. [79] compared the BMI values of a representative
national sample of 595 6- to 12-year-old Swiss schoolchildren with the US, UK, French, and Swiss references.
Depending on which reference was used, the prevalence of obesity varied between 9.7% and 16.1% and the
prevalence of overweight between 21.7% and 34.2%.
The WHO weight-for-height references for defining
overweight in children have been used in many previous studies. However, the use of the WHO references
for defining overweight and obesity in adolescents
has been very limited. Many researchers have chosen
instead to use the US 85th and 95th BMI percentiles
developed by Must et al. [18] or their local references,
such as 120% of ideal body weight. This has made it
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TABLE 3. Classifications of child and adolescent overweight and obesity
Classification
WHO reference

Overweight
Child (6–9 yr): WHZ >

Data and reference population

Obesity
2a

Child (6–9 yr): no reference US NHANES I
data (1971–74)

Source
WHO, 1995 [2]

Adolescent (10–18 yr):
BMI 85th percentile
(called “at risk of overweight”)

Adolescent (10–18 yr):
BMI ≥ 85th percentile, and
subscapular and triceps
skinfolds ≥ 90th percentile

IOTF reference

≥ BMI-for-age cutoffs
derived from BMI–age
curves passed BMI of 25
at age 18

≥ BMI-for-age cutoffs
derived from BMI–age
curves passed BMI of 30
at age 18

Data from USA,
Brazil, Britain,
Hong Kong, the
Netherlands, and
Singapore

Cole et al., 2000
[24]

“Old” US BMI percentiles

≥ BMI 85th percentile
(called “at risk of overweight”)

≥ BMI 95th percentile
(called “overweight”)

US NHANES I
data (1971–74)

Must et al., 1991
[18]

“New” US BMI percentiles (2000 CDC
Growth Chart)

≥ BMI 85th percentile
(called “at risk of overweight”)

≥ BMI 95th percentile
(called “overweight”)

US NHANES
Kuczmarski et al.,
data (1971–1994) 2000 [8]

European–French
BMI reference

≥ BMI 90th percentile

≥ BMI 97th percentile

Data from the
French population

Poskitt, 1995 [74];
Rolland-Cachera et
al., 1991 [75]

WHO, World Health Organization; WHZ, weight-for-height z-score; NHANES, National Health and Nutrition Examination Survey; IOTF,
International Obesity Task Force; BMI, body-mass index; CDC, Centers for Disease Control and Prevention.
a. A z-score of 2 corresponds to the 97.7th percentile.

difficult to make international comparisons. In order
to develop a universal reference for the classification
of childhood obesity, Cole et al. developed a series of
sex- and age-specific BMI cutoff points based on data
collected in six countries (the United States, Brazil, the
United Kingdom, Hong Kong, the Netherlands, and
Singapore) and linked to the WHO-recommended
BMI cutoff points of 25 and 30 used to define overweight and obesity in adults [24]. These cutoff points
differ from the current WHO BMI cutoff points and
therefore yield different estimates of the prevalence
of obesity [21, 80]. These BMI cutoff points are also
called the International Obesity Task Force (IOTF)
reference.
Using national data collected from the United States,
China, and Russia, we found that if the US BMI 85th
percentiles (the NCHS/WHO reference for adolescents)
and the IOTF BMI reference were used to define overweight, the prevalence was much lower among adolescents (10–18 years) than children (6–9 years) in China
and Russia, but the prevalences among adolescents
and children were similar in the United States [21]. We
suspect that the age-related difference in prevalence in
China and Russia may be due to a possible difference
between the sensitivity of these references in different
age groups. In other words, these references may be
more sensitive in identifying overweight children than
overweight adolescents in low- and middle-income
countries, for two reasons: growth and development

patterns among populations and the BMI–age relationship in developing countries may be different from that
in the NCHS/WHO and IOTF reference populations;
and between-population differences in sexual maturation status may exist. Children and adolescents from
low- and middle-income countries mature later than
the reference populations [50, 51, 81].
Therefore, the current WHO reference may not be
appropriate for longitudinal assessment of pediatric-age
populations. Although a large body of literature shows
that, in general, about one-third of obese children and
one-half of obese adolescents in the United States and
many other industrialized countries remain obese as
adults [82, 83], our research and that of Mo-suwan et
al. show that on the basis of the WHO and IOTF references, only approximately 10% of overweight children
remain overweight as adolescents 5 to 6 years later
[84, 85]. We suspect that at least part of the remarked
differences is due to a lower sensitivity of the reference
in identifying overweight individuals during adolescence than during childhood in developing countries
[29, 84].
Use of the NCHS/WHO references may result not
only in an underestimation of the obesity problem
among older children and adolescents in developing
countries, but also in an overestimation of the problem
of undernutrition in this age group in these countries.
This will cause considerable misclassification of the
nutritional status of individual children. In the study
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of Indian boys mentioned above, de Onis et al. [68]
reported that the NCHS/WHO reference as well as
three other European BMI-for-age references yielded
an unrealistically high prevalence of underweight. On
the basis of the NCHS/WHO references, the prevalence
of underweight was 51%, as compared with a low
prevalence of stunting of 11.2%.
Recently several researchers have raised concerns
about the use of international references for the classification of childhood obesity, similar concerns exist
about the WHO references regarding obesity [29, 86,
87]. A dilemma is that according to the current consensus, obesity is considered a disease. Thus, ideally it
should be defined primarily on the basis of health consequences and not on the basis of fixed statistical cutoff
points. A corollary of this view is that local references
have advantages when used for clinical assessment. On
the other hand, an appropriate international standard
is beneficial for public health use [2]. To develop a new
international obesity standard, these issues need to be
considered. One possible solution may be to develop
an approach for the adjustments of between-population
differences and to provide alternatives to serve different
goals, as was recently recommended by a WHO Expert
Consultation for the classification of obesity in adults
in certain populations [88]. Recent evidence suggests
that the associations between BMI, percentage of body
fat, and health risks are different in Asian and European
populations. A substantial proportion of Asian people
with BMIs lower than the current NCHS/WHO cutoff
point of 25 for overweight are at high risk for type 2
diabetes and cardiovascular disease. The WHO Expert
Consultation identified BMI values of 23.0, 27.5, 32.5,
and 37.5 as potential public health action points and

proposed methods by which countries could make
decisions about the definitions of increased risk for
their adult populations, although they recommended
that the WHO BMI cutoff points (i.e., 25 and 30)
should be retained as international classifications.

Adjustment for between-population
difference in maturity
Although the WHO Expert Committee suggested
that between-population maturity differences should
be taken into consideration when interpreting the
anthropometric measures on the basis of chronological
age, they did not provide specific and practical recommendations for the adjustment of between-population
differences in sexual maturation. To our knowledge,
few researchers or health professionals have attempted
to adjust for maturity differences when reporting their
results. Yet sexual maturation is closely associated with
growth patterns and nutritional status in children and
adolescents. A large and steadily growing body of literature has addressed these issues.
It is well known that there are large between-population differences in the timing and patterns of maturation [50–52, 81]. For example, 11-year-old American
girls are likely to be at different maturation stages and
to have different growth rates from their counterparts
in India. Using US NHANES III data, we found a
strong association between maturation and overweight
in both girls and boys [89]. Early-maturing girls were
twice as likely as average- and late-maturing girls to
be classified as overweight. In contrast, early-maturing boys were less likely to be classified as overweight
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FIG. 2. Unadjusted and maturation-adjusted prevalence of overweight in Chinese and Russian girls according to age group. Young: 10 to 13 years. Old: 14 to 18 years. The adjusted
prevalence was calculated by using maturational age–matched body-mass index (BMI) cutoff
points (maturational age = chronological age—0.9 for China, and maturational age = chronological age—0.4 for Russia); the unadjusted prevalence was calculated by using chronological
age–matched BMI cutoff points. The total sample size was 1,316 for China and 744 for Russia.
Adapted from Wang and Adair [90]
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(odds ratio, 0.4). Using national survey data for adolescent girls in the United States, China, and Russia,
we examined the potential influence of the adjustment
of between-population maturation differences on
estimates of overweight prevalence [90]. Our analysis
suggests that the adjustment could affect the estimates
considerably for Chinese and Russian girls (see fig. 2).
The adjustment increased the prevalence estimate by
about one-quarter to one-third (in relative terms) for
adolescent girls in China, where children matured
later than the reference population, but decreased the
estimate in the United States, where children matured
earlier. The adjustment had a greater effect in girls
around the age of puberty (10 to 13 years) than in older
girls (14 to 18 years).
One additional issue that needs to be highlighted is
“adiposity rebound,” which refers to the second increase
in BMI during early childhood [91, 92]. It is of concern
that between-population differences in the patterns of
adiposity rebound may exist—in particular, between
populations in industrialized and developing countries.
This may affect the estimate of obesity prevalence for
children at around the age of adiposity rebound when
the international BMI references based upon data
collected in a particular wealthy society are used. Our
preliminary analysis shows that differences exist in
the timing of adiposity rebound (fig. 3), and that there
are secular trends toward an earlier age of adiposity
rebound in some populations [29]. National representative survey data show that the age of adiposity
rebound is around 6 years in France, the Netherlands,
and the United Kingdom, 5.5 years in the United States,
5 years in Italy, but 7 years in China. Interestingly,
recent data collected from a large sample of 96,104
children in Shanghai, the largest and most prosperous



city in China, where the living standard is comparable
to that in many industrialized countries, show that the
age of adiposity rebound has fallen to around 5 years
[29]. The timing of the adiposity rebound corresponds
to the degree of BMI centile crossing in individuals or
groups [93]. An early rebound indicates centile crossing upwards, whereas a late rebound means that BMI is
crossing centiles downwards. This pattern of change in
BMI means that the age of adiposity rebound inevitably
predicts later BMI, as was first shown by Rolland-Cachera et al. [91]. This association between centile crossing
and later changes in BMI applies at all ages, not just at
around 5 years, so the adiposity rebound should not be
viewed as a critical period for obesity development.

Conclusions
In summary, the NCHS/WHO growth references have
played an important role in the past for international
use in assessing child and adolescent growth and
nutritional status. The US NCHS data collected in the
1960s and 1970s were considered the best available at
the time for the development of growth references for
international use. However, the NCHS/WHO growth
references now suffer from a number of theoretical,
methodological, and practical problems. The NCHS/
CDC has developed a new set of growth charts to
replace these old references in the United States, and
WHO has recently developed and recommended the
use of a new international reference for infants and
preschool children. The global obesity epidemic, which
affects both industrialized and developing countries,
poses another challenge to the NCHS/WHO references.
The history of the development and evolution of the
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WHO-recommended growth references over the past
several decades is a dynamic one. Improvements and
changes are often made when adequate new knowledge
and better data are available. There is a need for a new
international reference to assess the nutritional status
and growth of school-aged children and adolescents.
A reevaluation of the NCHS/WHO references and the
development of a new international growth reference
for children and adolescents are therefore two goals of
high priority.
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Cross-sectional growth references and implications for
the development of an international growth standard
for school-aged children and adolescents

Jacob C. Seidell, Colleen M. Doak, Jeroen S. L. de Munter, Lothar D. J. Kuijper,
and Cor Zonneveld
Abstract
Normative data are needed to create a reference that
indicates optimal development of weight in relation to
height and age, particularly in the face of the unfolding
obesity epidemic. The body-mass index (BMI) has some
serious limitations: it is a relatively poor predictor of current and future fatness. Currently, however, there are few
available alternatives, with the possible exception of waist
circumference or skinfolds. The use of cross-sectional references to construct a BMI-reference curve is problematic
when there are period and cohort effects. Ideally, a reference would be based on longitudinal data in populations
with little underweight, overweight, and obesity.
In the meantime cross-sectional data in appropriate
populations could be used to construct BMI percentiles
linking BMI values at age 5 to those at age 18 (or 21)
that would correspond with adult BMI values reflecting
optimal health (e.g., that would correspond to adult BMI
values between 21 and 23 kg/m²).

Key words: Growth reference, school-aged children,
longitudinal data

Introduction and rationale

and Agriculture Organization (FAO) to consider the
feasibility and appropriateness of developing a single
international growth reference or standard for schoolaged preadolescents and adolescents. In particular, the
attendees outlined a process for evaluating the potential
content and appropriateness of an international growth
standard presenting children’s optimum growth, rather
than a growth reference describing the current growth
status of a particular population, some of whom may
not be growing optimally.
The purpose of this chapter is to describe the uses
of cross-sectional growth references and their implications for the development of an international growth
reference or standard.
References for specific growth measurements or indicators can be developed for different purposes [1]:
» Identification of individuals or populations at risk
for disease;
» Selection of individuals or populations for interventions;
» Evaluation of the impact of interventions;
» Excluding individuals or populations from interventions (i.e., those predicted to be not at risk);
» Achieving normative standards.
Ideally, references are suitable for all of these purposes, at both the individual and the population level
(e.g., to estimate prevalences, estimate time trends, and
make comparisons between populations).

Background

In 2003, a meeting in Rome brought together representatives from the Department of Nutrition for
Health and Development of the World Health Organization (WHO), the United Nations University Food
and Nutrition Program (UNU-FNP), and the Food
The authors are affiliated with the Institute for Health Sciences, Vrije Universiteit Amsterdam, Amsterdam.
Please direct queries to the corresponding author: Jacob
C. Seidell, Vrije Universiteit Amsterdam, De Boelelaan
1085, 1081 HV Amsterdam, The Netherlands; e-mail: jaap.
seidell@falw.vu.nl.

Criteria for an international growth reference

Prescriptive approaches for the development of growth
standards should describe the height and weight of
populations in which undernutrition (“malnutrition”)
and overnutrition are virtually absent and the prevalence of conditions related to suboptimal nutrition or
diseases that affect optimal growth is low. This means
that, if such data exist, the data should be taken from
populations with an exceptionally low prevalence of
stunting, infectious diseases, and noncommunicable
chronic diseases, such as cardiovascular disease, type 2
diabetes, musculoskeletal disorders, and cancer.
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TABLE 1. Common terms for height- and weight-based anthropometric indicators
Anthropometric indicator

Terms describing
outcomes

Low height-for-age

Shortness
Stunted

Low weight-for height

Thinness
Wasted

High weight-for-height
or high BMI

Heaviness

Low weight-for-age

Lightness
Underweight

High weight-for-age

Heaviness
Overweight

Overweight

Terms describing process

Explanation

Stunting (gaining insufficient height
relative to age)

Descriptive
Implies long-term malnutrition
and poor health

Wasting (gaining insufficient weight
relative to height or losing weight)

Descriptive
Implies recent or continuing
current severe weight loss
Descriptive

Gaining excess weight relative to
Implies obesity
height, or gaining insufficient height
relative to weight
Gaining insufficient weight relative to
age, or losing weight
Gaining excess weight relative to age

Descriptive
Implies stunting and/or wasting
Descriptive
Implies overweight as a result
of obesity

BMI, body-mass index
Source: [1].

Table 1 shows the common terms used to describe
deviations from optimal growth on the basis of heightfor-age, weight-for-height, weight-for-age, and bodymass index (BMI), based on the 1995 WHO Expert
Committee report on physical status [1]. This table
has no category deviating from optimal health that
describes high height-for-age (tallness). Such a category might be useful, because during the last 30 years,
several researchers have found a negative correlation
between greater height and longevity on the basis of
relatively homogeneous deceased population samples
[2]. Studies suggest that people with shorter, smaller
bodies have lower death rates and fewer diet-related
chronic diseases, especially after middle age. Shorter
people also appear to have longer average lifespans.
It has been suggested that the differences in longevity
between the sexes is due to their height difference,
because men on average are 8.0% taller than women
and have a 7.9% lower life expectancy at birth. Animal
experiments also show that smaller animals within the
same species generally live longer. The relation between
height and health has become more important in recent
years, because rapid developments in genetic engineering may offer parents the opportunity to increase the
heights of their children. Increasing the proportion of
taller and heavier people over the generations without
careful consideration of the impact of this increase may
have a negative effect on the health of populations. The
increased risk of several important types of cancer, such
as colon and breast cancer, in taller people and populations may be a particular concern [3].

To the best of our knowledge, there is no objective
inventory of countries or populations in which health
is systematically assessed that allows the identification
of a population with optimal health. In fact, WHO
commonly divides the world into three regions with
regard to health:
» Developing countries with high mortality (the
poorest nations, with high prevalences of infectious
diseases, undernutrition, and stunting);
» Developing countries with low mortality (e.g.,
countries undergoing economic transition and
experiencing the double or triple burden of disease,
which implies the coexistence of a high prevalence of
diseases of poverty, emerging chronic diseases, and
injuries);
» Developed countries with a high prevalence of noncommunicable diseases.
This means that, currently, there are no regions with
optimal health (i.e., low prevalence of diseases of poverty, chronic diseases, and injuries).
It is likely that, when undergoing an economic
transition, populations have experienced a rapidly
declining incidence of communicable diseases and
diseases related to poverty before the onset of noncommunicable diseases. We propose that somewhere
between the 1950s and the 1970s, the developed countries (or subpopulations of countries) came close to
the description of optimal health some time after the
introduction of major public health measures, such
as improved sanitation, increased food availability,
and statewide immunization programs, but before the
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epidemic increases in cardiovascular disease, type 2
diabetes, and cancer.

sion of the child being measured. The revised growth
charts provide an improved tool for evaluating the
growth of children in clinical and research settings.

Current international references

De Onis et al. [4] published the results of a survey
across United Nations member states on the uses of
growth references. A questionnaire was sent to Ministries of Health in 202 countries requesting information
about growth charts for various uses. Responses were
received from 178 countries, 154 of which included
growth charts. Although the study focused on children
from birth to 6 years of age, it is clear that only a small
fraction (25 of the responding countries) used national
growth charts, and the rest used the references of the US
Centers for Disease Control and Prevention/National
Center for Health Statistics (CDC/NCHS), which are
described in more detail in the following section. More
affluent countries are more likely to use national reference charts, and it may be that, as is the case for the
Netherlands, combinations of national references and
International Obesity Task Force (IOTF) cutoff points
for overweight are used simultaneously. Globally, however, the CDC charts are the most widely used.
The CDC growth references

The most commonly used growth references are those
of the US Centers for Disease Control and Prevention
(CDC).* The growth charts consist of a series of percentile curves that illustrate the distribution of selected
body measurements in US children. The 1977 growth
charts were developed by CDC/NCHS as a clinical tool
for health professionals to determine if the growth of
a child is adequate. The 1977 charts were adopted by
WHO for international use. When the 1977 CDC/
NCHS growth charts were first developed, CDC/NCHS
recommended that they be revised periodically as necessary. With more recent and comprehensive national
data now available, along with improved statistical
procedures, the 1977 growth charts were revised and
updated to make them a more valuable clinical tool for
health professionals. The 2000 CDC/NCHS growth
charts represent the revised version of the 1977 CDC/
NCHS growth charts. Most of the data used to construct these charts come from the National Health and
Nutrition Examination Survey (NHANES), which has
periodically collected information on height, weight,
and other health-related features from the American
population since the early 1960s.
Growth charts are not intended to be used as a sole
diagnostic instrument. Instead, growth charts are tools
that contribute to forming an overall clinical impres* The CDC growth charts are available at: http://www.
cdc.gov/nccdphp/dnpa/growthcharts/training/modules/
module2/text/page5i.htm.

The 2000 CDC growth charts and the new BMI-forage charts

The addition of the BMI charts is probably the single
most significant new feature of the revised growth
charts [5]. These BMI-for-age charts were created
for use in place of the 1977 weight-for-stature charts.
BMI (the weight in kilograms divided by the square
of the height in meters) is used to judge whether an
individual’s weight is appropriate for his or her height.
BMI is the most commonly used measure to determine if adults are overweight or obese and is also the
recommended measure to determine if children are
overweight. The new BMI growth charts can be used
clinically for children beginning at 2 years of age, when
an accurate height can be obtained. In recent years,
BMI has received increased attention for pediatric use.
In 1994, an expert committee charged with developing guidelines for overweight in adolescent preventive
services (ages 11 to 21 years) recommended that BMI
be used routinely to screen for overweight adolescents.
In addition, in 1997 an expert committee on the assessment and treatment of childhood obesity concluded
that the BMI curves from the revised growth charts
should be used to screen for overweight children, aged
2 years and older. BMI can also be used to characterize
underweight, although no expert guidelines exist for
the classification of underweight on the basis of BMI.
Each of the CDC BMI-for-age sex-specific charts
contains a series of curved lines indicating specific percentiles. Table 2 shows the established cutpoints used
by healthcare professionals to identify underweight and
overweight in children.
Chinn [6] has argued that because the current CDC
reference distribution is composed of data from five
surveys, it does not represent the US population at any
one time. Also, the rationale for using the percentiles
to diagnose underweight is described poorly.

TABLE 2. Cut-points for body-mass index (BMI) to identify
overweight and underweight in children established by the
Centers of Disease Control, 2000
Underweight

BMI-for-age < 5th percentile

Normal

BMI-for-age 5th percentile to
< 85th percentile

At risk of overweight BMI-for-age 85th percentile
to < 95th percentile
Overweight

BMI-for-age > 95th percentile
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classification of overweight in children and
adolescents

Growth standards aim to describe growth in the
absence of underweight, stunting, or overweight. Many
attempts in the past have focused on identification of
children and adolescents at the extremes of the distributions of weight-for-height or BMI. One such example
is the IOTF proposal for an international definition of
overweight and obesity using BMI [7].
For each of six surveys (from six different countries:
Brazil, Great Britain, Hong Kong, the Netherlands,
Singapore, and the United States), centile curves for
BMI were drawn so that at the age of 18 years, the 85th
and 95th centiles passed through the widely used cutoff
points of 25 and 30 for adult overweight and obesity,
respectively. The resulting curves were averaged to

J. C. Seidell et al.

provide age- and sex-specific cutoff points from 2 to
18 years [7].
Ideally, the definitions of overweight and obesity
should be based on the risk of morbidity, but there
is currently insufficient information about children
to allow such classification. Internationally accepted
definitions are desirable to allow for comparisons
between populations and to evaluate time trends. There
is no international consensus on which pediatric cutoff
points should be used. Chinn [6] has cited five objections to the use of the IOTF cutoff points:
» Z-scores of BMI are required;
» No cutoff points for underweight and severe obesity
are designated;
» The IOTF may under- or overestimate overweight in
comparison to national definitions;
» The IOTF does not include children under the age
of 2 years;
»
If comparison with an earlier study
for which the raw data are not available is
required, then there will be no alternative
but to use the earlier study’s definition.
But this does not preclude the additional
use of the IOTF definition where data are
available.
Other critics of the IOTF cutoff points
include Reilly [8, 9], who argued that the
sensitivity of the IOTF cutoff points was
low to detect obesity defined by using
bioelectrical impedance and high when
UK cutoff points are used. The inherent
limitations of BMI to reflect body composition, however, cannot be addressed
by modifying cutoff points.
Flegal et al. [5] demonstrated that
the CDC definition of obesity results in
higher prevalences of obesity than the
IOTF definition, but this can be explained
by the fact that the CDC uses the 95th
percentile and the IOTF uses the 96th or
97th percentile, corresponding to a BMI
of 30 kg/m2 at the age of 18.
Although the IOTF cutoff points have
been criticized, the idea that BMI criteria by age for children and adolescents
should, at ages reaching adulthood, correspond to the BMI cutpoints used in adults
is appealing. If not, an individual may be
considered obese according to criteria for
adolescents at age 18 and 19 but not acoording to criteria for adults and this may
lead to confusion for both the individual
and their healthcare providers.

FIG. 1. Centiles of body-mass index (BMI)-for-age in the US population
(CDC). The centiles are marked that correspond to the adult range of BMI
between 21 and 23, which is defined as optimal for adults by WHO [1].
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Using the IOTF rationale for establishing a definition
of optimal growth

Several WHO reports have suggested optimal BMIs for
adult populations. The report on “Diet, nutrition and
the prevention of chronic diseases” [10] states (page 69)
that “to achieve optimum health the median population
should be in the range of 21–23 kg/m2, while the goal
for individuals should be to maintain BMI in the range
of 18.5–24.9 kg/m2.”
In order to establish whether or not BMI develops
optimally, it would be possible to have BMI “isobars”
that correspond with BMIs at 21, 22, and 23 for adults.
It may be advisable to use BMI at 19 or 20 years of age
rather than 18 years as the adult reference [11] and to
use national centiles rather than Cole’s centiles based
on a mixture of countries.
Ideally, these “centiles” would also correspond to the
new WHO growth standards for children aged 5 years
or younger. Figure 1 shows an example using the CDC
centiles for boys. A BMI of 23 at the age of 20 corresponds to the 50th percentile, and a BMI of 21 to the
25th percentile. This would imply that optimal growth
in the United States therefore should be maintained
between the 25th and 50th BMI percentiles.
Methodological limitations of cross-sectional growth
references

One assumption of using BMI-for-age centiles is that
only age effects are described and that there are no
period or cohort effects. Thus, children are expected to
follow these centile lines as they age. If there are major
cohort effects, for instance, an increase in BMI over
time, as seen in many populations across the world,
longitudinal centile lines will deviate from the crosssectional centile lines.
An example of this is seen in fig. 2, derived from a
mixed longitudinal study of adults in the Netherlands
[12]. The “longitudinal” curve is an estimate based
on linking the longitudinal 10-year follow up. Ideally,


however, a reference population should be based on a
population with little or no secular trends in BMI for
the relevant age groups.
Consequently, BMI may be a poor determinant of
adult BMI or fatness. For instance, the Amsterdam
Longitudinal Study of Growth and Health monitored
adolescents from the age of 12 onwards in 1970. In
these children, at the ages of 12 to 16, no boys and
only very few girls met the criteria of overweight
according to the IOTF cutoff points, yet a considerable
proportion of these children ended up as overweight
adults (BMI > 25) [13]. In addition, the BMI has poor
validity for the measurement of body composition in
adolescents (particularly in boys) [13, 14] and as an
outcome of lifestyle interventions, particularly when
these involve an increase in physical activity [15].

A comparison of BMI development in
children and adolescents in different
national datasets
Main objectives

Our objective in this paper is to identify samples of
adolescents from different populations who have
minimal undernutrition and minimal overweight on
the basis of socioeconomic status. We also considered
whether such prescriptive samples could provide the
basis for a possible reference population by comparing it with survey data from the Netherlands [16], and
whether the prescriptive sample could be used to reflect
optimal BMI for all children. Afterwards, we calculated
the relationships of BMI with height and age. This was
done to better understand the relationship between
height and BMI and to explore whether differences
in BMI between Asian and non-Asian populations
are driven by height differences. Finally, we explored
whether scaling for height differences improved BMI
comparisons.

Methods
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FIG. 2. Relationship of body-mass index (BMI) and age based
on cross-sectional data and on a projection of longitudinal
10-year follow-up data in a mixed longitudinal design from
the Netherlands. After Nooyens et al. [12]

Subjects

This comparison used national survey data from seven
different countries. These large representative datasets
are from Brazil, the United States, China, Indonesia,
Kyrgyzstan, Russia, and the Netherlands. All analyses
were performed on adolescents aged 10 to 18 years.
Pregnant adolescents were excluded. Other exclusion criteria were missing height, weight, or socioeconomic status determinants. The sample sizes are
listed below.
Brazil: Pesquisa Nacional sobre Saude e Nutricao
(PSNS, 1989). The survey was conducted by the Insti-
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tuto Brasileiro de Geografia e Estatistica (IBGE), the
federal agency in charge of national statistics. The
sample included 11,500 adolescents; of these, 396 were
excluded from the analyses.
China: Health and Nutrition Survey (CNHS, 1993).
The CHNS is a large national longitudinal survey
covering eight provinces. The provinces were chosen
to reflect the variability in geography and economic
development of China. The sample included 2,009 adolescents; of these, 379 were excluded from the analyses.
Indonesia: Family Life Survey (IFLS, 1993). The
1993 IFLS was the first wave of a longitudinal survey
conducted in 321 communities and 13 provinces by
the RAND Corporation in collaboration with Lembaga
Demografi, University of Indonesia. The survey is representative of 83% of the population of Indonesia. The
survey included 3,520 adolescents; of these, 288 were
excluded from the analyses.
Kyrgyz Republic: Multipurpose Poverty Survey
(KMPS, 1993). The survey was conducted under the
direction of researchers from the University of North
Carolina at Chapel Hill, Paragon Research International, and the Institute of Sociology of the Russian
Academy of Sciences. The survey was nationally representative. We included 1,076 adolescents in the analyses.
Russia: Longitudinal Monitoring Survey (RLMS,
1996). The survey was based on round 7 of the RLMS.
The survey included 1,942 adolescents; of these, 138
were excluded from the analyses.
United States: Third National Health and Nutrition
Examination Survey (1991). NHANES III was conducted from October 1988 through October 1994 in
two phases, each of which included a national probability sample. The survey design used stratified, multistage probability analyses. In 1991, data were available
from 3,600 adolescents; of these, 1,063 were excluded
from the analyses.
Netherlands: Third Growth Study (1980). The
third growth study was nationally representative. We
included 16,524 adolescents in the analyses.
Of the survey data, we used the sex, height, age, and
income or education variables. All data were analyzed
by SAS version 8.02. We used Epi Info’s Nutstat to calculate the height-for-age z-scores and the BMI-for-age
z-scores.
Definitions of undernutrition and overweight

Undernutrition (stunting) was defined as a height-forage z-score (HAZ) < –2 of the 1977 CDC/WHO reference standards. The cutoff point for overweight was
the 85th BMI percentile from the 2000 CDC/NCHS
growth charts. To identify the income group with the
least malnutrition, we determined the prevalence of
undernutrition (HAZ < 2) and overweight (BMI >
85th percentile) in five different socioeconomic status
groups.
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Comparison of socioeconomic status

In Brazil, Indonesia, China, the Kyrgyz Republic, and
Russia, we used per capita household expenditures
as an indicator of socioeconomic status. In the US
NHANES III, a proportional scale was used for income.
In the Dutch dataset, we used level of education as
our socioeconomic status variable. Five equal groups
were created per country according to total household
expenditures, household income, or level of education.
Thereafter, we examined the prevalence of stunting and
overweight in each of these groups. Because only the
Dutch dataset used level of education, we shall refer to
the groups as “income” groups.
Minimal stunting and minimal overweight

In countries with a high prevalence of undernutrition, the samples for our reference were drawn only
from high- and middle-income groups, depending
on the association between income and obesity. If the
prevalence of obesity increased rapidly in the highest-income group, samples were drawn only from the
middle-income groups.
Odds ratios were used to determine the inclusion
of children from each income group, selecting only
those income groups that reflect optimal health and
balancing stunting and overweight. The results were
compared across populations and to the Dutch dataset
by one-way ANOVA.
Height–age relationship and BMI

Height and age are both associated with changes in
BMI. We compared the relationship of height and age
with BMI across countries. This was done to better
understand the relationship between height and BMI
and to explore whether differences in BMI between
Asian and non-Asian populations are driven by height
differences. For comparative purposes, we have taken
the top 80th income percentile and above for all countries. Our main reason for selecting this upper percentile is that height-related undernutrition (i.e., stunting)
is not very common in this income group. When, for
any reason, the upper-income group had a higher
prevalence of stunting than the middle-income group,
we used the middle-income group in these analyses.
We performed multiple linear regression analysis,
defined in terms of the following formula, to check for
an interaction between height and age:
BMI = β0 + β1 * age + β2 * height + β3 * (height*age)
Second, we performed stepwise multiple linear regression analysis.
We used height and age as our independent variables
and BMI as the dependent variable:
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BMI = β0 + β1 * age + β2 * height

Results

This regression model, bearing BMI as the dependent
variable, explained how height and age are associated
with changes in BMI. If height or age is not significantly associated with BMI, the stepwise regression will
exclude the nonsignificant variable.
Adjustment for height

As stated in the Introduction and Rationale, we are
interested in comparing data from children who grow
and mature at different rates in different countries. One
way to measure a child’s relative height growth is to
compare the current height with the final adult height
in that population. By using this method, we get a proportional height compared with the final adult height.
We used height as a proxy for maturation.
We calculated the median final height for boys and
girls in all populations. Data from the Netherlands and
China were used as examples. We used the Dutch population in 1980 as our reference population, because at
that time there was virtually no undernutrition and a
low prevalence of overweight (5% to 7% according to
the IOTF cutoff points). If the plots between the countries differed, we transformed the age variable to find
any maturation differences.

Minimal stunting and overweight

The prevalence of overweight in Indonesia and China
was low among all income groups (table 3). In Indonesia and China, the prevalence of stunting was lower in
higher-income groups (odds ratios for income group 5
versus 1, 0.31 for Indonesia and 0.32 for China).
The prevalence of overweight in Russia was lower in
the higher-income groups. We found the highest prevalence of overweight in the lowest income group (odds
ratio, 0.82 for income groups 3–5 versus 1–2). The
prevalence of stunting was almost equal in all income
groups, except for the lowest group (odds ratio, 0.62 for
income groups 3–5 versus 1–2). Kyrgyzstan, which is
geographically located between the Asian countries and
Russia, showed an “Asian” trend in stunting prevalence
(odds ratio, 0.6 for income groups 3–4 versus 1–2). In
the Kyrgyz Republic, the prevalence of overweight was
highest in the lowest-income groups (odds ratio, 0.75
for income groups 3–4 versus 1–2). The prevalence of
overweight in the Kyrgyz Republic showed a high-lowhigh pattern over the income groups.
In Brazil, high-income groups had a low prevalence of stunting (odds ratio, 0.19 for income group 5
versus 1) and a relatively high prevalence of overweight
(odds ratio, 3.54 for income group 5 versus 1). In the
United States, the prevalence of stunting was below
5% in all income groups, and the prevalence of overweight was lower in the upper-income groups than in
the lower-income groups (odds ratio, 0.66 for income
group 5 versus 1).

TABLE 3. Prevalence of overweight and stunting as percentage of the population for categories
(country-specific quintiles) of income (1 = lowest; 5 = highest) in different countries
Income group
Country

Condition

I

II

III

IV

V

Indonesia

Overweight
Stunting

4
60

4
56

4
54

4
42

5
33

China

Overweight
Stunting

6
34

4
31

3
22

6
20

8
14

Kyrgyz Republic

Overweight
Stunting

20
35

18
32

15
25

15
24

18
25

Russia

Overweight
Stunting

13
10

10
6

11
4

9
5

9
6

Brazil

Overweight
Stunting

4
33

6
25

7
18

7
13

14
7

United States

Overweight
Stunting

32
4

32
4

27
3

30
2

24
1

Netherlands

Overweight
Stunting

6
1

7
1

6
1

6
1

3
1
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The US and Brazilian data both showed a high
prevalence of overweight in the upper-income groups.
Therefore, we split the upper-income group (> 80th
percentile) for Brazil and the United States (table 4).
In the United States, the highest income group had the
lowest prevalence of overweight. In Brazil, the exact
opposite was observed, with the highest-income group
having the highest prevalence of overweight.

age may serve as a proxy for maturation. They both
measure the approximate timing of maturation. When
height was plotted against BMI we observed a relatively
high correlation coefficient in all countries (~ 0.7 < r
< 0.8).
Table 5 shows the output from the linear regression
model. Height predicted significant changes in BMI for
boys in six out of seven countries and in three out of
seven countries for girls.

Height–age relationship and BMI

We found an interaction between the effects of height
and age on BMI in girls from Brazil and the Netherlands (fig. 3). In these girls, the effect of height on BMI
changes with increasing age.
Multicollinearity

From a biological point of view, both height and
TABLE 4. Prevalence of overweight among Brazilian and US
adolescents from upper-income families
Prevalence of overweight (%)
Income
percentile
80–90

Income
percentile
90+

Odds ratio

Brazil
Male
Female
Total

10
11
10

16
20
17

1.82
1.91
1.89

USA
Male
Female
Total

24
29
27

19
20
20

0.76
0.61
0.68

Adolescents

Adjustment for height

The median adult height for Dutch and Chinese adolescents was 182 cm (Netherlands) and 167 cm (China)
in boys and 168 cm (Netherlands) and 157 cm (China)
in girls. The difference in height between Dutch and
Chinese boys and girls was 14.5 and 11.5 cm, respectively. The adult height values were used to calculate
the scaled height. Figure 3A shows the graph of Dutch
and Chinese boys on the transformed height axis. The
Dutch and Chinese girls showed a different pattern
(fig. 3B). Multiplying the Chinese age by a factor of
0.97, based on visual comparison, resulted in a growth
curve comparable with the Dutch data (fig. 3C). Application of this procedure to data from other countries
gave similar results.

Discussion
We used WHO definitions for overweight and stunting, which resulted in a high prevalence of stunting for
the Asian countries. It is questionable, given American
standards, how undernourished these Asian children
truly are. Although a much lower prevalence is seen
in higher-income groups, the absolute prevalence of

TABLE 5. Multiple linear regression results according to country
Country

Gender

Linear regression, BMI dependent

p, age

p, height

SES %ile

Indonesia

Boys
Girls

3.723 + 0.279*age + 0.258*height
2.052 + 0.341*age + 0.249*height

< 0.001
< 0.001

< 0.001
< 0.001

80+
80+

China

Boys
Girls

11.645 + 0.172*height
11.290 + 0.380*age

< 0.001

0.032

80+
80+

Russia

Boys
Girls

9.786 + 0.520*age
0.048 + 0.198*age + 0.309*height

< 0.001
0.033

0.001

80+
60–80

Kyrgyz Republic

Boys
Girls

22.803 + 0.455*age + –0.515*height
21.634 + 0.526*age + –0.565*height

< 0.001
< 0.001

< 0.001
< 0.001

40–80
40–80

Brazil

Boys
Girls

2.688 + 0.473*height
Interaction between age and height

< 0.001

80+
80+

USA

Boys
Girls

0.715 + 0.417*height
10.263 + 0.360*age

< 0.001

80+
80+

Boys
Girls

5.824 + 0.306*age + 0.274*height
Interaction between age and height

< 0.001

All

Netherlands

SES, socioeconomic status

< 0.001
< 0.001
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FIG. 3. A. Data from boys from the Netherlands and China plotted on a scaled height axis. B. Data from girls from the Netherlands and China plotted on a scaled height axis. C. Data from Chinese girls scaled to data from girls from the Netherlands

stunting remains high. In our analyses, we have shown
that it is possible to select prescriptive samples from
each dataset that can be used to build an international
growth reference. However, the Dutch dataset shows
a lower prevalence of stunting and overweight in all
income groups. Given the large sample size in the
Dutch dataset, it may be preferable to use it as the
prescriptive international standard.
The US NHANES III data from 1991 show a very
high prevalence of overweight in adolescents, and
therefore these data were excluded from the 2000
CDC reference. Even selecting a “relative” prescriptive
subsample from the highest-income group resulted in
a prevalence of overweight of greater than 20%. Thus,
it is advisable to use only US data obtained prior to the
obesity epidemic.
Maturation differences between populations play a
major part in the age- and sex-dependent distribution
of BMI. The transformation process using adolescent
height partially adjusts for these maturation differences. The multiple linear regressions show that the
correlation between height and BMI is significant.
Transforming actual height to achieved adult height
in the population is a way to adjust for height differences among populations. We are still developing this
promising method and modeling optimal international
BMI cutoff values using this procedure.
It is important to keep in mind that in order to
develop international BMI cutoff points, strong evidence-based research on health outcomes related to
overweight in children and adolescents is needed.
Without this information, the interpretation of BMI
thresholds will be more or less arbitrary.

Conclusions
There is no single international growth pattern for
adolescents. Populations from different countries
show different growth patterns. It is possible to select

subpopulations within countries that show a relatively
low prevalence of overweight and undernutrition.
In this paper, subpopulations were selected on the
basis of a measure of socioeconomic status (per capita
household income, expenditures, or level of education).
The distributions of BMI values of these prescriptive
subpopulations showed a more uniform pattern and
may be used to further develop prescriptive references
for BMI.
When the BMI distribution of the Dutch dataset is
compared with those of the selected subpopulations,
the Dutch show the lowest prevalence of overweight
and stunting in all income groups. These data show
that the Dutch population may serve as a better international reference than the prescriptive subpopulations
within diverse countries.
It is possible to transform height and to compare
the BMI distributions of populations with height differences. This method could be extended and used to
calculate national BMI reference charts from one single
international reference based on a prescriptive population with minimal stunting and overweight.
This approach to determining optimal BMI cutoff
points differs from those used for the current sets of
BMI cutoff points for children. Future development
of an international prescriptive BMI reference can be
used to reflect optimal BMI for all children of the same
age, sex, and height and may be used to target further
international research and interventions for overweight
children.
The following conclusions can be drawn from this
study:
» We need normative data for the development of a
BMI reference, particularly in the face of the unfolding obesity epidemic;
» BMI has some limitations (it is a relatively poor
predictor of current and future fatness), but there
are few available alternatives (except, possibly, waist
circumference or skinfolds);
» The use of cross-sectional references is problematic
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when there are period and cohort effects;
» “Isobars” of BMI percentiles linking BMI values at age
5 to those at age 18 (or 21) would correspond with
adult BMI values that, in terms of health risks, could
be interpreted differently in diverse populations.

J. C. Seidell et al.
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Long-term longitudinal studies and implications for
the development of an international growth reference
for children and adolescents

John H. Himes
Abstract
This report reviews 21 long-term, longitudinal studies
of physical growth as background for the International
Growth Reference for Children and Adolescents (IGRCA)
initiative. Longitudinal studies form a large share of the
evidence base for much of the knowledge on normal
growth of children, and the collective experience from
their long history is instructive relative to future studies
that may result from the IGRCA. Many of the studies
were initiated in the 1920s and 1930s when some current
techniques, such as the use of doubly labeled water for the
assessment of energy expenditure or dual-energy x-ray
absorptiometry (DEXA) for the study of body composition, were not available. Nevertheless, many well-established protocols for anthropometry and for assessment of
somatic maturation are as important today as they were
in the past. With some important exceptions, few of the
studies collected detailed information on dietary intake
or child health and illness. Genetic or familial factors
were limited as well. Many lessons can be drawn from
the past experience with prominent longitudinal growth
studies. Nevertheless, the exact design, sampling, and
measurement protocols chosen for future growth studies emanating from the IGRCA effort must be carefully
linked to specific research questions and the explicit
purposes for which the resultant data will be used.

Key words: Growth, longitudinal study, maturation,
reference data
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Introduction and rationale
Background

In 2003, a meeting in Rome brought together representatives from the Department of Nutrition for
Health and Development at the World Health Organization (WHO), the United Nations University Food
and Nutrition Program (UNU-FNP), and the Food
and Agriculture Organization (FAO) to consider the
feasibility and appropriateness of developing a single
international growth reference or standard for schoolaged preadolescents and adolescents. In particular, the
attendees outlined a process for evaluating the potential
content and appropriateness of an internationally applicable growth standard, presenting children’s optimum
growth, rather than a growth reference describing the
current growth status of a particular population, some
of whom might not be growing optimally. This meeting launched the International Growth Reference for
Children and Adolescents (IGRCA) effort. Included in
the plan of action emanating from the Rome meeting
was commissioning a series of articles to review the
available science critical for evaluating the feasibility,
appropriateness, and potential content of an international growth reference for school-aged and adolescent
children.
An obvious source of guidance concerning potential
design and content of research leading to international
growth references is long-term longitudinal studies of
physical growth and maturation of children. Longterm longitudinal studies are important to consider,
for several reasons. First, new research yielding an
international growth reference may follow children longitudinally because of the importance of using growth
increments or growth rates to evaluate children, and
the requirement for measurements on multiple occasions to derive such estimates of growth velocity. Also,
if the reference data are to extend through adolescence,
an important indicator of maturational timing of the
adolescent spurt, i.e., peak height velocity (PHV),
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requires measurements of the same individuals on
multiple occasions over a period of years. Following the
same children over time may be more efficient in some
situations than using cross-sectional designs, because
fewer children are required to be recruited.
Long-term longitudinal studies of physical growth
and maturation are particularly relevant to consider for
the IGRCA, because they have been the evidence base
for much of the scientific knowledge on normal growth
in children, provide successful examples of longitudinal
study designs, have identified important measurements to collect, have well-established measurement
protocols, provide data and experience concerning
meaningful measurement intervals, and have often
been the basis for previous growth and maturation
reference data.
Focus and scope

The focus and scope of this review serve to identify
those long-term longitudinal studies of physical growth
and maturation to be considered, as well as to identify
aspects of the studies that are most relevant to the
IGRCA. The studies reviewed are observational in
nature and represent normal or typical development
of individuals in the populations studied. Ideally, the
studies include at least the school-age years from 5 or 6
years of age through adolescence for the same individuals; these are usually purely longitudinal studies that
enrolled all children at a similar age and followed them
regularly for long periods of time. In practice, there
have been few such studies, and investigators often have
used mixed-longitudinal designs, enrolling children at
staggered ages and following them for shorter periods,
while still covering a wide total age range.
Shorter-term longitudinal studies (under 4 years),
those focusing on sick children or children with a specific condition (e.g., achondroplasia, cerebral palsy),
and studies linked with experimental interventions
or drug treatments are not considered. Studies limited only to the preschool years or with gaps between
examination visits (more than 2 years) are not included.
Finally, studies collecting data on only stature and
weight, with less than 100 participants, or spanning less
than six whole-year age groups have not been included.
For example, the Berkeley Growth Study was an influential study, but it included only 61 participants [1].
In the Melbourne Longitudinal Study [2], there were
insufficient details published about specific measurements for the study to be useful, even though it met the
other inclusion and exclusion criteria.
An effort has been made to include those aspects
and variables of the longitudinal studies that are most
relevant to the goals of the IGRCA and to the development of widely applicable growth standards. For
example, specialized data collections or measurements
collected routinely that are unlikely to be considered for

J. H. Himes

the IGRCA (e.g., dermatoglyphics, craniofacial growth,
visual acuity) are not reviewed. Many longitudinal
studies have included large batteries of psychological
tests in order to study mental and psychosocial development. Although these are important aspects of child
development, the measurements are not discussed here,
because they are unlikely to be included in studies
emanating from the IGRCA.
General approach

Long-term longitudinal studies of physical growth and
maturation meeting the above criteria were identified
from the scientific literature. An effort was made to
be comprehensive, although some studies may have
been overlooked. The goal was to apply the knowledge
gained from longitudinal studies to the IGRCA effort,
rather than to make an exhaustive list of longitudinal
studies per se. Consequently, unless the omitted studies have truly unusual characteristics, any omissions
should not appreciably affect the conclusions drawn.
Descriptions of earlier American longitudinal studies
have been published [3], as have summaries of those
studies (mostly conducted on preschool children)
coordinated through the International Children’s
Centre [4]. Tanner [5] has provided useful historical
contexts to the chief longitudinal studies in America
and Europe.
To simplify current reference to the longitudinal
studies, selected aspects have been summarized, and
each study has been assigned a number and an abbreviated name (table 1). The sections that follow are organized according to pertinent aspects of the studies with
implications for the IGRCA program.

Study design and participants
Study dates and designs

Many of the most prominent American longitudinal
studies, such as the Iowa, Third Harvard, Denver,
Guidance, Fels, and Brush studies, started between
1920 and 1932 (table 1). The dates on which the
longitudinal studies were initiated are only indirectly
relevant to the present discussion, in that technology
and measurement protocols may have changed over
time; consequently, caution may be required in using
the same methods now, because they are no longer
appropriate. For example, in the Iowa study, subcutaneous fat thicknesses were measured starting in 1929
with a Franzen spring caliper [30], well before caliper
jaw surface areas and tension were standardized in the
Harpenden and Lange calipers that were developed in
the 1950s and early 1960s [31, 32].
The relatively early dates of many of the longitudinal studies also explain why some factors now known

Iowa
3rd Harvard
Denver
Guidance
Fels
4th Harvard
Brush
California Boys
Harpenden
Paris
Philadelphia
Zurich
West Bengal
Stockholm
Wroclaw

Saskatchewan
Leuven
Nymegen
Leeds
Mexico
Western Australia

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

16
17
18
19
20
21

1964–1973
1968–1974
1971–1976
1972–1985
1977–1980
1981–1986

1920–1934
1922–1934
1927–1967
1928–1947
1929–present
1930–1956
1931–1942
1932–1939
1948–1971
1953–1975
1948–1968
1954–1976
1952–1966
1955–1978
1961–1972

Dates

a. Formal names have been shortened for ease of reference.
b. Pure longitudinal for boys, mixed longitudinal for girls.

Study namea

Study
no.
0–18
6–17
0–21
0–18
0–21
0–18
0–17
11–17
3–18
0–21
6–17
0–20
0–21
0–17
8–18
7–17
12–18
4–14
9–18
10–15
8–17

Pure/mixedb
Pure
Mixed
Mixed
Mixed
Mixed

Age (yr)

Mixed
Pure
Pure
Pure
Pure
Pure
Mixed
Pure
Mixed
Pure
Mixed
Pure
Mixed
Pure
Pure

Design

TABLE 1. Major longitudinal studies of growth and maturation of children

305
588
467
396
510
438

2,484
1,553
334
136
1,036
134
999
233
420
542
1,930
413
562
212
470

No. of children

Saskatchewan, Canada
Leuven, Belgium
Nymegen, Holland
Leeds, UK
Mexico City, Mexico
Perth, Australia

Iowa City, USA
Boston, USA
Denver, USA
Berkeley, USA
Ohio, USA
Boston, USA
Cleveland, USA
Berkeley, USA
London, UK
Paris, France
Philadelphia, USA
Zurich, Switzerland
West Bengal, India
Stockholm, Sweden
Wroclaw, Poland

Area and country

Meredith, 1935 [6]; Boynton, 1936 [7]
Dearborn et al., 1941 [8]
McCammon, 1970 [9]
Tuddenham and Snyder, 1954 [10]
Roche, 1992 [11]
Stuart,1939 [12]
Simmons, 1944 [13]
Stolz and Stolz, 1951 [14]
Tanner, 1962 [15]
Sempe et al., 1979 [16]
Krogman, 1970 [17]
Prader et al., 1989 [18]
Das et al. 1986 [19, 20]
Karlberg and Taranger, 1976 [21]
Bielicki and Waliszko, 1975 [22];
Waliszko and Jedljnska, 1976 [23]
Mirwald, 1978 [24]
Beunen et al., 1988 [25]
Prahl-Andersen et al., 1979 [26]
Buckler, 1990 [27]
Faulhaber, 1989 [28]
Blanksby, 1994 [29]

Reference
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to play major roles in child growth, such as physical
activity and diet, were infrequently or poorly measured,
and why measurements made with newer technologies
such as DEXA and doubly labeled water are absent.
Also, data that were collected at earlier dates in the
longitudinal studies represent populations absent any
secular changes that may have occurred since that time.
Accordingly, direct comparisons of current data values
with those from older samples should be done with
caution. For example, in the Fels Longitudinal Study,
the mean body-mass index (BMI) of adolescent girls
was 1.19 kg/m2 higher than that of girls born in the
period from 1929 to 1946, and the girls born between
1965 and 1983 had a correspondingly greater total
increase in BMI during adolescence [33].
By definition, longitudinal studies collect multiple
observations on children, and in the present case, they
do so over long periods of time. As seen in table 1,
the major longitudinal studies have used both purely
longitudinal and mixed-longitudinal designs. Usually,
studies of very large numbers of children, such as the
Iowa and Philadelphia studies, have mixed-longitudinal
designs. Specific implications of various study designs
for the IGRCA are addressed by Cole in a separate
contribution to this issue [34].
Visit schedules and intervals between measurements

The timing of scheduled examinations of participants

and the intervals between them have several implications for uses and interpretation of the resultant
data. During periods of rapid growth, more frequent
examination visits allow a more complete description
of the patterns of growth, although costs and logistical
difficulties increase accordingly. The frequencies of
examination visits for selected one-year periods are
summarized in table 2. Within each of the one-year
periods, the visits were usually scheduled at equal
intervals; for example in the Stockholm study, the four
visits from birth to 0.99 years of age were scheduled at
1, 3, 6, and 9 months. The frequencies of examination
visits are higher during infancy and adolescence, which
are periods of rapid growth.
The optimum timing and frequency of examination
visits in a longitudinal study should be dictated primarily by the intended applications of the resultant data,
and secondarily by the available labor and financial
resources. If a chief purpose of an IGRCA longitudinal study is to produce growth reference data relative
to age during middle childhood and adolescence, the
examination visits during adolescence must be frequent
enough to characterize the abrupt changes in growth
velocity during the adolescent spurt and to identify
accurately the age at peak height velocity in individuals. This level of description requires examinations at
intervals of no longer than 6 months, and preferably
at intervals of 3 to 4 months during the full range of
years when almost all children will go through adoles-

TABLE 2. Frequency of examination visits for measurement of stature and weight within selected age periods of one year for
longitudinal studies
Study
no.

Study name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Iowa
3rd Harvard
Denver
Guidance
Fels
4th Harvard
Brush
California Boys
Harpenden
Paris
Philadelphia
Zurich
West Bengal
Stockholm
Wroclaw
Saskatchewan
Leuven
Nymegen
Leeds
Mexico
Western Australia

0–0.99
yr

1.0–1.99
yr

5.0–5.99
yr

8.0–8.99
yr

4
—
7
4
4
5
3
—
—
5
—
5
1
4
—
—
—
—
—
—
—

4
—
2
4
2
2
2
—
—
4
—
2
2
2
—
—
—
—
—
—
—

2
1
2
1
2
2
1
—
2
2
—
1
1
1
—
—
—
1
—
—
—

1
1
2
2
2
2
1
—
2
2
1
2
1
1
1
1
—
1
1
—
2

12.0–12.99 14.0–14.99 17.0–17.99
yr
yr
yr
1
1
2
2
2
1
1
2
4
2
1
2
2
4
1
1
1
1
3
2
2

1
1
2
2
2
1
1
2
4
2
1
2
2
4
1
1
2
1
3
2
2

1
1
2
2
2
1
1
2
4
2
1
1
1
4
1
1
2
—
3
—
1
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cence. During the years preceding adolescence, annual
examinations are probably sufficient to adequately
capture the patterns of growth.
It is important to note that the optimum intervals
between examination visits for a longitudinal study that
will use data in the aggregate for a growth reference
are not necessarily the same as the optimum intervals
for detecting growth in individual children. In the
former application, the intended task is to estimate
means and quantiles of attained growth and growth
velocity, and to describe the characteristic patterns of
changes in growth velocity with reasonable precision
and accuracy. The precision and accuracy of means and
quantiles of size and velocity are primarily dependent
on the number of children and the sampling frame at a
given age, whereas the accurate description of changes
in growth velocity depends on having sufficiently
frequent examination visits to capture the features of
the growth curve. In contrast, the optimum intervals
between serial measurements of individual children to
detect meaningful growth depend on the reliability of
the measurements, the normal variation in child size
on the target ages, and the expected rates of growth
[35]. Because attained size and rates of growth vary
systematically according to age, so do the minimal time
intervals between examinations that are necessary to
detect growth.
Some of the longitudinal studies provide acceptable
tolerances for the target ages for examination visits.
For example, visit tolerances from the Fels longitudinal
study are presented in table 3 [11]. From the 6-month
visit until the visit at 7.5 years, the tolerance is about
1% of chronological age; tolerance then decreases as
the child gets older. The small tolerances for schedTABLE 3. Tolerances (± no. of days) for target ages at examination at the Fels Longitudinal Study
Target age
≤ 6 mo
9 mo
1.0 yr
1.5 yr
2.0 yr
2.5 yr
3.0 yr
3.5 yr
4.0 yr
4.5 yr
5.0 yr
5.5 yr
6.0 yr
6.5 yr
7.0 yr
≥ 7.5 yr
Source: Roche [11].

Tolerance (days)
2
3
4
5
7
9
11
12
14
16
17
18
22
23
25
30

uled examinations provide data points very close to
prescribed ages and make age-specific reporting convenient. Furthermore, small tolerances minimize agerelated covariance and the resulting inflated standard
deviations of growth variables in age-specific samples.
Nevertheless, some examinations invariably will occur
outside of the prescribed tolerances. In the past, to
ensure the precision of age-group definitions, these offschedule data may not have been included in reports.
More recently, investigators have used the serial data
for individuals and mathematical functions to interpolate measurements at exact ages when needed, for
example, for calculation of increments [36, 37], or have
used statistical approaches for group analyses that can
accommodate differences in age at examination [11].
Participants

It is difficult to ensure that participants in long-term
longitudinal studies are statistically representative of
national populations because of the relatively small
samples and the requirement to retain participants who
live in convenient locations for multiple clinic visits
over long periods. Accordingly, individuals with long
series of measurements are a self-selected subsample
of all participants.
The participants in most of the longitudinal studies
are from families of middle or upper-middle socioeconomic status, defined according to local standards at
the time. Nevertheless, in several studies, such as those
from Leuven, Saskatchewan, Wroclaw, and Stockholm,
care was taken to sample multiple socioeconomic levels
or even to explicitly stratify samples according to socioeconomic status.
Almost all of the longitudinal studies have primarily participants who are white children of European
heritage. The exceptions to this generalization are
the Philadelphia study, with its planned inclusion
of African-American children, and the West Bengal
and Mexico samples, which included local children
who usually would be considered Indian or Latino,
respectively. A few African-American participants were
included in the Third Harvard and the Fels longitudinal
studies, but their data usually have not been reported.
The details concerning recruitment of study participants at or near the time of birth into the longitudinal
studies are sketchy, although prenatal clinics were the
source for the Fourth Harvard and the Stockholm
studies, and sampling from birth records is indicated
for the Iowa and Guidance studies. Several of the studies, including the Third Harvard, Guidance, Mexico,
Wroclaw, Leeds, Philadelphia, and California Boys
studies, recruited participants from local schools. The
Harpenden study is unique among the longitudinal
studies in sampling residents of a children’s home (near
London).
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For the IGRCA, the key issue in identifying participants for a longitudinal study leading to development
of a growth reference will be the specific intent of the
final product. If the resulting growth reference is prescriptive and provides a standard of optimum growth,
much attention must be given to definition and selection of the children, their families, and even communities to meet the conceptual desiderata. If the resulting
growth reference is to provide current descriptions of
the growth of children in naturally occurring populations, participants will need to be identified through
sampling frames that are statistically representative. It
will be logistically crucial to enroll children (and their
families) in ways that will ensure their continued participation and retention in the study cohorts.

Chief measures and data collected
Anthropometry

The anthropometric dimensions measured most commonly in the longitudinal studies (in at least three
studies) are presented in table 4. Weight and stature
were the only measurements included in every study at
all ages. Recumbent length was measured in all studies
that included examination visits for infants and children less than 3 years of age. Several studies (the Fels,
Fourth Harvard, Brush, and Zurich studies) included
recumbent length measurements at every visit throughout childhood and adolescence, or at least through
middle childhood (the Stockholm study). Certainly,
weight and stature are the anthropometric dimensions

TABLE 4. Anthropometric dimensions measured most commonly in the longitudinal studies (identified by study number
according to table 1)
Anthropometric
dimension

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

Weight

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

Heights
Stature
Sitting
Subischiala

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

—

n

n

—
—

n

n

n

—

n

n

n

n

—

n

—

n

—

—

n

n

n

Lengths
Recumbent
Crown-rump
Arma

n

—
—

n

—

n

n

n

n

n

n

n

n

n

n

n

n

n

—

—

n

n

n

—

n

—
—
—

—
—
—

—
—
—

—
—

n

—
—
—

—
—

n

—

—
—

n

—

—

n

—
—

—
—

n

n

—

—

n

—
—

n

n

—

n

n

n

—

n

n

n

n

n

—

—

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

—

—

—
—

—

—

n

—

n

—

—

—

—

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

—

n

—

—

—
—

—
—

—

n

—
—

n

n

—
—

—
—
—

—

n

n

—
—
—
—
—

—

n

—
—
—

—
—

n

—
—

n

n

n

n

—

—

—

n

n

n

n

n

n

—

n

n

n

—

n

n

n

—
—

n

n

—
—
—

—

n

—
—
—

n

n

—
—
—
—
—
—
—

n

—
—
—
—
—
—

n

n

n

n

n

n

n

n

—
—

—

—

n

n

—
—

—
—

—
—

—
—

—

Breadths
Biacromial
Biiliac
Bitrochanteric
Knee
Elbow
Chest
Head
Circumferences
Head
Chest
Thigh
Calf
Arm
Abdominal
Hip
Skinfolds
Triceps
Biceps
Subscapular
Suprailiac
Calf
Abdominal

n

—
n
n

—
n
n
n
n

—
—
n
n
n
n

—
—

—
—
—
—
—
—

n

n

n

—
—

—
—

—
—

n

n

n

n

n

—

n

n

—

—

n

n

n

n

—

—
—
—

n

n

—

n

n

n

n

n

n

—
—
—

n

n

n

n

n

n

n

n

—

—
—
—
—
—

n

n

—
—
—

—
—

—

—
—

—
—

—
—
—
—
—
—

n

—
—
—
—
—
—

—
—
—
—
—
—

—

n

n

n

n

n

—

n

n

n

n

n

—

—
—

—
—

n
n

n

—
n
n
n
n
n
n

n
n
n
n

—

n

n

—
—
n

—
—
—
—
—
—
—
—
—
—
—
—
—
—

a. The dimension may be measured directly or derived from other measurements.

n
n

—

n

—
n
n

—
—
n
n
n
n

—
—

—
—
—
—
—
—

n
n

n
n

n

n

n

n

n

n

n

n

n

—

—

—

n

n

—

—

n

n

n

n

n

n

n

n

n

—
—

n

n

n

n

n

n

n

n

n

n

—

—
—

n

n

—
—

—

n

—
—
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used most widely in clinical and public health settings
for general evaluation of healthy development and as
indicators of undernutrition, subsequent health risk,
and overweight and obesity [38].
Sitting height was measured in all studies except for the
Guidance study, where crown–rump length, which provides very similar information, was measured. The only
segment length commonly measured was arm length.
Body breadths or widths have been used as measures
of frame size and as anthropometric predictors of body
composition [39]. The body breadths most commonly
included in the longitudinal studies were biacromial
(shoulder) and biiliac (hip) breadths; measurements
of bony breadths at the knee and elbow were almost
as common. Although ankle and wrist breadths were
measured rarely in the longitudinal studies (only in the
Third Harvard and Denver studies), they have been
shown, at least in adults, to be good predictors of lean
mass while being virtually uncorrelated with body fat;
consequently, they are excellent candidates to aid in
discriminating between fat and lean [40].
The most commonly measured circumferences in
the longitudinal studies were those of the arm, calf,
and chest. Arm and calf circumferences have become
important anthropometric indicators of undernutrition [38], whereas chest circumference was commonly
used as a measure of frame size in the past [39]. Head
circumference is routinely used for clinical evaluation
of children but was not always included in the longitudinal studies, even during the first few years of growth
when head size is of most interest to clinicians.
Few of the longitudinal studies routinely measured
waist or abdominal circumference and hip circumference. Almost all of the longitudinal studies, however,
were initiated (and many completed) before the first
general recognition of the importance of waist and
hip circumferences as measures of visceral and subcutaneous fat distribution and as indicators of health
risk [41]. Certainly, any new longitudinal studies that
consider cardiovascular or diabetic risk factors should
include waist and hip circumferences to document the
development of these dimensions that have become so
important as indicators of subsequent health risk.
Skinfold thicknesses measure the double thickness
of compressed skin and subcutaneous fat at particular
body sites. Subcutaneous fat has received attention
because of its accessibility with noninvasive methods
and because it is highly correlated with total body fat
[42]. Even though skinfold protocols and calipers were
not fully standardized until after 1950, skinfolds were
included in many of the longitudinal studies. The most
common sites for skinfold measurements were the triceps, subscapular, and suprailiac sites, which have been
recommended repeatedly because of reliability, validity, and risk prediction [43]. In the Fourth Harvard,
Denver, and Fels longitudinal studies, subcutaneous
fat thicknesses were measured without compression

directly from soft-tissue radiographs taken at several
trunk and extremity sites, including deltoid, forearm,
thigh, calf, 10th rib, and hip [44]. At Fels and Saskatchewan, the traditional measures of fatness and body
composition have been augmented by DEXA and
bioelectric impedance in recent years.
For some of the longitudinal studies, growth variables routinely derived from direct measurements
were specified. These derived variables are generally
of two sorts, projected segment lengths and ratios or
indexes. The anthropometric methods passed on from
the nineteenth century measured body segment lengths
as projected differences between theoretical horizontal
planes at the levels of bony landmarks that were measured as heights from the floor. For example, projected
arm length was derived as the difference between the
height of acromion (the most lateral point of the acromial process of the scapula) and the height of dactylion
(the most distal point of the third finger with the arm
hanging naturally at the side). Several of the longitudinal studies, such as the Third Harvard, Fels, Brush,
Philadelphia, and Mexico studies, included some of
these traditional landmark heights and used them to
derive segment lengths. Subischial length (or height),
the difference between stature and sitting height, is
one of the few vestiges of this traditional approach of
projected lengths that is commonly included in anthropometric protocols nowadays [46].
Several longitudinal studies specifically mentioned
derived measures that were routinely calculated as
ratios or indexes: e.g., stature:sitting height, biacromial
breadth:biiliac breadth, sum of skinfolds, and bodymass index (weight in kilograms divided by the square
of stature in meters). Obviously, these derived variables
may have been calculated from the same direct measurements and used routinely in other studies as well,
but not mentioned in the study descriptions.
Measures of maturation

Measures of maturational status collected in the longitudinal studies are presented in table 5. Skeletal
maturation was assessed in almost all of the longitudinal studies. Skeletal maturation is especially attractive because it provides quantitative estimates of
maturational progress from infancy through much of
adolescence [47]. Measurement of maturational status
based on a radiograph of the hand and wrist was the
most commonly used method in the longitudinal
studies, reflecting the early work of Baldwin et al. [48]
and Todd [49], which was later extended by Greulich
and Pyle [50], Tanner et al. [51], and Roche et al. [52].
Skeletal maturation assessments based on radiographs
at other joint sites were included mainly in response to
the early scoring systems proposed by Todd that were
subsequently developed fully only for the knee [47, 53]
and the foot-ankle [54].
The ages at eruption or emergence of deciduous and
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TABLE 5. Measures of maturational status in the longitudinal studies (identified by study number according to table 1)
Maturation
measure

1

Skeletal
Hand-wrist
Knee
Elbow
Foot-ankle
Shoulder
Hip

n

—
—
—
—
—
—

Dental
Deciduous
eruption
Permanent
eruption
Sexual—male
Genital
Pubic hair
Axillary hair
Testicular
volume
Voice change
Sexual—female
Breast
Pubic hair
Axillary hair
Menarche

2

3

4

5

6

7

8

n

n

n

n

n

n

—
—
—
—
—

—
—
—
—
—

n

n

n

n

—
—
—
—

—
—
—
—

n

n

n

n

n

n

—

—

—

—

n

—

n

—

—

—
—
—
—

—
—
—
—

—
—
—
—

—
—
—
—

—

—

—

—
—
—
—

—
—
—

—
—
—
—

n

9

10

11

12

13

n

n

n
n

n

—
—
—
—

n

—
—
—
—
—
—

n

—
—
—
—
—

—
—
—
—
—
—

n

n

—
—
—
—
—

—
—
—
—
—

n

—

—

n

n

—

—

—

n

n

n

—

n

n

n

—

—

—

n

—
—
—
—

n

n

—
—
—
—

n

—

—
—
—
—

n

—
—

—
—
—
—

—

—

—

—

—

—

—

—
—
—
—

n

—
—
—
—

—
—
—
—

—
—
—
—

—
—
—
—

n

n

n

—
n

n
n

permanent teeth or the number of teeth erupted at a
given age can be used as measures of dental maturation [55]. A few of the longitudinal studies collected
this information on dental development, and at Fels
additional measures of individual tooth maturation
were assessed from panoramic radiographs. Eruption of the primary dentition is primarily controlled
genetically and is extremely resistant to environmental
factors [56]. Eruption of the permanent dentition, or
the number of permanent teeth at a given age, is a
useful measure of somatic maturation for groups but is
insufficiently sensitive to be useful for individual-level
applications [57].
The development of secondary sexual characteristics
was assessed in many of the longitudinal studies as an
indicator of sexual maturation. Descriptive stages of
the qualitative changes in type and distribution of body
hair and of the development of genitalia in males and
breasts in girls had been proposed before most of the
early longitudinal studies were initiated [58], but the
stages were not standardized and routinely recorded
until after the work of Nicolson and Hanley [59] and
Reynolds and Wines [60, 61]. After these stages of
sexual maturation were made more available by Tanner
[15], most of the longitudinal and other growth studies adopted his stages, and in some cases even have
referred to them as Tanner stages.

n
n
n

n

—

n

—
n

16

17

18

n

n

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—
—

—

—

—

n

—

—

n

n

—
—
—
—

n

—
—
—
—

—

—

—

n

—
—
—
—

n

—
—
—
—

n

n

—

n

—
n

14

19

20

21

n

n

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

n

—

—

—

—

n

—

—

—

—
—
—
—

—
—
—
—

n

n
n

—

—

n

n

—
—
—
—

n

n

—
—

—

—

—

—

—

—

—

n

—

—

n

n

—
—
—
—

n

n

n

—
—
—
—

n

n

—
—
—
—

n

n

—
—
—

n
n

n

15

n

n

—
—

Testicular volume, assessed by palpation and comparisons with models of known volume, was used as a
measure of sexual maturation in some of the longitudinal studies that were begun after 1950. Voice change
in boys was routinely recorded only in the Stockholm
longitudinal study, but the reliability and validity of this
indicator were quite good [21]. Most of the longitudinal
studies recorded menarcheal status as an indicator of
sexual maturation in girls.
An important indicator of maturational timing
derived in many of the longitudinal studies was age
at PHV or peak stature velocity, the estimated age of
maximum velocity of growth in stature during the
adolescent spurt. As a cautionary note, the timing and
intervals between measurements during the adolescent
spurt and the method used to estimate the peak age can
result in surprisingly large differences [11].
For growth studies that are developed as part of the
IGRCA, measures of somatic maturation should be
carefully considered, especially if the adolescent years
are included. During adolescence, significant variation
in growth variables is associated with maturational
status, even within strictly defined chronological age
groups [62]. Moreover, the times of maturational
thresholds or landmarks, such as peak height velocity
or menarche, have become important descriptors of the
tempo of development [38].
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The exact maturational measurements and indicators
used for IGRCA studies must depend on the specific
purposes of their use, technical and personnel requirements for their implementation, and the acceptability
of the measurements [38]. For example, although the
ionizing radiation associated with a hand-wrist radiograph is minimal, it may not be acceptable to some
national or local policies concerning radiation safety.
Direct observation of secondary sex characteristics may
not be acceptable to some communities or individuals,
even if conducted by observers of the same sex.
Hematologic and biochemical measurements

Few of the longitudinal studies routinely drew blood
samples or obtained urine. Exceptions to this pattern
were the Denver and Nymegen longitudinal studies. At
Denver, blood was obtained at the regularly scheduled
examination visits and was assayed for what we would
now call a complete blood count (CBC) and also for
sedimentation rate, total cholesterol, alpha-lipoprotein
cholesterol, beta-lipoprotein cholesterol, total protein,
fibrinogen, albumin, and alpha-, beta-, and gammaglobulins. At Nymegen, regular hematologic measurements included hemoglobin, hematocrit, erythrocyte
count, serum iron, iron-binding capacity, transferrin
saturation, immunoglobulin concentration, and gonadotropin concentration.
At Fels, serum alkaline phosphatase, high-density lipoprotein cholesterol, low-density lipoprotein
cholesterol, and urinary creatine and creatinine were
measured for a number of years. Hemoglobin and
erythrocyte count were measured routinely in the
Fourth Harvard study, and urinary gonadotropins
were measured on four annual occasions in the Leeds
study.
Hematologic and biochemical measures may be considered for IGRCA studies for many purposes, including selection criteria for participation in the studies,
description of the general health and nutritional status
of the participants, indicators of sexual maturation,
or as outcome variables of interest relative to specific
research questions. The previous longitudinal studies
offer little guidance on specific measurements that
should be taken, but experience with the Denver and
Nymegen studies indicates that routine sampling for
hematologic and biochemical measurements can be
successfully incorporated into long-term longitudinal
efforts.
Measures of feeding or diet

As a part of the Fourth Harvard longitudinal study,
Bertha Burke developed the dietary history method
[63] of recording the kind, amount, and frequency of
foods consumed during a period of 1, 3, or 6 months,
covering the interval since the previous interview.
Burke trained Virginia Beal, who directed the nutrition
component in the Denver study. The Denver study used

the Burke dietary history, as well as four 24-hour recalls
on different days close to each scheduled examination
visit [64]. Analyses of the dietary data from these two
longitudinal studies were very influential, and they
were highly unusual at the time because of their longitudinal nature. At Fels, maternal diet (e.g., Sontag et al.
[65]) and breastfeeding and diet in infancy [66] were
studied for a period of years in the longitudinal study
participants. Nevertheless, few detailed dietary data
were collected in the other longitudinal studies as part
of their routine long-term protocols.
The dietary history and 24-hour recall methods are
still often used in forms fundamentally unchanged
from the way they were applied in the longitudinal
studies, although there have been major advances
in the nutrient and food databases used with them.
Nevertheless, whether and how dietary intake per se
should be measured for IGCRA-related studies, again,
must depend on the specific research questions to be
answered by the studies.
Physical activity, fitness, and exercise

Physical activity per se or proxy measures for energy
expenditure by participants were not of major interest
in the longitudinal studies; indeed, even in the general
scientific literature, these concerns only became more
prominent in the last quarter of the past century.
The Saskatchewan longitudinal study originated in a
department of physical education and kinesiology at
a comparatively late date (1964), so it is not surprising that questionnaires assessing physical activity and
sports participation were routinely applied. Nevertheless, similar data were not collected in the other longitudinal studies, even those initiated more recently and
housed in similar academic departments, such as the
Leuven and West Australia studies.
Several of the longitudinal studies (i.e., the Iowa,
Guidance, California Boys, Leuven, Nymegen, and
West Australia studies) included one or more measures
of static strength, such as grip strength, arm pull, or leg
pull. The Saskatchewan, Leuven, and West Australia
studies also included measures of explosive and functional strength, flexibility, speed of limb movement, and
running speed. The Saskatchewan and West Australia
studies also measured pulmonary function and working capacities. Clearly, the longitudinal studies focused
more on the development of functional outcomes of the
participants, rather than viewing physical activity as
an exposure, as one would in more epidemiologically
oriented studies focusing on nutritional status or other
health outcomes.
Medical and health status

Routine health histories and physical examinations
are listed for relatively few of the longitudinal studies,
namely, the Denver, Fourth Harvard, California Boys,
Nymegen, and Saskatchewan studies. Nevertheless,

S208

because several of the longitudinal studies (e.g., the
Paris, Zurich, and Stockholm studies) were housed in
and operated by departments of pediatrics, it seems
likely that data from health histories and physical examinations were routinely collected, even if the published
accounts of the longitudinal studies do not list them.
Actually, very few health data from the longitudinal
studies have been published. Exceptions to this include
the data on health histories and electrocardiography
from the Denver study [9] and the landmark studies
of longitudinal illness experience from the Fourth
Harvard study [67]. Alex Roche completed a massive
review (1,400 pages) of the development of blood
pressure in children, including analyses of the blood
pressure data from the Fels, Fourth Harvard, Denver,
and Berkeley longitudinal studies; unfortunately, these
analyses are only available in an unpublished technical
report to the US National Institutes of Health.*
In general, it appears that the main purpose of
most of the health examinations in the longitudinal
studies was to document and ensure the health of the
participants, rather than to collect health data to be
used as outcome variables to answer specific research
questions.
Family measurements and genetic aspects

Few of the longitudinal studies routinely collected data
from parents or families of participants, other than data
necessary for demographic characterization of the samples or data on prenatal factors during the pregnancy
resulting in the participant’s birth. Parental stature and
weight were measured in the Denver, Fels, Fourth Harvard, and Philadelphia studies. In the Fourth Harvard,
Denver, and Fels studies, some siblings were included
in the samples, although for some analyses only one
child per family was included.
At Fels, recruitment focused on families, not just
on individuals, so that up to three generations of the
same families have been participants in the longitudinal
study [11]. The parent–child relationships at Fels have
allowed many familial analyses [68], the use of parental
data in a method to predict adult stature [69], and a
method to adjust childhood stature for that of parents
[70]. The pedigrees of Fels families have also been used
in quantitative genetic analyses [71].

Concluding comments concerning
implications for the IGRCA
The longitudinal studies considered span a wide range
of time and place. It is not at all clear that any of the
* Roche AF, Eichorn D, McCammon RW, Reed RB, Valadian I, Himes JH, Kent RLJ, Siervogel RM. The natural history
of blood pressure. Bethesda, MD, USA: National Heart, Lung
and Blood Institute, National Institutes of Health, 1980.
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longitudinal studies were designed primarily, or even
secondarily, for the purpose of developing a growth
reference or standard, even though data from some
of the studies subsequently have been used for that
purpose [16, 36, 37, 72].
Most of the longitudinal studies focused on describing normal physical growth and maturation and were
less concerned about child health or nutrition per se,
which are major concerns for the IGCRA. Exceptions
to this generalization are the Fourth Harvard and
Denver studies. The longitudinal studies did, however,
reflect the academic traditions and training of their
chief investigators. Many of the earliest longitudinal
studies, such as the Iowa, Third Harvard, Guidance,
Brush, and California Boys studies, originated out of
comprehensive views of child development in psychology, education, and sociology that included physical
development. Some of the studies starting later, including the Philadelphia, West Bengal, Wroclaw, Saskatchewan, Leuven, Mexico, and Western Australia studies,
arose out of traditions in anthropology and physical
education.
There are some additional issues related to longitudinal studies that are seldom mentioned explicitly
in descriptions of the studies but that are still very
important. First is the need for carefully standardized
measurement protocols and well-trained data collectors. Because serial data for individuals will be used,
perhaps including calculated increments of change,
both random measurement errors and measurement
bias need to be minimized as much as possible [73].
Maintaining a small number of anthropometrists
through time and tracking interobserver variation
in measurements favor high-quality measurements.
Standardized data-cleaning and management ensure
that unusual values, late visits, and missing data are
handled in a similar manner over time.
Because longitudinal studies involve the same participants and families over an extended period, special
effort is required by study staff to foster good relationships with the participants and families to ensure timely
visits and retention of participants. Special attention
to participant burden and family circumstances is a
worthwhile endeavor and is paid for many times over
in terms of participant good will, cooperation, and
community acceptance of the study.
Growth studies that may result from the IGRCA will
provide an opportunity to design research specifically
to yield data suitable for the development of a growth
reference or standard for childhood and adolescence.
By carefully defining research questions and specific
purposes for the data and then linking the design,
sampling, and specification of variables closely to these
purposes, the accumulated knowledge and experience
of the previous longitudinal studies can provide wise
lessons for the future.
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Interpopulation variation in height among children
7 to 18 years of age

Jere D. Haas and Fabricio Campirano
Abstract
The objective of this review is to examine the degree
of variation that exists in the achieved height of preadolescent and adolescent children across populations
experiencing favorable conditions that support linear
growth. Fifty-three population groups were identified
that reported mean heights for economically privileged
populations from all major continents. Graphic representation of the heights for these populations indicates that
the mean height of preadolescent children differs by 3 to
5 cm, whereas population means begin to diverge from
the National Center for Health Statistics/World Health
Organization (NCHS/WHO) reference at puberty, with
most non-European populations falling to approximately
5 cm below the reference and northern European populations exceeding the reference by a similar amount. We
conclude that the evidence for limited interpopulation
variation in the height of preadolescents supports consideration of a single growth reference for children up to
puberty, but the uncertainty of the causes of the divergence in achieved height during puberty requires further
research in order to establish an appropriate adolescent
growth reference.

Key words: Adolescence, growth reference, preadolescence, school-aged children, stature

Introduction
In order for a growth reference standard to be useful,
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it must recognize the variation in achieved growth that
exists among and between the populations it is intended
to serve. The reference standards in common use today
to assess growth of preschool-aged children assume
that all populations, regardless of genetic or ethnic
background, would achieve similar mean heights if they
were afforded the opportunity for most children in that
population to achieve a genetically prescribed growth
potential. The evidence supporting this assumption is
derived from research on interpopulation variation in
the height of 7-year-old children reported by Habicht et
al. [1] and elaborated by Martorell and Habicht [2]. The
basis of this assumption has been challenged by Eveleth
and Tanner [3], raising questions not only about the
universality of preschool reference standards, but also
about the development of useful reference standards
for older children and adolescents.
Ulijaszek [4, 5] concluded, after evaluating the ethnic
differences in mean heights of 7-year-old children
from a large number of studies, that a single reference
standard is probably suitable for preadolescents, except
perhaps for Asian populations, where heights are about
1.0 to 1.7 cm less than in other population groups from
Europe, Africa, North America, and Latin America.
This comprehensive study of the published literature
also evaluated selected indicators of adolescent growth
for ethnic differences and concluded that Asian populations also differed from all others in achieving an earlier
age of peak height velocity (PHV), whereas the amount
of growth during the year of peak height growth was
similar across the various ethnic population groups.
Ulijaszek did not examine population differences in
achieved size at various ages during adolescence or
at attainment of adult size. In the current review of
the published literature on attained height of children
and adolescents between 7 and 18 years of age, we
provide additional evidence for determining whether
new growth references for this age group need to be
population specific or whether a single reference may
be developed that serves all populations.

Food and Nutrition Bulletin, vol. 27, no. 4 (supplement) © 2006, The United Nations University.
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Methods
This paper reviews the published research literature
on worldwide variation in childhood and adolescent
growth. In reviewing the literature that was most relevant to addressing the question of universal versus local
growth reference standards, specific criteria were established for selecting studies. The study had to include
children and adolescents between 7 and 18 years of age,
separated by sex, and mean heights presented in annual
age groups. Primary consideration was given to studies
of nominally healthy, “well-off,” “higher socioeconomic
status,” or “privileged” subjects who would be exposed
to environments that promote maximum linear growth
or the greatest probability of achieving individual
genetic potential for linear growth. When the data
were available, we used the culmination of a positive
population secular trend to confirm that this maximal
growth potential was achieved. We also sought studies
of multiracial populations and international migrants
who moved to more advantaged environments. We did
not include nationally representative survey data from
less-developed countries unless data were presented
that allowed high socioeconomic status to be identified
as a distinct subgroup.
The data were obtained from a variety of sources. A
primary reference was Eveleth and Tanner, Worldwide
Variation in Human Growth, second edition [3], which
included a large number of published and previously
unpublished studies available before 1988. This source
was supplemented with more recent studies identified
through the use of various search engines available over
the Internet.* The studies identified by this process
are probably representative of the range of populations studied for growth, but they are not likely to be
comprehensive or a random selection of all studies
conducted on qualified populations.
The data extracted from these studies include height
for annual age groups expressed as means or medians,
with standard deviations or percentiles when available;
age expressed as age ranges, means, or medians for
annual age groups; demographic and social characteristics such as sex, socioeconomic and health conditions,
racial or ethnic classification, and migration status.
The vast majority of studies employed cross-sectional
sampling. The few longitudinal studies were included
if they represented the higher socioeconomic class of
the particular country. Most of the data were obtained
directly from published tables. Several studies reported
data only in graphs, from which estimated values were
extracted by age group. Percentile data were converted
* These included PubMed (http://www.ncbi.nlm.nih.
gov/entrez/query.fcgi), High Wire Press (http://highwire.
stanford.edu/), OAIster (http://oaister.umdl.umich.edu), the
Cornell University Library Catalog (http://catalog.library.
cornell.edu), and several sources obtained from a network of
professional contacts.

to the 10th and 90th percentiles. All ages were centered
at the mean of the age group, which tended to be at the
half year of one-year age groups. So that evaluation
could be made of age trends within a population, only
studies that reported yearly mean heights over at least
a 3-year period were included.
The data are expressed in graphs according to the
major geographic areas where ancestral populations
evolved and lived prior to the colonial period (ca 1492
AD for Africa, Asia, and Europe), as well as the areas
of major population expansion from ancestral homes
after 1492 (Europe, the Americas, and Australia).
Although this classification of populations resembles
the ethnic classification used by Ulijaszek [5], it differs
in its emphasis on geographic populations rather than
ethnic groupings. No simple classification can identify
ancestral subpopulations that reflect reproductive
isolation or other evolutionary processes that may
have led to genetic differences in achieved growth.
The classification employed in the current review is
an attempt to group populations by broad, geographically based regions of ancestral origins. We recognize
that these groupings do not adequately reflect the
isolation of precolonial-period populations because
of the considerable admixing of populations within
geographic regions before the colonial period and more
recently between populations. However, the groupings
do represent major geographic divisions that facilitate
interpopulation comparisons around the world and
reflect the current population diversity for which a
contemporary growth reference will be used.
Data are presented graphically for selected ages
between 7 and 18 years. No statistical analysis was
performed to test for the significance of population differences in achieved growth or age trends in growth.

Results
The results are presented in four sections. The first
section presents the background on the studies identified for this analysis. This is followed by presentation
of interpopulation comparisons of mean heights of
boys and girls within four geographic regions at each
of four ages: 7, 10, 13, and 17 years. Age trends in the
deviation in mean achieved height from the National
Center for Health Statistics/World Health Organization
(NCHS/WHO) reference [6] are presented for selected
samples representing the tallest or most privileged
population in each geographic area and, where appropriate, according to international migration status. To
further evaluate pubertal growth and its relation to
prepubertal growth, we estimated the approximate
increment in growth during the pubertal period and
compared it with the mean height of the population at
the beginning of puberty.
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Description of the studies

A total of 53 study samples of nominally healthy chil-

dren and adolescents representing four major ancestral
population regions were identified for the analysis of
interpopulation variation in height growth. The study

TABLE 1. Population samples included in this review
Reference Region of origin and country

Place of residence or
population group

Africa
Morocco
Nigeria
Kenya
Cuba
Jamaica
African-American
African-American
African-American

Amsterdam, Netherlands
Ibadan
Nairobi
Havana
Kingston
USA—national
USA—Texas
USA—national

Fredriks et al., 2004
Janes, 1970a
Kulin et al., 1982a
Vidallet et al., 2003
Ashcroft et al., 1964a
NCHSa, n.d.
Shutte, 1980a
Karpati et al., 2002

1997
1962–70
1980
n.d.
n.d.
1976-80
n.d.
1988–94

19
20
21
22

East Asia
China
China
Taiwan
Japan
Japan
Thailand
Native American
Native American
Native American

Beijing
Hong Kong
National
National
National
Bangkok
Mexican-Americans
Plains Amerindian
Chippewa

Li et al., 1999
Fung et al., 1985a
Chen et al., 2003
Kikuta et al., 1987a
Sano et al., 2006b
Khanjanasthti et al., n.d.a
Ryan et al., 1999
Zephier et al., 2006
Johnston et al., 1979a

1995
1984
1993–96
1980
1984–2001
1981–84
1988–94
2002–03
n.d.

23
24
25
26
27
28
29
30
31
32

South and West Asia
Pakistan
Pakistan
Pakistan
India
Iran
Turkey
Turkey
Jordan
United Arab Emirates
Saudi Arabia

Karachi
Birmingham, UK
UK
Calcutta
Isfahan
Istanbul
Amsterdam, Netherlands
Jordan
National
National

Hakeem et al., 2004
Kelly et al., 1997
Marshall et al., n.d.a
de Onis et al., 2001
Aminorroaya et al., 2003
Neyzi et al., 1973a
Fredriks et al., 2003
Hasan et al., 2001
Al-Hourani et al., 2003
Al-Nuaim et al., 1996

2000
1989
1982–83
1982
1997
n.d.
1997
1997
1998–99
1994–95

33
34
35
36
37
38
39
40
41
42
43
44
45
46

Europe
Sweden
Sweden
Germany
Norway
Netherlands
Belgium
Ireland
UK
UK
Czechoslovakia
Spain
Italy
Italy
Greece

Stockholm
Gothenburg
Jena
Oslo
Amsterdam and others
National
Dublin
England
England
National
National
National
Sardinia
National

Lindgren, 1976a
Wikland et al., 2002
Hesse, 1988a
Brundtland et al., 1980a
Fredriks et al., 2000
Vercauteren et al., 1985a
Hoey et al., 1987a
Cole et al., 2006
Rona et al., 1986a
Blaha, 1986a
Hernandez et al., 1988
Cacciari et al., 2002
Sanna and Soro, 2000
Mantzagriotou-Meimarides, n.d.a

1964–73
1992
1979–87
1975
1996–97
1980–82
n.d.
1978–90
1982–83
1985
n.d.
1996–2002
1996
1983–84

7
8
9
10
11
12
13
14
15
16
17
18

Author and publication year

Study years

continued
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samples, with selected characteristics, are listed in table
1. These include 8 samples (15%) from populations
of African origin, 9 (17%) from populations of East
Asian origin, 10 (19%) from populations of South or
West Asian origin, and 26 (49%) from populations
of European origin. Twenty-four samples were taken
from migrant populations, including 4 from migrants
to Europe, 10 from migrants to North America, 7 from
migrants to South America or the Caribbean, and 1
from migrants to Australia. Data for 23 (43%) of the
population samples were obtained from Eveleth and
Tanner [3], and data for the remaining 30 samples were
obtained from other published sources. For consistency
and ease of reporting, all results are presented with
the NCHS/WHO reference median [6] derived from
the growth reference originally published by the US
National Center for Health Statistics (NCHS) [57, 59]
and distributed by the US Centers for Disease Control
and Prevention (CDC) in collaboration with the World
Health Organization (WHO) [6]. It represents data from
several national probability samples of US youths and
adolescents 6 to 18 years of age, collected during two
rounds of the National Health Surveys of 1963–1970.
Height variation across geographic regions

Figures 1 and 2 present the variation in mean heights
within each geographic region at four selected ages. At
7 years of age, the maximum mean heights for boys
(fig. 1) in each region range from 122 cm for boys
from Nigeria (Africa) to 127 cm for Northern Plains
American Indians (ancestors from central Asia). These
values are comparable to the median height of 124 cm
for the NCHS/WHO reference population, and very

little difference is seen between the tallest boys in Asia
and Europe. Seven-year-old girls (fig. 2) follow the
same trend as boys; American Indian girls as a group
are slightly taller than girls from Europe and Africa,
and the mean heights of girls in the tallest samples from
each region are within 3 cm of the reference median
of 123 cm. The range between the shortest and tallest
mean or median values within a geographic region is
approximately 9 cm. The midpoint across population
means within a region is about 1 cm below the NCHS/
WHO reference median for both sexes.
At 10 years of age, there are similar ranges in mean
heights across regions for both boys and girls, and
the midpoints of the heights are very similar to the
NCHS/WHO reference median values of 140 and 141
cm for boys and girls, respectively. The tallest boys in
each region do not differ greatly, with heights between
140 and 144 cm. For 10-year-old girls, the maximum
heights in each region vary from 140 cm for AfricanAmerican girls to 144 cm for girls in urban Mexico.
At 13 years of age, the mean heights of boys vary by
a similar amount across regions and generally average
about 2 cm below the NCHS/WHO reference median.
The tallest boys in each region range from 159 to 163
cm. The mean heights of 13-year-old girls in Africa
and Asia are uniformly about 4 cm less than the values
in Europe and the NCHS/WHO reference value. The
mean heights of the tallest girls in each region range
from 158 to 161 cm, while the NCHS/WHO reference
median is 159 cm.
By 17 years of age, the greatest differences are
observed across regions, with northern European boys
and girls being the tallest and Asian boys and girls the
shortest. The variation among samples within regions,

TABLE 1. Population samples included in this review (continued)
Reference Region of origin and country
47

48
49
50
51
52
53
54
55
56
57
58

Cyprus

European migrants to:
Chile
Venezuela
Venezuela
Mexico
Mexico
Argentina
Brazil
Australia
Canada
USA
USA

Place of residence or
population group

Author and publication year

Study years

Cyprus

Savva et al., 2001

1999–2000

Santiago
National
National
Mexico City
Urban Veracruz
National
Santo Andre
National
National
National
National

Yulton et al., 1990
Mendez et al., 1993
Landaeta-Jimenez et al., 2002
Faulhaber, 1989a
Brewis, 2003
Lejarraga, 1986a
Marques et al., 1982a
Pyke, 1986a
Nutrition Canada, 1980
Hamill et al., 1977
CDC 2000

1983
n.d.
1995–96
1977–80
2001
1974–75
1978
1985
1970–72
1962–74
1977–2000

n.d., year of study not stated; NCHS, National Center for Health Statistics; CDC, Centers for Disease Control and Prevention
a. Data from tables in Eveleth and Tanner [3].
b. Unpublished data reported by S. Yamamoto at the conference on the Development of an International Growth Standard for Preadolescent
and Adolescent Children, in Geneva, 16–19 January 2006.
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FIG. 1. Mean heights of “privileged” boys at selected ages according to geographic region and migration status. Closed circles,
natives; open circles, migrants. Median, 10th, and 90th percentiles from NCHS/WHO (1983) [6]

however, is relatively small. The tallest boys are 174 to
175 cm in height in all of the regions except Europe
(the Netherlands), where the tallest boys have a height
of 181 cm and the NCHS/WHO reference median is
177 cm. For 17-year-old girls, the heights of the tallest
girls in each region range from 161 cm (China) to 169
cm (the Netherlands), with a NCHS/WHO reference
median of 163 cm.
Selected samples from each region

If a reference is to be based on the healthiest children in
a population, and the healthiest children are most likely
to achieve their genetically programmed potential for
linear growth, then comparison of the tallest sample
of children within an ethnic or geographic group may
provide information on genetic differences in height.
The comparison of maximum achieved height across
regions would be useful to justify decisions on whether
population-specific references are appropriate for certain age groups.

Figures 3 and 4 present age trends in height-for-age
z-scores of selected samples of the tallest boys and
girls in each of the four geographic regions, plus a few
selected ethnic and migrant groups. East Asia is represented by urban China and Japan, South and West
Asia are represented by Turkey, Africa is represented
by African-Americans in the United States, South and
Central Europe are represented by Italy, North Europe
is represented by the Netherlands, and Native Americans are represented by Mexican-Americans and Plains
American Indians in the United States. The populations selected for these figures may be considered as
representing major geographic populations where
socioeconomic conditions appear most favorable to
support maximum linear growth.
The z-scores for the mean heights of boys (fig. 3)
from these populations track along the median (z-score
= 0) of the NCHS/WHO reference, with an average
difference between the shortest and tallest groups of
about 1.0 SD or approximately 6 cm, between the ages
of 7 and 13 years. By the age of 15 years, the heights of
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FIG. 2. Mean heights of “privileged” girls at selected ages according to geographic region and migration status. Closed circles,
natives; open circles, migrants. Median, 10th, and 90th percentiles from NCHS/WHO (1983) [6]
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children in several groups (Italian, Plains Indian, Chinese, Japanese, and Mexican-American) have declined
relative to the NCHS/WHO reference. In contrast, the
sample from the Netherlands begins to diverge above
the reference and all other groups. At 17 years of age,
the Dutch boys are 5 cm taller than the reference and
the Mexican-American and Japanese boys are approximately 5 cm shorter than the reference, a difference
between the extremes of nearly 2 SD.
The trend for girls (fig. 4) is similar to that for boys.
Consistent with the earlier timing of the pubertal
growth spurt, the mean values for the Dutch, MexicanAmerican, and Japanese girls begin to diverge from the
reference approximately 2 years earlier than observed
for boys. By 17 years of age, the Dutch girls are 7 cm
taller than the NCHS/WHO reference and the Mexican-American and Japanese girls are approximately 5
cm below the reference.
Height growth during puberty

Considering that the greatest interpopulation differences in achieved height appear to occur during
puberty, we examined the amount of growth that occurs
for each population between the approximate initiation
of puberty and the approximate achievement of adult
height. Figures 5 and 6 show the interpopulation variation according to geographic region for the calculated
difference in mean heights from 11 to 17 years in boys
and from 10 to 17 years for girls. European populations,
in general, have the greatest amount of growth during
puberty and East Asian populations the least. The
ranges within a region are very large, especially for East

Asia and Europe, where there are more populations
represented. The wide range represented by European
populations seems to be divided between those with a
higher approximate growth rate from Northern Europe
and those with the lowest rate from Southern Europe
and among migrants from Europe to less developed
regions, with values computed from the NCHS/WHO
reference in the middle to lower end of this range.
In order to investigate whether the pubertal period
could be a period of catch-up for slower prepubertal
growth, we plotted the pubertal growth shown in
figures 5 and 6 by the height at the beginning of the
pubertal period. Figures 7 and 8 present these relationships. In general, children from populations that enter
puberty with the lowest stature appear to have the
greatest growth in stature during puberty, with significant (p < .05) Pearson correlations of –0.32 and –0.40
for boys and girls, respectively. Within geographic
subgroups, the negative association between initial
stature and pubertal change in stature persists and is
generally stronger than it is for the entire sample. The
strongest associations are seen for the eight populations from central and Southern Europe (r = –0.91
and –0.86 for boys and girls, respectively) and the
eight East Asian populations (r = –0.84 and –0.81).
In South and West Asian populations, there is no correlation for the six samples of boys, but a very strong
correlation (r = –0.96) for the four samples of girls.
The correlations for the seven populations of migrants
from Europe are –0.74 and –0.53 for boys and girls,
respectively. The trends for the African and Northern
European regions, which are each represented by only
three populations, are difficult to interpret.
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Discussion

populations, which tend to be about 2 cm shorter than
populations from other regions. However, as Ulijaszek
[5] points out, many of these Asian populations appear
to be experiencing a secular trend in height growth,
which when completed may close the gap for attained
height during the prepubertal period.
The trend for limited interpopulation differences in
attained height appears to continue until the onset of
puberty. The current study does not attempt to systematically analyze the differences in height between socioeconomic groups within the same ethnic or geographic

The data on achieved height of 7-year-old children
from more recent studies identified for this analysis
confirm previous observations by Habicht et al. [1] and
Ulijaszek [5] that there are very few interpopulation differences in average height growth of preschool children
from the highest socioeconomic levels. These authors
therefore conclude that genetic factors have a minimal
impact on the interpopulation variation in early linear
growth. The exceptions to this trend are the East Asian
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at 11 years in selected samples of boys from four regions. Line represents
least square regression
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at 10 years in selected samples of girls from four regions. Line represents least
square regression
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population. However, according to the limited data that
are available from studies reviewed here, the differences
in mean height due to socioeconomic variation within
a population are generally greater than the differences
in means of the most privileged children across ethnic
or geographic groups. This observation was previously
reported by Habicht et al. [1] and by Martorell and
Habicht [2] for 7-year-old children, and it continues
to be valid for children through at least 10 years of age
in the current review.
Of those nominally healthy samples that differ
from the NCHS/WHO reference, most diverge at
the approximate age when the pubertal growth spurt
begins, and by the end of puberty the differences are
greater than at the outset of puberty. It is difficult to
determine whether the apparent reduction in linear
growth rate during puberty for most of these groups
is due to genetic factors or sampling errors resulting
from age cohort differences in previous environmental
exposures. Most of the studies reported here are from
cross-sectional samples, where one might suspect that,
for some populations, the stage of a positive secular
trend might be experienced differently by different
age cohorts. Younger children may have been exposed
to more favorable environments during the critical
preschool age years than were the older children, who
also experienced limited catch-up growth. The observation that populations that are shortest when entering puberty appear to grow the most during puberty
may suggest that some catch-up potential exists at
this rather late but dynamic phase of linear growth.
However, sorting out population secular trend effects
from individual catch-up growth is impossible with
cross-sectional data and can only be partially resolved
with longitudinal data that are currently available in
the published literature. Thoughtful examination of
longitudinal data for individual children from sequential studies of the same population groups over several
decades would help resolve this issue.
The apparent faltering of growth for most nonEuropean populations seems to contradict the findings
of Ulijaszek [4, 5], who examined two features of the
pubertal growth spurt reported in longitudinal studies
of a variety of populations. He showed that the amount
of linear growth occurring during the year of PHV did
not differ across a wide range of the world’s population
groups. Further, the age at which PHV was observed is
very similar across populations, with the exception of
some Asian populations that began their peak growth
earlier than the other groups. Exactly how these observations influence our interpretation of interpopulation
variation in achieved height throughout puberty needs
further investigation. The timing and intensity of the
adolescent growth spurt are only two parameters that
influence achieved size. It is also necessary to examine
the amount of growth that occurs during the years
before and after the year of PHV as well as the length
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of the pubertal growth period in order to determine
the total amount of pubertal growth that is added to
the prepubertal achieved height that determines final
adult stature.
The genetic and/or environmental factors that influence the onset and duration of puberty within and
between populations preclude speculation about factors that affect variation in height across populations.
It might be useful to analyze population differences in
achieved height relative to developmental landmarks
of puberty, such as those observed from secondary
sex characteristics. This would allow interpopulation
comparisons of height at specific chronological ages
for population groups that share similar timing and
tempo of pubertal development. Where longitudinal
data exist, it would be informative to extend the analysis performed by Ulijaszek [5] to include population
comparisons of the growth experience throughout
puberty, by relating the timing and amount of growth
during the year of PHV with stature achieved in early
adulthood.
Conclusions about whether interpopulation variation in achieved growth may be due to ethnic or genetic
differences are tempered by the paucity of recent data
from several important population groups, including
Africans in Africa and indigenous populations in the
Americas. North America, South America, and Africa
are large continents with considerable genetic, ethnic,
and environmental diversity among the indigenous
populations that have resided there for thousands of
years. The available evidence obtained for this review is
limited to a few older studies on populations that may
have experienced favorable environmental conditions
for achieving linear growth potential. These populations were probably still experiencing a secular trend in
linear growth or were represented by migrant or native
populations with substantial genetic admixture from
colonizing populations.
The greater achieved stature of the Northern European populations compared with the NCHS/WHO reference and all other populations requires further study.
Whether these populations represent a growth potential that is achievable by all populations living under
ideal environmental conditions depends on whether
one can subscribe to the position that “bigger is better”
with regard to linear growth. It is yet to be determined
whether environmental and dietary factors unique to
Northern Europe or genetic isolation and homogeneity
may have accounted for this unusual growth pattern.
A study of Northern European migrants to favorable
environments in a variety of developed countries could
be useful in explaining the very tall stature of this
population group.
A fundamental problem with any exercise that
attempts to describe human biological variation as a
racial phenomenon is that the race concept as applied
to humans is invalid. Although race is used as a social,
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demographic, and political instrument, it has no
legitimacy in human biology [60]. The current analysis
uses the term geographic or ethnic group to identify
subpopulations that may show sufficient reproductive
isolation and/or differences in ancestral environments
that could have affected genotypic variation. Whether
the degree of isolation and ancestral environmental
exposures experienced by these subpopulations is sufficient to affect the genes that control linear growth has
not been tested. However, if subpopulation differences
in achieved growth are observed under environmental
conditions that support maximum linear growth, there
is sufficient justification to explore genetic explanations
for these differences.

Conclusions
This review of worldwide variation in preadolescent
and adolescent growth indicates that some differ-

ences in achieved linear growth exist across a broad
array of human populations that could be considered
nominally healthy. However, these patterns are not
uniform across all ages. There is sufficient evidence to
suggest that average linear growth up to the onset of
puberty is similar across populations that experience
favorable growing environments. Potential population
differences in the initiation and progression of puberty
may account for the large differences seen in achieved
height during and after puberty. However, one cannot
discount the effect of secular trends that confound
age-specific growth patterns across cohorts in explaining some of the divergence of achieved heights with
increasing age through puberty. The large differences
between the heights of healthy young adults in Japan
and Northern Europe compared with heights in the rest
of the world’s populations suggest very different growth
patterns during puberty and the possibility that unique
environments and genetic factors may account for these
growth differences.
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Theoretical considerations related to cutoff points

David Pelletier
Abstract

Key words: Sensitivity, specificity, norms, cutoff

The cutoff points for creating anthropometric indicators
of size and growth can be established by three distinct
methods: statistical, risk-based, and prescriptive. The
theoretical, philosophical, and technical bases for these
are quite distinct, but the implications of each method
for applications at population and individual levels can
be explored by using a common conceptual model. This
model posits that any observed anthropometric distribution is a mixed distribution of two (or more) subpopulations, representing some individuals who are or will
remain healthy (the specificity distribution) and those
who are or will become unhealthy (the sensitivity distribution). The performance and appropriateness of cutoff
points based on statistical, risk-based, and prescriptive
criteria depend upon the relative sizes of these two subpopulations in a given context, the distance between their
means, and the strength and shape of the relationship
between the anthropometric indicator and the health
outcomes that define these two subpopulations. The riskbased and prescriptive methods both require substantial
epidemiologic evidence if they are to fulfill their theoretical and public health expectations, and both face normative (ethical) trade-offs in establishing cutoff points. The
prescriptive method faces even stronger normative challenges, especially in relation to overweight and obesity,
because its explicit claim regarding the desirable size and
growth of children and adolescents may understate the
importance of individuality and overstate the strength of
the relationship (and the evidence for the relationship)
between size, growth, and future health. These concerns
are most pronounced for applications at the individual
level and for mild-to-moderate elevations of body-mass
index and other indicators.
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points, tradeoffs

The choice of cutoff points for a nutritional indicator has a profound impact on the performance of the
indicator in various clinical and public health applications at the individual and population levels. This is
true when international reference values for growth are
used, as in previous decades, and it applies with even
greater force to the case of growth standards because of
the normative claims made in the latter case. The aims
of this paper are to:
» Distinguish the many purposes to which growth data
are applied, each of which has its own implications
and requirements vis-à-vis choice of cutoff points;
» Review some basic theoretical considerations related
to the choice of cutoff points for child growth, in
relation to each of the above purposes;
» Highlight some key differences between low-end
versus high-end cutoff points as indicators of undernutrition and overnutrition, respectively;
» Develop an integrated framework, based on the
above considerations and those from other papers in
this series, to guide further analysis and deliberations
related to the choice of cutoff points.
The considerations outlined in this paper suggest
that several key issues will need to be resolved in future
discussions related to the child and adolescent growth
project. First, there is a need to discuss whether the
practical advantages of using single, uniform cutoff
points for all or most applications (as has been the
tendency in the past) outweigh the associated performance inefficiencies. Second, in light of the tradeoffs related to cutoff points, there is a need to discuss
whether the value judgments associated with use of a
growth standard can be justified in the case of childhood and adolescence (as distinct from infancy) and
in relation to overweight and obesity (as distinct from
undernutrition). Third, an effort should be made to
directly engage some of the end-users and stakeholders
implicated in this effort, in order to reconcile some of
the normative trade-offs identified in this paper.
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graphic or socioeconomic criteria (at the population
level). As detailed elsewhere [1–3], the optimal cutoff
point varies across these four targeting indicators.
As distinct from these four targeting indicators, all
of which are related to past, present, or future risk of
harm or inequity, figure 1 also distinguishes indicators
or predictors of benefit. That is, in most intervention
situations there are some individuals (and, by extension, population groups) who may benefit from the
intervention in question and some who may not
(or may not benefit to the same extent), and certain
indicators may serve as predictors of who is likely to
benefit. Examples include age as a predictor of which
children might benefit from supplementary feeding,
plasma ferritin as a predictor of benefit from iron supplementation at the individual level, and the prevalence
of malaria or hookworm at the population level as a
predictor of population-level benefit from iron supplementation. Such predictors of benefit usually operate
as effect modifiers or as factors that are correlated with
effect modifiers.
Finally, the use of anthropometric indicators for
evaluation or monitoring is a distinct purpose, whose
primary requirement is that the indicator (and the
chosen cutoff point) must be capable of reflecting or
responding to the intervention, the program, or the
changing conditions in question. For instance, responsive indicators might be the prevalence of very low
energy intakes (in response to a supplementary feeding
program targeted at the ultrapoor) or the incidence of
intrauterine growth retardation (IUGR) in response
to a targeted maternal health and nutrition program).
A nonresponsive indicator might be stunting in relation
to supplementary feeding. Responsiveness depends
on certain characteristics of the indicator (i.e., its biological relationship to the intervention) as well as the

The optimal cutoff point for a nutritional indicator depends, among other things, upon the purpose
for which it is intended. This has been elaborated
mathematically and conceptually elsewhere [1–4] and
has stimulated some related empirical work [5–9].
A conceptual summary is included here, using mainly
examples from young child nutrition where the concepts have been elaborated in earlier work. It should be
noted that all of the principles illustrated in this chapter
for undernutrition at the low end of anthropometric
distributions apply to the high end, and vice versa.
Figure 1 illustrates seven categories of uses. Four
of these (A–D) relate to targeting at the individual or
population level.
» Indicators of past harm, such as stunting or underweight, are used to target programs to geographic or
socioeconomic groups (at the population level) or to
target services to individual children or households
(at the individual level).
» Indicators of present deficits, such as dietary intake,
are used to identify nutrient deficiencies or excess
(at the population level) and sometimes as eligibility
criteria for services (at the individual level, such as
in the Women, Infants and Children Supplemental
Food Program [WIC]).
» Predictors of future risk are used to target programs
(e.g., weight-for-height in emergency situations or
overweight in relation to chronic disease) and as
eligibility criteria for individuals (e.g., low maternal
weight or body-mass index [BMI] to target supplementary feeding to prevent low birthweight).
» Finally, in some settings anthropometric indicators
have been used to derive socioeconomic indicators
of deprivation, to assist targeting of programs by geo3OCIOECONOMIC INDICATORS
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FIG. 1. Seven categories of uses for nutritional indicators. IUGR, intrauterine growth retardation
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specific cutoff points used in the analysis.
This brief overview of distinct uses of anthropometric indicators highlights that there is a striking variety
of uses of such indicators; the technically best indicator
and the optimal cutoff point are likely to vary markedly
across these uses; and apart from technical considerations, the choice of indicator and cutoff points also is,
or should be, guided by a variety of resource, logistical,
and administrative considerations.

Choosing cutoff points: A technical
framework
Cutoff points can be defined on the basis of statistical,
risk, and prescriptive criteria. This section compares
these and shows that, although they do have some
clear theoretical and philosophical differences, all three
methods suffer from some of the same problems from a
pragmatic perspective. This section uses cross-sectional
references to illustrate some basic principles; longitudinal or mixed longitudinal references are affected by
these same principles.
Figure 2A illustrates the statistical method, and
figure 2B illustrates the underlying reality in that
method. In developing a statistical reference, such
as the National Center for Health Statistics (NCHS)
reference, a nationally representative distribution is
constructed from a healthy, well-nourished population,
using only mild exclusion criteria to exclude overtly
unhealthy or poorly nourished individuals. Statistical
criteria are then used to define cutoff points, such as
centiles or z-scores, as shown in figure 2A.
The weakness of the statistical method lies in the use
of only mild exclusion criteria, which often is necessitated by lack of definitive information that might
permit further exclusions. Figure 2B shows that the
observed distribution actually is composed of two
subdistributions: a healthy one (the Sp, or specificity,
distribution) and an unhealthy one (the Se, or sensitiv-

ity, distribution). In the example shown, this results
in a much larger variance (and, thus, more extreme
cutoff points) than would have been the case had a
truly “healthy, well-nourished population” been used
as the reference. This can be seen by comparing the
lower half of the observed mixed distribution with the
lower half of the Sp distribution. The magnitude of
the bias introduced into the cutoff points is in some
proportion to the relative size (i.e., prevalence) of the
unhealthy subpopulation (Se) versus the healthy subpopulation (Sp) and the distance between the Se mean
and the Sp mean. Of particular interest is that the size
of the error in estimating prevalence or classifying
individuals as healthy versus unhealthy varies across
the three cutoff points and in most cases the optimal
cutoff point differs for these two purposes. Note that
identical principles apply to overweight, in which case
the distribution in figure 2A would have an extended
tail at the upper end.
In developing a risk-based reference, epidemiologic
studies are used to estimate the risk of an adverse
outcome (or set of outcomes) at various levels of
the anthropometric indicator. Figure 3A depicts a
common risk curve from such studies, though a variety of functional forms are possible. Figure 3B shows
that the reality underlying this risk curve is similar to
that seen in the statistical criterion method. Specifically, the observed risk curve actually is a function of
the relative size of the unhealthy subpopulation (Se)
versus the healthy subpopulation (Sp) and the distance
between the Se and Sp means. However, in this case it
also is a function of the shape of the “true” underlying
dose–response curve. As with the statistical method,
the size of the error in estimating prevalence or classifying individuals varies across the three cutoff points
shown, and the optimal cutoff typically differs for these
two purposes.
Although the risk-based method has the attraction
of providing a seemingly more objective and functional
basis for defining a cutoff point, it also suffers from
"
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several weaknesses, including the need to decide which
outcome(s) should be included in the risk curve(s) and,
if more than one outcome is relevant, how they should
be aggregated or weighted; the need for empirical (often
prospective) studies to estimate the functional form; a
variety of misclassification errors and design problems
that can bias the estimate of the functional form; and
the possibility that the functional form as estimated in
one population at one time may not by generalizable
to other populations and times. A related problem is
that reference values tend to be used for relatively long
periods of time (e.g. a decade or more) because of the
cost and disruption associated with changing them, but
scientific understanding of risks and functional forms
is continually evolving. Thus, a given set of risk-based
reference values may become obsolete even before they
have become widely adopted.
The prescriptive method seeks to define how children
should grow rather than simply describe how they do
grow. Conceptually, the construction of such a growth
standard might begin with nationally representative
samples from one or more suitable countries, which
are modified by applying a variety of inclusion and
exclusion criteria. These criteria may include behaviors
and environmental conditions known or suspected to
constrain growth (or cause excessive growth). They
might also include some risk-related criteria reflecting
the probability that a child of a given size may develop
an adverse health or functional outcome some time
in the future. The important point for the present
purposes is that the development and performance of
these criteria carry the same assumptions, information
requirements, and weaknesses as those described for
the statistical and risk-based methods. Conceptually,
the process begins with an observed mixed distribution such as that shown in figures 2A and 3A and then
seeks to exclude as many of the “unhealthy” as possible while minimizing the accidental exclusion of the
“healthy.” Errors and inefficiencies in this process will
adversely affect the mean, variance, and/or skewness of
the distribution and, thus, under- or overestimate the

location of the cutoff points.
Figure 4 illustrates that there are trade-offs in selecting and applying these criteria. For instance, if the
sensitivity for predicting excessive growth as a function
of five exclusion criteria is 50% and the specificity (for
predicting normal growth) is 70%, then the “prescriptive distribution” will still be contaminated by 50% of
those with excessive growth and will be missing 30%
of those with normal growth. This will adversely affect
the estimated variance and skewness of the distribution
and thus the estimated location of the cutoff points. As
the strictness of the exclusion criteria is increased, to
maximize sensitivity, there is a corresponding decrease
in specificity, and the remaining samples become less
and less representative of the national population in
terms of demographics, socioeconomics, ethnicity, and
other factors correlated with these. These trade-offs
were faced in constructing the Multicentre Growth
Reference and led the committee to relax certain exclusion criteria in order to avoid basing the reference on a
highly selective and potentially biased sample [10].
An important implication is that the validity of a
prescriptive growth reference may appear to be greater
when more strict inclusion criteria are applied, but this
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FIG. 4. Trade-offs in setting cutoff points for individual
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comes at a cost. Ultimately, the validity depends on the
strength of the statistical association and predictive
accuracy between the exclusion criteria and growth
(i.e., the perfect screening criterion would be perfectly
correlated with the adverse outcomes) and the external
validity of the studies or assumptions used in identifying these criteria. If the strictness, predictive accuracy,
and external validity are low, the so-called prescriptive
reference may simply be a slightly modified version of
a statistical reference distribution, thereby weakening
its claim as a normative standard.
In summary, this section reveals that the statistical,
risk-based, and prescriptive methods all suffer from
our relatively limited ability to distinguish the healthy
and unhealthy subpopulations that underlie observed
anthropometric distributions. The degree of distortion
in the location of cutoff points variously depends upon
the size of the healthy versus the unhealthy subpopulations, the difference in the means (and variances) of
their respective distributions, inaccuracies in estimating the functional form of the risk curve, and the way
in which trade-offs between sensitivity and specificity
are resolved. Moreover, as shown elsewhere [1], these
distortions have differential effects on applications
at the individual level (such as screening) versus the
population level (such as prevalence estimation).
Finally, it is relevant to note that some applications
of anthropometry may be better served by comparing
means and moments of distributions (among populations, over time, before and after interventions, etc.)
rather than dichotomous variables or prevalence estimates [11]. When this is possible, it may avoid many
of the complications associated with selecting cutoff
points. Such a decision should be approached with
care, however, because even the interpretation of means
and moments may be complicated by population-level
variation in non-nutritional factors such as maturation,
environmental exposures, ethnicity, etc., and because
in some situations changes in anthropometric characteristics may only be expressed in one of the tails of the
distribution and may not be detected (as well) through
comparison of means or moments alone. This phenomenon has been rarely observed in the case of indicators
of chronic undernutrition among young children [11],
but it may be relevant for indicators of overweight and
adiposity among schoolchildren and adolescents.
High-end versus low-end cutoff points

The use of growth references in developing countries
has emphasized a concern for detecting and avoiding
constrained growth in children under 5 years of age,
as reflected in height, weight, weight-for-height, and
occasionally upper-arm circumference. The normative assumption has been that all children should be
supported in reaching their genetic potential in size
(notably height), and this has been operationalized as
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maintaining measurements within 2 SD above or below
the reference median. There has been much less concern for “excessive growth” in these settings, as reflected
in height, weight, BMI, adiposity, body fat distribution,
or early maturation, but these are now concerns in
developed and developing countries alike. Although
all of the principles described above apply equally to
high-end and low-end cutoff points, there are some
additional considerations that have differential effects
at the two ends of the distribution. These are discussed
below in terms of technical and social considerations.
Technical considerations

As noted, all three methods (statistical, risk-based, and
prescriptive) must confront the need to distinguish
healthy from nonhealthy subpopulations, though they
do so in different ways. This has different implications
for the upper and lower segments of the distribution.
Specifically:
» The health or functional consequences of low-end
deviations are different in character (e.g., greater
risk of infectious disease morbidity and mortality,
impaired cognitive development) than those of
high-end deviations (greater risk of diabetes, hypertension, heart disease, and other later-onset chronic
diseases);
» These outcomes generally are manifested and can be
detected earlier for low-end deviations (e.g., months
or years versus decades);
» As a result of the above, there is greater statistical
uncertainty in estimating the dose–response relationship at the high end than at the low end;
» It is more difficult to define normatively desirable
behaviors at the high end (and, thus, inclusion and
exclusion criteria) in the context of the prescriptive
method; this is in contrast to desirable behaviors at
the low end, which may include exclusive breastfeeding, appropriate complementary feeding, and
absence of illness. In the case of high-end deviations
in BMI (and the dietary and physical activity behaviors that might be considered “desirable” in creating
a prescriptive reference), there are strong personal,
social, cultural, and political values at stake, such that
the creation of a prescriptive reference based on a
narrow set of values in the face of weak or uncertain
scientific criteria may be strongly contested;
» The “acceptable” degree of lability or reversibility
in measurement may differ at the high and the low
ends, because of biological limits to catch-up growth
in impoverished settings, greater plasticity in soft
tissue traits, and uncertainty or unknowns concerning the health consequences of various growth patterns (e.g., weight cycling) at the high end versus the
low end.
The implications of these considerations can be
seen in figure 5 and table 1. In this hypothetical
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example based on risks as they might be observed in
a population from which a reference or standard is to
be constructed, the midpoint dose–response curve is
steeper for an outcome at the low end of the reference
distribution than for an outcome at the high end, but
the standard error of the estimate is greater at the high
end. Thus, a given statistical cutoff point (such as –2 SD
versus +2 SD) is associated with greater health risks at
the low end (odds ratio, 2.5) than at the high end (odds
ratio, 1.6) when the midpoint risk estimate is used;
however, if the risks associated with these same cutoff
points were to be based on parameter estimates at +1
SE (to increase sensitivity in a risk-based reference
or to enforce strict inclusion criteria in a prescriptive
reference), in this hypothetical case these cutoff points
would have virtually the same epidemiologic meaning
(odds ratio, 2.8 versus 2.5, respectively).
The relevant insight from the above is that the distinct health or functional implications of high-end
versus low-end deviations in anthropometry, and the
asymmetries in uncertainties, make it theoretically
as well as practically very difficult to define cutoff
points that have a common epidemiologic meaning
with respect to Se, Sp, and prevalence, or a comparable meaning in terms of health or function. These
complications affect all three methods of constructing
a reference, but they are especially pronounced for
the risk-based and prescriptive methods, because the
claims and aspirations of these methods may exceed
the underlying evidence base and current levels of
predictive accuracy in defining “healthy” or “desired”
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FIG. 5. Asymmetries in risks and uncertainties at low and
high end. BMI, body-mass index
TABLE 1. Parameter estimates of hypothetical health risks at
the low end and the high end of an indicatora
Low-end cutoff
points

High-end cutoff
points

Parameter
estimate

–1

–2

–3

+1

+2

+3

–1 SE
Midpoint
+1 SE

1.5
1.8
2.0

1.8
2.5
2.8

2.5
3.8
5.0

1.0
1.5
1.8

1.0
1.6
2.5

1.2
2.0
6.0

a. Values are odds ratios, taken from figure 5.

size or growth. In addition, the use of high end versus
the low end of the distributions carries important social
implications, as described next.
Social considerations

The need to address both low-end and high-end
deviations in anthropometric characteristics introduces
considerable complexity from a social perspective. This
is because each of the technical issues described above
has underlying social implications; low-end deviations
typically are perceived to carry different social connotations than high-end deviations; and the politics of
problem definition and policy development can differ
for the low-end and high-end deviations and can place
added scrutiny on the technical and normative foundations for the reference or standard.
The technical issues described in the previous section, notably the asymmetries in risks and scientific
uncertainties, suggest a need to consider the differential social implications of errors at the two ends of the
distribution. Moreover, there is a need to do so in light
of each of the uses of anthropometry at the individual
and population level. To illustrate on the basis of figure
5 and table 1, one might use a common statistical criterion for choosing the cutoff point (e.g., –2 SD for the
low end and +2 SD for the high end). This may appear
even-handed from a technical or statistical perspective,
but the performance of these cutoff points for use in
clinical screening (viz. Se and Sp) actually will be quite
different, because the odds ratio is 2.5 in the former
case and 1.6 in the latter case (at the midpoint). Similarly, the appearance of even-handedness in prevalence
estimation obscures the underlying reality that a higher
proportion of the “undernourished” (as defined by the
–2 SD cutoff point) than of the “overnourished” (as
defined by the +2 SD cutoff) are at risk for impairment
of health or function. In effect, the use of a common
statistical criterion for the cutoff at the two ends of
the distribution amounts to a systematic overestimation of the prevalence at the high end (relative to true
functional outcomes).
One option for avoiding such difficulties might
be to choose the cutoff points that will yield an odds
ratio at the low end identical to that at the high end,
so that they will have a common health or functional
interpretation when used in screening or prevalence
estimation.* However, this introduces additional complications. In the example, a statistically more extreme
cutoff point would be required at the high end than
at the low end (i.e., roughly +4 SD versus –2 SD), and
the standard error of the estimate is far greater in that
region. This could entail even greater errors in screen* The technically more correct procedure would be to
choose a cutoff where the sum of Se and Sp is maximal [2], but
this entails the same complications as a common odds ratio.
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ing and prevalence estimation and would be very difficult to explain and justify to users.
These considerations raises several social/normative
questions:
» What are the private and social benefits, costs, and
consequences of each of these outcomes? How much
error can be tolerated in this process, viz. false lowend positives, false high-end positives, false low-end
negatives, and false high-end negatives? What are the
private and social costs and consequences of these
errors?
» What are the social/normative, health, and political
implications of overestimating or underestimating
undernutrition in relation to overnutrition (at the
individual or the population level)?
A related technical question with important social
implications relates to the possibility that catch-up
growth and size as an adult may have a different biological and health meaning, depending on the nature
of early nutritional experiences [12]. Although this
possibility requires further study, it could call into
question the appropriateness of a single international
growth standard, because the answer to how children
(as individuals and populations) should grow would
depend upon when and how they did grow during
gestation and infancy.
In addition to the technical factors that give rise
to such questions, the social perception of low-end
versus high-end deviations in anthropometric characteristics differs in significant ways, related to causality
(or blame) and policy solutions (or responsibility). To
what extent is the problem (i.e., undernutrition or overnutrition) a result of behavioral versus environmental
factors? Regardless of the answer to this question, to
what extent should the responsibility for change lie
with the individual versus the community or society.
These themes form the social, cultural, and political
background against which the “error trade-offs” posed
above are implicitly evaluated. It may be necessary for
the the developers of anthropometric standards to
articulate an explicit position on these issues so that it
can reconcile the error trade-offs when recommending
cutoff points.
Finally, events in recent years suggest the possibility
that interest-group politics may lead to greater scrutiny of the technical and normative basis for defining
overweight and obesity than has been the case in recent
years with undernutrition. These events include the
controversy attending the release of the WHO report
on “Diet, Nutrition and the Prevention of Chronic Diseases” [13]; the CDC paper revising estimates of mortality associated with overweight and obesity [14]; the
significant media, legislative, and corporate attention
devoted to the subject; and the increasingly politicized
debates concerning evidence-based decision-making
and sound science in policy development [15]. Should
interest-group politics become focused on the defini-
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tion of overweight and obesity, they are likely to focus
on the justification for a prescriptive reference rather
than a comparative reference, the countries chosen
to define that norm, and the strength of evidence
underlying decisions regarding inclusions, exclusions,
and cutoff points. It also is possible that the debate,
once begun, could spill over into the low end of the
distribution. These possibilities further suggest a need
to pay explicit attention to the technical and normative
basis for reconciling the error trade-offs noted above
and to revisit the advisability of advancing a normative
standard at both ends of the distribution.

Illustration of principles based on bodymass index (BMI)
Although the above principles have been advanced
entirely at a conceptual level for ease of presentation, it
is instructive to examine them with a specific example
in mind. This section illustrates some of the principles
using the high-end cutoff points for BMI of children
and adolescents as an example.
Historically, the NCHS references used the 85th and
95th age- and sex-specific percentiles of BMI as cutoff
points for overweight and obesity during childhood
and adolescence [16]. As such, these represent statistically based cutoff points. However, with the increasing
concern regarding the long-term health consequences
of obesity, and the documented rightward shift in the
upper tails of the BMI distribution among US children
and adolescents, the use of these percentiles based on
US children, even as reference values, became less tenable. The continued use of these cutoff points effectively
would have “normalized” these higher BMIs and provided a biased yardstick for estimating overweight and
obesity in the United States and in other populations.
As an alternative, the International Obesity Task
Force (IOTF) developed a set of reference cutoff points
that, statistically, correspond to a BMI of 25 and 30
as observed among adults in a pooled international
sample [17]. Those cutoff points, in turn, have been
shown in earlier studies to be associated with elevated
health risks among adults [18]. In choosing this strategy, the IOTF recognized that a given cutoff point in
adults may not carry the same health implications
among children and adolescents, but they decided that
the errors associated with this strategy were preferable
to those associated with continued use of the 85th and
95th US centiles. Thus, the IOTF cutoff points are a mix
of statistical, risk-based, and pragmatic considerations.
An important question is the extent to which child and
adolescent BMIs above these or any other cutoff points
are associated with future health risks.
Epidemiologic studies among children and adolescents have used a variety of cutoff points to examine
the future health risks associated with elevated BMI,
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making comparisons difficult. However, the literature
on longitudinal studies is consistent at a general level
in showing statistically significant associations between
elevated BMI and future health risks, including elevated
risks of all-causes and cardiovascular mortality [19–21],
arterial (intimal) medial thickening [22–24], coronary
artery calcification [25], atherosclerosis [26], metabolic
syndrome [27–29], fasting glucose and insulin [24, 29],
and blood pressure and blood lipids [28, 29]. These
findings support the view that the increasing prevalence of elevated BMI among children and adolescents
is likely to increase the population-level burden of
chronic disease in the future.
For the purpose of estimating the population-level
burden of chronic disease in the future, as summarized
in the population-attributable risk (PAR), for instance,
the most appropriate cutoff points would be located
where the risk curve first increases above baseline and
at each inflection point in the curve. This might be at
points A, B, and C in figure 3A, for instance. Alternatively, PAR could be calculated (and calculated more
precisely) without the use of cutoff points by simply
combining the risk equation with the distribution of
BMI values in a population [30]. Such calculations
generally lead to the conclusion that overweight and
obesity have a large impact on the burden of chronic
disease at the population level [31–34].
A basic principle outlined in this article is that a
given set of cutoff points may perform well for population-level uses but may or may not perform well for
individual-level uses. In the former case, as in calculating PAR, it is often sufficient to show that there is
a consistent and statistically significant association
between BMI and future health risks, as summarized in
the odds ratio, for instance. In the latter case, it is necessary to use different performance measures, such as
sensitivity, specificity, and positive predictive value, to
assess the predictive accuracy at the individual level.
Few long-term longitudinal studies are available that
examine the future health risks of elevated BMI among
children and adolescents, and fewer still have published
findings in the form necessary to permit their predictive accuracy to be evaluated. Table 2 presents the findings from three studies that do permit such measures to
be derived from the published results. Several findings
are noteworthy:
» There is consistency across studies, cutoff points, and
outcome variables in showing significant odds ratios
between elevated BMIs and future health risks;
» There is considerable variation in sensitivity and
positive predictive value across different outcomes
and cutoff points, and generally high specificity in
all cases. Odds ratios (and regression coefficients in
other analyses) are not necessarily closely related to
these measures of predictive accuracy;
» There is wide variation in the ratio of false positives
to true positives (b/a in fig. 4), but in most cases use
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of these cutoff points would yield three to five false
positives for each true positive identified. The FP/TP
ratio is not necessarily related to the strength of the
odds ratio or Se; in fact, some of the highest FP/TP
ratios are found in conjunction with the highest
odds ratios.*
» Although the metabolic syndrome is closely associated with BMI in terms of odds ratios and Se, the
use of these BMI cutoff points still yields very high
FP/TP ratios in the one Bogalusa study [28] that did
not include waist circumference in the definition of
that syndrome.
» The one mortality study for which these statistics
could be calculated, relating BMI in childhood or
adolescence to adult mortality, suggests similar findings to those for the risk factors, based on a relatively
low BMI cutoff point (> 75th percentile). Although
the full range of statistics cannot be calculated from
the paper, table 3 shows that the strength of the
association (odds ratio) between adult BMI and
future adult mortality (from a meta-analysis of 26
studies) is not statistically significant for BMIs in
the overweight range (25 to 29) and is significant,
but not impressive in absolute terms, in the obesity
range (> 30). This is so for the median estimate of
the odds ratio as well as the upper limit of the 95%
confidence interval in the meta-analysis [36].
This example confirms that the performance of
cutoff points can vary in important ways between
population-level uses (such as estimating PAR) and
individual-level uses (such as screening). The literature tends to emphasize the reporting of odds ratios
and regression coefficients, by way of demonstrating
statistically significant associations (and possibly causality), with much less attention to the performance
measures bearing on predictive accuracy. The available
data suggest odds ratios are not particularly informative concerning the predictive accuracy of the cutoff
point. Se and Sp are more informative, and are widely
recognized as such in clinical epidemiology. However,
the present example highlights another performance
measure, the FP/TP ratio, which is generally overlooked in the extant literature and speaks directly to a
potentially very important value trade-off in choosing
cutoff points for overweight and obesity.** This ratio is
directly affected by the placement of the cutoff point,
and the relatively low BMI cutoff (25 kg/m2) used in
* The false positive ratio as calculated here is different from
the false positive rate more commonly used in clinical epidemiology. The latter is defined as b/(b+d) or (1–Sp). There are
inconsistencies in how these are used in the literature [35].
** The FP/TP ratio is closely related to the positive predictive value (PPV), in that FP = 1–PPV. However, the PPV
implicitly emphasizes a desire to detect as many true positives
as possible, whereas the FP/TP ratio forces an explicit ethical
comparison between that goal (related to beneficence) and
two competing goals (nonmaleficence and the desire to focus
intervention resources on those truly in need or at risk).
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TABLE 2. Predictive accuracy of risk factors and mortality in early adulthood based on BMI in childhood and adolescence
BMI
range
25–29

> 30

> 95p

> 75p

Beginning Follow-up
age (yr)
age (yr)
4–15

4–15

5–17

27–39

27–39

24–36

5–10

24–29

11–17

29–36

2–14

59–72

Outcome variable

OR

Se

Sp

PPV

FP/TP
ratio

Hypertension
High LDL
cholesterol
Low HDL cholesterol
High triglycerides
Metabolic
syndromea

2.65
2.18

35.9
25.9

85.2
85.9

5.4
20.0

17.5
4.0

2.13
1.99
3.69

24.6
26.5
38.1

87.1
85.9
87.0

34.4
20.0
23.0

1.9
4.0
3.3

Hypertension
High LDL
cholesterol
Low HDL cholesterol
High triglycerides
Metabolic syndrome

4.65
1.73

17.9
6.3

96.1
96.0

9.7
14.5

9.3
5.9

2.37
2.13
4.87

7.1
7.2
12.5

96.5
96.0
96.6

31.6
16.0
28.0

2.2
5.2
2.6

High systolic BP
High diastolic BP
High LDL
cholesterol
Low HDL cholesterol
High triglycerides
High insulin
1+ RF
2+ RF
3+ RF
1+ RF
2+ RF
3+ RF
1+ RF
2+ RF
3+ RF

4.5
2.4
3.0

34
23
28

—
—
—

13
9
18

3.4
7.1
12.6
2.8
7.0
17.9
5.4
8.8
29.4
1.9
6.2
13.7

25
47
62
25
48
74
29.4
50
80
22
48
70

—
—
—
89
88
86
92.9
90
88
87
87
85

17
24
21
49
27
10
60.6
26
12
42
27
10

1.5
2.0

13.5
13.1

86.6
86.6

15.7
.046

All-cause mortality
CHD mortality

6.7
10.1
4.6

Study
Bogalusa [28]

Bogalusa [29]

4.9
3.2
3.8
1.0
2.7
9.0
0.65
2.8
7.3
1.38
2.7
9.2
5.4
20.7

Boyd-Orr [21]

BMI, body-mass index; OR, odds ratio; Se, sensitivity; Sp, specificity; PPV, positive predictive value; FP, false positive; TP, true positive; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; BP, blood pressure; RF, risk factor; CHD, coronary heart disease
a. Metabolic syndrome is defined by abnormal levels of three or more of the following seven risk factors: systolic blood pressure, diastolic blood
pressure, triglycerides, LDL cholesterol, HDL cholesterol, fasting glucose level, and waist circumference. Shading added for emphasis.

TABLE 3. Predictive accuracy of adult mortality based on BMI in adulthood: meta-analysis of 26 studies [36]
BMI range

Beginning age

Follow-up age

Outcome variable

ORa

25–29

Adult males

Adult males

All-cause mortality
CHD mortality

0.97 (1.01)
1.16 (1.16)

Adult females

Adult females

All-cause mortality
CHD mortality

0.97 (0.99)
1.10 (1.20)

Adult males

Adult males

All-cause mortality
CHD mortality

1.20 (1.20)
1.51 (1.67)

Adult females

Adult females

All-cause mortality
CHD mortality

1.27 (1.29)
1.62 (1.81)

> 30

BMI, body-mass index; OR, odds ratio; CHD, coronary heart disease
a. Values in the odds ratio column represent the summary relative risks (with the reference BMI group being 18.5 to 24.9). The upper limit
of the 95% confidence interval based on all 26 studies is shown in parentheses.
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estimating PAR, for instance, may perform poorly in
terms of the FP/TP ratio. In light of the concern and
growing evidence regarding the social and psychological dimensions of child and adolescent weight status in
some contexts [37–42], this ratio should be included
with other measures of predictive accuracy when alternative cutoff points are evaluated.
A common justification for using low cutoff points,
such as a BMI of 25, despite the relatively weak association with health outcomes, is that modest elevations in
risk in the BMI range of 25 to 30 can lead to substantial
morbidity, mortality, and associated outcomes at the
population level. Although this often is a valid claim,
the above results further show that the use of the same
cutoff points for screening purposes may result in poor
predictive accuracy, with associated poor identification of those at risk (due to low Se), leakage of scarce
intervention resources (due to low PPV), and potential
unintended consequences (due to high FP/TP). When
the population-level uses of the data are used to implement exclusively population-level public health actions
(such as fortification, improving water and sanitation
or the built environment, imposing taxes, etc.) there
may be no conflict in the use of such cutoff points to
report prevalence, PAR, or other statistics. However,
these instances are rare. In most cases, so-called public
health strategies do include a component of population-wide individual actions, such as growth-monitoring programs, school or worksite screening programs,
public awareness and education campaigns, and more
generalized effects on individuals transmitted through
the media and informal cultural channels. In such
cases, it is appropriate to consider the potential unintended consequences associated with false positives.
This suggests that there can be a trade-off, or conflict,
involved in using mild cutoff points for BMI (and other
indicators) at the population level when their predictive
accuracy is low at the individual level.

An integrated framework and key issues for
discussion
This paper, and others in this series, have identified
several categories of considerations relevant to the
choice of cutoff points, as depicted in table 4. This
table underscores the need to distinguish children from
adolescents and, in each case, the low end from the
high end of the distribution. In addition, it identifies
a set of complicating factors to be considered in each
case. These factors include some that often are treated
as “intrinsic factors” (shaded in the table) but that actually are nonseparable from environmental factors; a
large set grouped under behavioral and environmental
variation; the existence of variability and uncertainty
in estimating the causes and consequences (and slopes)
of anthropometric variation; and the special challenges
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of constructing cross-sectional versus longitudinal
references. Finally, the table underscores that the most
efficient indicator and cutoff point typically varies
across the many purposes to which anthropometric
data are applied.
If taken literally, table 4 implies the need to develop
an entire family of cutoff points, which clearly is neither
possible with the existing knowledge and evidence
nor practical from a user’s perspective. However, the
table provides a comprehensive framework to guide
decisions about key issues requiring attention. The
following questions and suggestions are offered for
further discussion:
1. In contrast to the preschool period, when “reaching an individual’s genetic potential” has served as
a touchstone for developing a reference, a different
theoretical or philosophical foundation may be
needed during childhood and adolescence. This is
because of concerns both about the causes of early
maturation (such as dietary and environmental
exposures or overweight itself) and about its consequences (such as early and prolonged exposure
to endogenous estrogen, which is linked to breast
cancer). The new growth reference may need to
question the notion that bigger is better, which is
obvious in relation to weight status but also may
extend to the case of height, if elevated heightfor-age is merely a reflection of early maturation
resulting from adverse dietary or environmental
exposures and/or overweight.
2. In light of the technical and social challenges associated with specifying prescriptive behaviors and
estimating long-term health effects at the high end
of anthropometric indicators, consideration could
be given to developing a prescriptive reference at
the low end and a comparative reference at the high
end. Consideration could also be given to using
samples from different countries for the low-end
reference versus the high-end reference.
3. In light of the inefficiencies and error trade-offs
associated with the use of single cutoff points at
both ends of an anthropometric distribution, consideration could be given to the development of two
cutoff points at each end. The more extreme cutoff
point could carry stronger normative claims and
health implications. The less extreme cutoff point
would signal the need for further assessment and
caution (at the individual level) and would provide
a basis for estimating the size of the at-risk group at
the population level. The gain in efficiency and predictive power from such an approach, at the individual and population levels, might be estimated
by using available studies and reanalysis of existing
datasets. The acceptability, comprehensibility, and
credibility of such a system could be tested through
consultation with end users and stakeholders with
diverse viewpoints on these issues.
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TABLE 4. Considerations in selecting anthropometric cutoff pointsa, b
Screening
Age
group
(yr)

Complicating factor

On risk

Prevalence

On
benefit

Responsiveness

Single Compare
popula- popula- Temporal Indition
tions
changes vidual

Population

Low end of distribution
5–9

Age
Height/allometry
Maturity (mid-spurt)
Ethnicity
Genetics
Behavioral and environmental variation
Variability and uncertainty of causes,
consequences, and slopes
Cross-sectional vs. longitudinal study

10–18

Age
Height/allometry
Maturity (mid-spurt)
Ethnicity
Genetics
Behavioral and environmental variation
Variability and uncertainty of causes,
consequences, and slopes
Cross-sectional vs. longitudinal study

5–9

10–18

High end of distribution
Age
Height/allometry
Maturity (mid-spurt)
Ethnicity
Genetics
Behavioral and environmental variation
Variability and uncertainty of causes,
consequences, and slopes
Cross-sectional vs. longitudinal study
Age
Height/allometry
Maturity (mid-spurt)
Ethnicity
Genetics
Behavioral and environmental variation
Variability and uncertainty of causes,
consequences, and slopes
Cross-sectional vs. longitudinal study

a. The table illustrates conceptually the full range of theoretical considerations that may affect choice of cutoff point; each cell could contain
a different cutoff point.
b. Shading indicates intrinsic factors.

4. Consideration could be given to developing a
system for risk-based exclusion criteria. Specifically, one might exclude a proportion of children
from the reference sample or samples on the basis
of the probability that children of their size will
develop adverse outcomes in the future. The latter

would be estimated from a meta-analysis of existing
studies, with appropriate weighting and aggregation
across multiple outcomes. This also may provide
the epidemiologic evidence needed to determine
the optimal cutoff points described in paragraph 3
above.

S235

Theoretical considerations and cutoff points

5. In light of the trade-offs among Se, Sp, PPV, and
FP/TP documented here, the normative (valueladen) implications of any reference (but especially
a prescriptive one) should be explored through indepth consultation with an appropriately diverse

set of end users and stakeholders, rather than by
public health specialists alone. Such a procedure is
consistent with theoretical and philosophical considerations and also could prove vital in defending
the normative status of such a standard.
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The International Growth Standard for Preadolescent
and Adolescent Children: Statistical considerations

T. J. Cole
Abstract

Introduction

This article discusses statistical considerations for the
design of a new study intended to provide an International Growth Standard for Preadolescent and Adolescent Children, including issues such as cross-sectional,
longitudinal, and mixed designs; sample-size derivation
for the number of populations and number of children
per population; modeling of growth centiles of height,
weight, and other measurements; and modeling of the
adolescent growth spurt. The conclusions are that a
mixed longitudinal design will provide information on
both growth distance and velocity; samples of children
from 5 to 10 sites should be suitable for an international
standard (based on political rather than statistical arguments); the samples should be broadly uniform across
age but oversampled during puberty, and should include
data into adulthood. The LMS method is recommended
for constructing measurement centiles, and parametric
or semiparametric approaches are available to estimate
the timing of the adolescent growth spurt in individuals.
If the new standard is to be grafted onto the 2006 World
Health Organization (WHO) reference, caution is needed
at the join point of 5 years, where children from the new
standard are likely to be appreciably more obese than
those from the WHO reference, due to the rising trends
in obesity and the time gap in data collection between
the two surveys.

The World Health Organization (WHO) Multicentre
Growth Reference Study (MGRS) has been progressing since 1999 [1], and the first charts resulting from
the study were published in April 2006. The study has
involved infants followed longitudinally from birth
to 24 months and children sampled cross-sectionally between 18 and 71 months, from six sites across
the world. Strict inclusion criteria have ensured that
the infants, and to a lesser extent the children, have
experienced unconstrained growth. The charts constitute an international growth standard covering the
age range from birth to 5 years (see http://www.who.
int/childgrowth/en/).
The international growth standard for preadolescent
and adolescent children is now proposed to extend the
WHO MGRS from 5 years through to puberty and
beyond. For the purposes of this article, the philosophy
of the international growth standard for preadolescent
and adolescent children is assumed to match that of
the MGRS, i.e., prescriptive subject selection to provide
a standard for growth. However, several important
aspects of the study design remain to be decided,
including the upper end of the age range and whether
to focus on cross-sectional (distance) or longitudinal
(velocity) data.
Cross-sectional, longitudinal, and mixed designs

Key words: Growth charts, puberty, sample size,
survey design
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The first question to consider is whether to collect
information cross-sectionally or longitudinally. A
cross-sectional design involves measuring children on
a single occasion, whereas a longitudinal design follows
children over time and measures them repeatedly. A
mixed longitudinal design combines features of both
cross-sectional and longitudinal designs, measuring
some children once and others more than once. A
cross-sectional design estimates growth distance (i.e.,
size), whereas longitudinal or mixed longitudinal
designs provide information on both growth distance
and growth velocity.
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Most current national growth references, such as the
US Centers for Disease Control and Prevention (CDC)
2000 [2], British 1990 [3], and Dutch [4] references, are
based on cross-sectional data. However, in the past,
longitudinal growth studies, such as the French [5]
and British [6, 7] studies, recruited children at birth
and followed them through to maturity. In general, a
longitudinal study needs to follow the same subjects
throughout the age range of interest, which implies a
study period of 10 years or more in the present context.
However, depending on the time interval over which
velocity is to be measured, a mixed design can reduce
this period substantially. Velocity in childhood is typically measured over 1 year [6, 7], so that after an initial
cross-sectional survey, the required longitudinal information can be obtained by remeasuring a fraction of
the original sample 1 year later. A new cross-sectional
sample can also be measured on the second occasion if
required. This means that conducting two surveys one
year apart permits the estimation of both distance and
annual velocity throughout the age range.
More extended estimates of velocity inevitably
require a longer period of follow-up for each individual. If, for example, the pubertal growth spurt is
of interest, then each subject will need to be followed
for a minimum of 4 years in order to capture the start,
middle, and end of his or her own height velocity curve.
This method, coupled with the 2- to 3-year population
variability in the timing of the growth spurt, implies use
of a longitudinal survey covering 6 to 7 years, clearly
a radically different design from a mixed longitudinal
survey consisting of two measurements 1 year apart.
Another important consideration when choosing
among the various designs is cost. The costs of the
designs depend on three factors, which can be summarized as recruitment, retention, and measurement.
Recruitment involves identifying suitable subjects
for the study and persuading them to take part. The
corresponding cost per recruit depends on the time
required, which in turn depends on the sampling
fraction, i.e., the sample size required relative to the
available population. Retention involves maintaining
contact with previously recruited subjects and retaining
highly trained and hence valuable staff in employment.
Retention of subjects is important only for longitudinal
studies. Measurement is the process of visiting and
measuring children, and the cost of each measurement
is the same whether the design is cross-sectional or
longitudinal.
The relative costs of the cross-sectional and longitudinal designs depend on the relative costs of
recruitment and retention. For a given number of
child-measurement occasions, recruitment costs are
minimized with a longitudinal design as the number
of subjects is minimized, whereas retention costs in
a longitudinal design are minimized if staff numbers

T. J. Cole

are minimized. Elapsed time is a distinct resource that
impacts directly on cost. A cross-sectional design is
completed more quickly than a mixed longitudinal
design, which is in turn more quickly completed than
a longitudinal design.
Thus, the issues determining which design to use
depend on the uses to which the reference is to be put,
in particular the priority attached to assessing velocity (in addition to distance) and the time period over
which to measure it; and the time and cost resources
likely to be available for data collection.
A document produced for the MGRS discusses these
issues in more detail and concludes that generally, and
more particularly when recruitment costs are high,
a mixed longitudinal design is preferable to a crosssectional design.* A longitudinal design is much more
expensive than a mixed design and is probably not
suitable for the present purposes.
Sample-size derivation for number of populations
and number of children within each population

The prescriptive form of growth standard proposed
for use here is fundamentally different from the usual
growth reference. The conventional approach is to
obtain a sample of children representative of the country or region of interest, where the key issue is representativeness via randomization (subject to mild
exclusion criteria). The proposed prescriptive growth
standard involves identifying a sample of countries that
is, in some sense, representative of all countries and
then drawing samples of children from each country
that are broadly representative of their country, but
subject to more stringent inclusion and exclusion
criteria to oversample those who have experienced
unconstrained growth.
Thus, there are two distinct design questions to
address: How many children per country should be
sampled? How many countries should be sampled?
The question “Should sample size vary from country to
country?” might be justified if larger countries were to
provide larger samples, e.g., with sample size weighted
by population size, so that the sample reflected, to
some degree, the global population. However, formal
representativeness of the global population is not a
requirement of the standard, so this question is not
pursued further here. Instead it is argued that sample
size should, by symmetry, be constant across countries.
This means that the first question can be rephrased as
“How many children overall?” The number of children
divided by the number of countries gives the number
of children per country.
* Cole TJ, Frongillo EA. Sampling scheme for children aged
18 to 71 months: the use of mixed longitudinal designs. WHO
Multicentre Growth Reference Study internal report, 2000.
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How many children overall?

At present, no satisfactory statistical basis is used for
determining sample size in growth surveys. A common
rule of thumb, which was used in the MGRS, is 50 or
100 or 200 subjects per age group. Each site planned
to measure 70 subjects every 3 months longitudinally,
and the same density of 70 measurements per 3 months
defined the sample size for the 18- to 71-month crosssectional survey. Increasing this number to 78 to cover
for refusals and dropouts gave a total of 78 × 54/3 =
1,400 cross-sectional subjects per site. With a total of
six sites, this gave an overall sample size of 78 × 6 = 468
longitudinally and 1,400 × 6 = 8,400 cross-sectionally.
The latter number corresponds to 210 subjects of each
sex per 3 months of age. (In practice, the numbers of
subjects recruited were considerably larger than this,
to protect against dropouts.)
The problem with this rule of thumb is that the width
of the age group is not specified. Instead of 3 months,
the measurement age could be 1 week or 1 year, which
would imply a sample size either 13 times larger or 4
times smaller. Furthermore, cross-sectional surveys
generally do not rely on recruitment to narrow age
groups. Instead, children are recruited across a wide age
band, and within the band the ages are assumed to be
approximately uniformly distributed. Modern statistical techniques for constructing growth standards can
deal with data at the exact age of measurement and do
not require them to be grouped.
The assumption at present is that the data are analyzed in age groups. Within each group, the measurement distribution can be summarized as the mean µ
and standard deviation σ, and assuming a normal distribution, each required centile is calculated as µ + zσ,
where z is the z-score (or normal equivalent deviate)
corresponding to the particular centile. The precision
of the centile estimate depends on three things: the
precision of the mean µ, the precision of the standard
deviation σ, and z. These are combined in the following formula:[8]
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where SE is the standard error and n the sample size.
This shows that the most precise centile is the mean
where z = 0 (which is also the median for normally
distributed data). Here the standard error is σ /
√n.
Extreme centiles are less precise; for example, the
standard error for the 2nd centile, where z = –2, is 
√3
times or 70% larger than for the median.
Alternatively, the standard error can be expressed as
a percentage of the mean µ, as follows:
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Here the %SE for the mean is 100σ /m /
√n .
Equation (1) shows that the precision of the centile
depends on the ratio σ /
√n , where σ varies with age.
This ratio can be made constant across age groups by
ensuring that n is proportional to σ2. Thus, at ages at
which the variability is increased, notably in puberty, n
needs to be increased appropriately to compensate [9].
Alternatively, if the percentage error is to be kept
constant, as in equation (2), which is in many respects
a better strategy, then the key ratio is σ /m /
√n , where
σ /m is the population coefficient of variation (CV) or
proportional standard deviation. For weight and height,
the CV, like the SD, peaks in puberty, and for a constant
%SE the sample size should be chosen to be proportional to CV2. As an example, growth references based
on the LMS method (discussed later) estimate the population CV as the quantity S. In the British 1990 reference, the S value for weight at the age of 5 years was 0.12
(12%) in boys and 13% in girls, rising to 18% in boys at
14 and 19% in girls at 11 years. With sample size proportional to S2, this implies sampling more than twice
as many subjects at the peak of puberty than at age 5.
Two other important features of growth standard
data also need to be considered. The first is the smoothing that takes place across age. The means and standard
deviations µ and σ by age group are plotted against
mean age, and smooth curves are drawn through them.
This process “borrows strength” from neighboring age
groups, so that the standard errors of µ and σ for a particular age group are shrunk and the centile standard
errors are smaller than predicted by equation (1). This
increase in precision can be thought of as an effective
increase in sample size, by up to three times [10].
The standard error is greatest at the extremes of age,
and it can be reduced in two ways: either by oversampling the youngest and oldest age groups, or by sampling
outside the intended age range. For example, if the reference is to cover the age range from 5 to 20 years, then
including data from 4 to 22 years will make the centile
estimates at the ages of 5 and 20 much more precise.
The discussion so far has also ignored the possible longitudinal nature of the data. Assume that the
study uses a mixed longitudinal design in which some
subjects are measured more than once, and that one
purpose of the reference is to estimate velocity v. This
is defined as the rate of change of the measurement, so
v = (b – a)/∆t where a and b are the two measurements
and ∆t is the time interval between them. Assume that
a and b have the same variance σ2, then the standard
error of mean velocity is given by
S
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where n is the sample size and r the correlation between
a and b. The standard error is inversely related to σ /
√n,
as before, but now it also depends on the correlation
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coefficient r and the time interval ∆t . To achieve a
given precision for the velocity, the correlation between
measurements needs to be taken into account. For
example, the correlation between heights measured
1 year apart exceeds 0.98 at 5 years [11] but is only
about 0.9 during puberty. This implies that for children
during puberty, a sample size n more than four times
greater than that for children at age 5 would be required
to ensure the same standard error for the mean annual
velocity.
The dependence of the velocity precision on ∆t in
equation (3) has design implications. If velocity measurements from different subjects are to be equally
informative, the value of equation (3) needs to be
constant from child to child. This means either that ∆t
should be constant, i.e., that all children are measured
at exactly the same ages (not easy to do in practice), or
that individual estimates of velocity should be weighted
inversely as their variance, i.e., by ∆t 2, to compensate
for differences in ∆t.
To summarize, the precision of distance centiles
involves the size of the group and the population
variance, whereas for velocity centiles the age-on-age
correlation and time interval between measurements
are also important. Because of the extra variability in
growth at puberty, the sample size requirements to
achieve a given size of standard error are considerably
increased at this time, by a factor of four or more. Peak
height velocity (PHV) occurs at about the age of 12 in
girls and 14 in boys, so in addition to analyzing the
sexes separately, which is clearly necessary, it may also
be optimal to have different age profiles for the sample
size by sex.
This is a simple summary of a complex situation.
Cole and Frongillo* have considered it in more detail,
covering acceleration in addition to velocity and distance, and they conclude that the mixed longitudinal
design is a good compromise in terms of precision for
estimating distance and velocity.
The focus so far has been on distance in narrow age
groups or velocity over short periods of time. In practice, though, the fitting of growth standards involves
estimating smooth curves that cover the whole age
range of the study. The LMS (lambda-mu-sigma)
method, for example, is used to construct distance
centiles, and it estimates the age-changing distribution
of the measurement in terms of its median M, coefficient of variation S, and skewness L (Box-Cox power
to transform to normality), each represented as a cubic
smoothing spline curve plotted against age estimated by
penalized maximum likelihood [12]. The LMS method
is an extension of the normal distribution model of
equation (1) to a model that includes an adjustment for
* Cole TJ, Frongillo EA. Sampling scheme for children aged
18 to 71 months: the use of mixed longitudinal designs. WHO
Multicentre Growth Reference Study internal report, 2000.
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skewness. This is valuable for measurements such as
weight and body mass index (BMI) where the distribution is markedly skewed.
The complexity of the shape of each estimated curve
in the LMS method depends on the particular measurement and the age range of the data, so that median
height from birth to adulthood is a more complex curve
shape than, for instance, median skinfold thickness
from 5 to 10 years. The greater the complexity of the
curve, the greater the sample size required to estimate
it with adequate precision. Pan and Cole [13] recently
considered issues of curve complexity when fitting the
LMS method. They used as their example data from the
Third Nationwide Dutch Growth Survey, a sample of
20,000 heights and weights for each sex from birth to
20 years [14], but they also considered a random 10%
subsample of 2,000 for comparison purposes. This corresponds to a sample density of 250 for each sex per 3
months reduced to just 25 for each sex per 3 months
(as against the nominal figure of 78 for each sex per 3
months used in the MGRS). They found that reducing
the sample size by a factor of 10 made remarkably little
difference to the estimated L, M, and S curves, implying
that the original survey had been larger than necessary
and hence overpowered. Bearing in mind that the age
range being discussed for the international growth
standard for preadolescent and adolescent children is
narrower than the Dutch survey’s range of 0 to 20 years,
the implication is that a total sample size of less than
2,000 for each sex should be sufficient.
How many countries?

The choice of the number of countries depends, like
the choice of the number of children, on the research
questions to be asked and the resources available. The
possible number of countries to include varies from one
(which equates to a conventional national reference) to
all countries (approximately 200). Other things being
equal, the total cost rises steeply with the number of
countries included, an argument for a fairly small
number of countries. On the other hand, if the aim is
to quantify intercountry differences, then a relatively
large number of countries is needed. In practice, the
political imperative is to include sufficient countries
for the standard to claim international representativeness, which can probably be achieved with fewer than
10 suitably chosen countries.
A statistical case can be made to justify a given
number of countries, predicated on the precision of
the intercountry differences. But this implies that the
aim of the study is to estimate intercountry differences,
and in the MGRS this was not the case. The assumption has been that, by sampling children of high socioeconomic status in each country, the children can be
made relatively homogeneous across countries and the
intercountry differences minimal, obviating the need
to make formal comparisons.
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Ultimately, the number of countries to sample is a
political rather than a statistical issue. But a number
between 5 and 10 is likely to prove suitable.
Growth parameters of height, weight, and other
measurements

The cross-sectional age-related frequency distribution
of anthropometric characteristics (including height,
weight, BMI, and skinfolds, among others) can be estimated by using techniques like the LMS method [12] or
the EN (exponential-normal) method [15], which summarize the distribution in terms of age-changing curves
representing the median, coefficient of variation, and
transformation required to adjust for skewness. These
methods offer several advantages over previous statistical approaches to growth curve construction:
» They summarize the distribution in terms of its agerelated moments, the mean, variance, skewness, etc.,
which apply across the age range and so “borrow
strength” from nearby data;
» The incorporation of a skewness adjustment allows
for measurements such as BMI or skinfolds to be
modeled, which in the past posed problems because
of their skew distributions;
» The LMS method uses cubic smoothing splines for
the curve-fitting, which are simple to fit and yet
allow for considerable complexity in curve shape;
» The moment curves allow any required centile curves
to be calculated, which can be extrapolated into the
tails of the distribution, providing, for example,
curves as extreme as –3 or +3 z-scores, corresponding to the 0.1th and 99.9th centiles;
» Dedicated software exists for fitting the LMS method,
for both statistical specialists and nonspecialists.
The foregoing applies mainly to distance standards,
i.e., based on cross-sectional data, and it can be applied
equally to velocity standards based on longitudinal
data. However, conventional velocity standards suffer
from two important problems that are not widely
acknowledged:
» Using the velocity standard more than doubles the
amount of work required to assess an individual’s
growth curve. Two charts, one for velocity and one
for distance, are needed rather than one, and the
velocities need to be calculated from the individual
measurements to plot them on the velocity chart;
» Velocity needs to be adjusted for regression to the
mean; on average, a subject’s second measurement is
less extreme than the first (it has “regressed toward
the mean”) so that small children grow faster than
large children on average [16]. The assessment needs
to take this into account.
There is an alternative approach to the construction
of velocity standards that directly addresses these concerns. It exploits the idea of velocity as “centile crossing”
on the chart, where normal or median growth is seen

as tracking along the centiles, whereas growing faster
or slower than median growth is upward or downward
centile crossing. A given rate of centile crossing then
corresponds to a particular velocity centile, and this
can be represented on the chart by a set of “thrive”
lines, analogous to centile lines, which demonstrate
the required degree of centile crossing. A child whose
growth curve tracks along these thrive lines (so called
because they test for failure to thrive) is then growing
on the specified velocity centile [17, 18].
The thrive-line approach to growth velocity avoids
the need for a velocity chart, since the thrive-line information is provided on a transparent overlay to place
on the distance chart. The thrive lines correspond to
a particular centile over a specified time period, e.g.,
the 5th weight velocity centile over a 4-week period
[18]. The thrive lines also incorporate an adjustment
for regression to the mean, which addresses the second
of the two concerns above. The algebra underlying the
thrive lines is actually very simple, and they depend
only on the correlation structure between measurements at a series of ages [18].
The choice of anthropometric characteristics should
obviously include height, weight, and hence BMI.
Skinfolds provide information on fat content and fat
distribution, but waist circumference is probably a
better source of such information because it is easier
to measure. Another approach to consider is the measuring of bioelectrical impedance, which is a proxy for
lean mass and thus can be used to adjust BMI for lean
mass, providing a more direct measure of fat mass than
BMI itself [19].
Modeling of the adolescent growth spurt

The adolescent growth spurt is seen most clearly with
height and weight. The growth velocity in individual
children rises from a low point just before adolescence
to a peak at a mean age of approximately 12 in girls and
2 years later in boys, then falls equally rapidly to zero as
adulthood is reached. The timing of this growth spurt
varies from child to child, with a standard deviation of
about 1 year, reflecting the individual tempo of growth,
with the result that data collected cross-sectionally blur
the form of the growth spurt and flatten the median
curve, as described originally by Merrell [20]. For
this reason, Tanner produced a tempo-conditional
reference that adjusted for the flattening of the median
curve by representing it as the growth pattern of a child
of average height, average age at PHV, and average PHV
[6, 7]. There is some debate about the added value of
the tempo-conditional reference as compared with a
cross-sectional reference [21].
At the individual rather than the population level,
the adolescent growth spurt can be estimated by fitting
either a parametric or a semiparametric model to individual growth curves. Of the various parametric models
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available, the most suitable for the age range from 5 to
20 years is the Preece–Baines model 1 [22], which
summarizes the growth curve in five parameters that
are closely related to the biological parameters of age
and height at takeoff, age and height at PHV, and adult
height. It is important to note that the Preece–Baines
model, like other parametric models, requires adult
height to be measured for each individual to ensure a
good fit to the growth curve.
An alternative is the semiparametric approach,
where each individual curve is fitted as a cubic smoothing spline. The age at PHV for the individual is then
obtained as the age when the first derivative of the
spline curve, i.e., the height velocity curve, is at a
maximum. This is a more flexible approach than the
parametric model, in that a spline curve of up to 7
equivalent degrees of freedom (an indication of curve
complexity) is adequate to represent all the different
shapes of growth curve likely to be seen during puberty,
and its first derivative follows closely the shape of the
height velocity curve, particularly its peak. In addition,
there is no requirement for adult height to be known.
Other modeling issues

There are two other modeling issues that need to be
borne in mind, given that the new survey is intended to
extend the WHO MGRS. The first issue is the need for
the centiles in the two surveys to match at the age where
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they meet. The NCHS reference consisted of an early
component based on Fels data and a later component
based on National Health Examination Surveys [23].
The centiles for the two components did not match,
and as a result the NCHS centiles, and the prevalences
of malnutrition based on the NCHS centiles, showed a
disjunction between 2 and 3 years [2]. It is very important that the model-fitting process avoid this happening
with the MGRS and the International Growth Standard
for Preadolescent and Adolescent Children. The best
way to achieve it would be to add MGRS data for the
older children to the international growth standard
for preadolescent and adolescent children dataset to
achieve a smooth transition between the two.
The second and related issue is the secular trend
in obesity, which means that during the time interval
between data collection in the two surveys, children
will have become appreciably more obese. Recent
data for UK children aged 5 to 10 years suggest an
increase in overweight prevalence of about 1% per year
between 1994 and 2003 [24], which would translate
to a difference in prevalence of 5% or more between
the MGRS and the international growth standard for
preadolescent and adolescent children data. Thus, the
issue of a disjunction between the two surveys at age 5
is of paramount concern, since the centiles for weight
and particularly BMI in the two surveys are likely to be
offset to this extent.
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Indicators of biological maturation and secular
changes in biological maturation

Gaston P. Beunen, Alan D. Rogol, and Robert M. Malina
Abstract
Commonly used indicators of biological maturation are
discussed, including sexual, skeletal, morphological, and
dental maturity, and the hypothalamus–pituitary–end
organ axes that regulate the growth and maturation
processes. Interrelationships among indicators and the
tempo, timing, and sequence of maturational events are
also considered. Environmental factors that influence
the level of maturity at a given point in time and the
process of maturation are also discussed: undernutrition,
obesity, ethnic/racial background, social class, familial
characteristics, climate, and altitude. Recommendations for the design of studies of maturational events
are made, and an overview of secular changes before
and after 1970 is provided. The review concludes with
specific recommendations for the inclusion of a maturity
indicator or maturity indicators in the construction of
an international growth standard for preadolescent and
adolescent children

Key words: Growth reference, hormones, maturity,
secular change

The concept of biological maturation
Maturation is a process that marks progress toward
the adult (mature) state. Maturation is a process,
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whereas maturity is a state. All tissues, organs, and
organ systems of the body mature, but they do so at
different times and rates. As a result, assessment of
biological maturity status varies with the bodily system
considered. Of necessity, therefore, the concept of
maturation is operational. The more commonly used
systems for the assessment of maturation are the skeletal, reproductive (sexual), and somatic systems; hence,
the terms skeletal, sexual, and somatic maturation are
standard in the growth literature. Dental maturation
(eruption and calcification) is occasionally used, but
it tends to proceed independently of the other three
systems. Biochemical and hormonal maturation, as
steering mechanisms for the other systems, must also
be considered.
Maturation of different systems tends to proceed
independently of chronological (calendar) age, so that
chronological age is not a good indicator of biological
maturity. Nevertheless, the growth and maturity status
of an individual or sample of individuals is routinely
placed in the context of chronological age.
In constructing objective, reliable, and valid indicators of biological maturity status, it is of importance
that the indicators reflect the maturation of a biological
system, occur in all individuals as they progress toward
the adult state, and reach the same endpoint, i.e., the
mature or adult state. The indicators should also, to
some extent, be independent of growth (size attained),
i.e., they should not quantify the growth status of a
tissue, an organ, or a biological system. Finally, a relevant indicator should be applicable throughout the
entire maturation process, but the reality of variation
among systems precludes this criterion [1–6].

Indicators of biological maturation
Skeletal maturity

The maturation of the skeleton is widely recognized
as the best single indicator of maturity status [6]. All
children start with a skeleton of cartilage and progress
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toward the fully ossified, adult axial skeleton. In the
case of the tubular bones (long and short bones),
maturity is attained when the epiphyses are fused with
their corresponding diaphyses; in the case of round
or irregularly shaped bones, maturity is defined by
adult morphology (shape). The bones comprising the
craniofacial skeleton differ in embryonic origin, and
their growth and maturation are approached differently. They are not considered in this discussion of
skeletal maturation.
The bones of the hand and wrist provide the primary
basis for assessing the maturity status of the child,
although the knee, hip, and foot have also been used.
The progress of maturation of the skeleton is ordinarily
monitored with standardized radiographs, and assessment of maturity is based on changes occurring from
initial ossification to adult morphology of individual
bones. Criteria for individual bones are characterized
as maturity indicators—specific features of individual
bones that are universal and occur regularly in a
definite, irreversible order. Three methods for the
assessment of skeletal maturity—the Greulich-Pyle,
Tanner-Whitehouse, and Fels methods—are commonly
used at present.
The Greulich–Pyle method [7] is based on the original work of Todd [8], and it is sometimes called the
atlas or the inspectional technique. The atlas consists of
sex-specific radiographs representative of the maturity
status at a given chronological age from birth to 19
years. The radiograph that was most typical of about
100 radiographs of each sex at each age level was
selected as the reference plate. Each bone on the standard plates represents its median appearance at a given
chronological age (however, in some plates of the atlas,
there is considerably variation for a given chronological
age). The method is based on the radiographs of a large
sample of children from the Brush Foundation Study.
The children were from families of high socioeconomic
status in Cleveland, Ohio, USA.
The skeletal maturity of a child is determined by
comparing his or her hand-wrist skeleton to the standard plates of the atlas. Skeletal maturity is expressed as
a skeletal age. There is, however, variation in how the
method is applied. Quite often, the assigned skeletal age
is that of the plate which most closely matches that of
the child. This overlooks variation among bones in the
hand-wrist and also variation among standard plates.
More appropriately, the method should be applied
by matching each individual bone to the atlas plates.
Accordingly, the skeletal age of the plate with which the
individual bone most closely coincides is noted, and the
skeletal age assigned to the child is the median value of
the skeletal ages of all bones [9].
The Tanner–Whitehouse method is sometimes called
the bone-specific approach [10, 11]. Maturity indicators were defined and described for each bone. Each
indicator is expressed as a stage from initial ossifica-
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tion to union (radius, ulna, metacarpals, phalanges)
or adult morphology (carpals), and a point score is
assigned to each stage. Twenty bones are used: the
radius, ulna, seven carpals (excluding the pisiform),
and the metacarpals and phalanges of the first, third,
and fifth digits (rays). The scores are summed and can
be expressed either as a maturity score or as a skeletal
age. The maturity scale (0 to 1,000) was constructed to
minimize the overall disagreement between the results
from the long and the round bones.
The first version of the method (Tanner–Whitehouse
I) [10, 11] provided a skeletal age based on the sum
of maturity scores for 20 bones. The second version
(Tanner–Whitehouse II) [12] provided three different scales and skeletal ages: a 20-bone scale, an RUS
(radius, ulna, short bones) score (13 bones), and a
CARP scale for the seven carpal or round bones. Both
the Tanner–Whitehouse I and the Tanner–Whitehouse
II skeletal maturity references are based on a sample of
about 3,000 healthy British children. In the second version, the final stage of a number of bones was no longer
assessed, and the scoring system was modified, but the
maturity indicators were not changed. The third version
of the method (Tanner–Whitehouse III) [13] considers
only the RUS and carpal bones and no longer includes
a 20-bone skeletal age, and the reference values are now
based on samples of British, Belgian, Italian, Spanish,
Argentinean, US (a well-off sample from the suburbs
of Houston, Texas), and Japanese children.
The Fels method is bone-specific and is based on a
sample of middle-class children from south-central
Ohio, USA, enrolled in the Fels Longitudinal Study
[14]. The authors defined an extensive series of maturity indicators for all bones of the hand-wrist skeleton
[14]; ratios between linear measurements of epiphyseal and diaphyseal widths for individual long bones
were included among the indicators. The potential of
each indicator was tested on its ability to differentiate
between individual children of the same chronological
age and on its universal appearance, reliability, validity,
and completeness. The resulting Fels method is based
upon the final grading of 85 grade maturity indicators for the radius, ulna, carpals, metacarpals, and
phalanges, and 13 measured ratios of epiphyseal and
diaphyseal diameters of the radius, ulna, metacarpals,
and phalanges. The number of indicators to be assessed
at a given chronological age varies with chronological
age and sex and is relatively large at some ages; however,
most indicators are assessed simply as present–absent
or maximally on a five-grade scale. The chronological
age and sex of the child and the ratings and ratios are
entered into a microcomputer, which calculates a skeletal age and associated standard error of estimate.
Other methods for the assessment of skeletal maturity have been proposed. Some are of historical interest,
and others are less commonly used [3, 6]. At present,
several computer-based protocols have been applied to
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the Tanner–Whitehouse II method, and the experimental results are reasonably consistent with the ratings of
expert assessors [15, 16].
The three currently used methods for the assessment
of skeletal maturity are similar in principle but differ in
maturity indicators, scales of maturity (scores, skeletal
age), and reference samples. The Greulich–Pyle and
Fels methods provide a single skeletal age, whereas the
Tanner-Whitehouse method provides several skeletal
ages. A skeletal age corresponds to the level of skeletal
maturity attained by a child relative to the reference
sample for each method. Given differences in the
methods and in the reference samples for each, skeletal
ages derived from each are not equivalent. In fact, the
skeletal maturity status of a child rated by all three
methods may be quite different [1, 3–5, 17]. Regardless
of the method used, quality control in assessment is
essential. Variation within and between assessors can
be considerable and should be reported.
Skeletal age has limited utility by itself. The utility
of skeletal age as a maturity indicator is based on its
relationship to a child’s chronological age. Skeletal age
may simply be compared with chronological age, may
be expressed as the difference between skeletal age and
chronological age (i.e., skeletal age minus chronological
age), or may be expressed as a ratio of skeletal age to
chronological age. There is considerable variation in
skeletal age at each chronological age level. The standard deviations of the RUS bone age (Tanner–Whitehouse III) is approximately 1 year from the age of 5
years in both sexes to 14 years in girls and to 16 years
in boys (Tanner et al. [13], p. 10).
The advantages of skeletal maturity as an indicator of
biological maturity are several: it gives reasonably precise and reliable estimates, is applicable throughout the
postnatal maturation period, and reflects maturation
of an important biological system. Its disadvantages
are that it involves exposure to low-level radiation, it
requires training and quality control, and the stages
(maturity indicators) are somewhat arbitrary and suggest discrete steps in a continuous process [1, 3–5].
Sexual maturity

Sexual maturation is a process that extends from the
early embryonic differentiation of the sexual organs
to full maturity of these organs and fertility. Puberty
is a transitional period between childhood and adulthood during which the sex organs and the reproductive system mature and the growth spurt takes place.
Major psychological, behavioral, cognitive, and emotional changes also occur during puberty. Individual
differences in timing and tempo are considerable at
this time.
The assessment of sexual maturation is based on
secondary sex characteristics: breast development
and age at menarche in girls, genital (penis and testes)
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development in boys, and pubic hair in both sexes.
Development of the breasts, genitals, and pubic hair
is most often rated on five-point scales described by
Tanner [5]. The stages should not be identified as
“Tanner stages” but as stages of sexual maturation with
identification of the specific characteristic(s) (breast,
pubic hair, or genitals) assessed. The stages of each
characteristic are neither equivalent nor interchangeable. Stage 1 of each characteristic indicates the prepubertal state (absence of development) and stage 2 the
initial, overt development of each characteristic that
marks the transition into puberty. Stages 3 and 4 mark
progress in maturation, and stage five 5 indicates the
adult (mature) state.
Ratings of stages of secondary sex characteristics
are ordinarily made by individual observation at
clinical examination. Sometimes, as in the Harpenden
Growth Study [18, 19], the examination was made
from standardized, nude photographs. In nonmedical
settings, self-assessments by youths are increasingly
used. Self-assessments should be done privately in a
quiet room using good-quality photographs of the
stages and simplified descriptions. There is obviously
a need for quality control (intra- and interobserver reliability), and in the case of self-assessment concordance
with experienced assessors should be verified. Overall
reproducibility by experienced assessors is generally
good, with about 80% of agreement in assigning the
stages, although some studies report a percentage of
agreement as low as 40% [3].
Age at menarche, the first menstruation, is perhaps
the most widely monitored secondary sex characteristic
in females. It can be obtained in three different ways:
prospectively (longitudinal design), by interrogating
the same girls at regular intervals of 3 to 6 months;
retrospectively, by interrogating postmenarcheal girls
or women and asking them to recall when they experienced their first menstruation; and status quo, by
interrogating large samples of girls approximately
9 to 16 years of age about their menarcheal status
(i.e., pre- or postmenarcheal, see below). The first two
methods provide ages at menarche for individuals,
whereas the status quo method provides an estimated
age at menarche for a sample and does not apply to
individuals.
Other secondary sex characteristics include axillary
hair in both sexes and facial hair and voice change in
boys. As a rule, these are late-developing indicators
during puberty and are not widely used in studies of
biological maturation. A more direct estimate of genital
maturity in boys is provided by testicular volume. The
method is used primarily in the clinical setting and
requires a series of ellipsoid models of known volume,
which have the shape of the testes (Prader orchidometer) [20, 21]. The models range in volume from 1 to
25 ml; a volume above 4 ml marks the beginning of
puberty.
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The ages at which specific stages of sexual maturity
are reached are ordinarily derived from longitudinal
studies in which children are examined at regular intervals, preferably every 3 months, starting in late childhood (prepuberty) and continuing through puberty
into early adulthood. Data obtained from prospective
studies provide estimates of the age at initiation of a
stage and duration of a stage. Mean ages and associated
standard deviations can be calculated. Such longitudinal studies require, of course, long examination periods
and are most often restricted in sample size and representativeness of the sample. Cross-sectional designs
(status quo) provide ages of “being in a particular
stage.” Two pieces of information are needed: the exact
chronological age of the child and whether or not the
child is in a particular stage of sexual maturation or, in
the case of girls, pre- or postmenarcheal. The percentages of children in a particular stage at each age are
used with probits or logits to obtain sample statistics
(median, means, and standard deviations) for each
stage of a characteristic or for age at menarche. The
percentages of individuals in each stage of a secondary
sex characteristic increase with chronological age, and
the maturity curves have a sigmoid shape.
Secondary sex characteristics are reasonably easy to
determine, reflect an important biological system, and
are closely related to underlying hormonal axes. On the
other hand, secondary sex characteristics have limitations, in that the stages are somewhat arbitrary and
discrete, they are limited to puberty, and the method
of assessment is invasive in nonclinical settings (not
necessarily true for self-assessment). Moreover, the use
of secondary sex characteristics may have associated
sanctions among some cultural groups.
Biochemical and hormonal maturity

Growth and adolescent maturation surely depend on
specific hypothalamic–pituitary–end organ axes. The
process of fetal growth does not depend very importantly on the fetal hypothalamic–pituitary function;
however, the process of fetal differentiation does.
Hypothalamic–pituitary–thyroid axis

The physiological maturation of the thyroid is apparent as early as the 8th week of gestation [22]. By the
10th to the 11th week, iodine trapping and synthesis of
thyroid hormones occur. Until birth the metabolically
inactive reverse triiodothyronine (rT3) predominates,
only to be followed by a large burst of thyrotropin
(TSH) secretion just after birth and a switch to the
more metabolically active T3 by a specific deiodinase
enzyme. There are only slight differences in the normal
thyroid axis hormone levels in the first year or two of
life compared with levels in the adult. The hormone
levels then remain virtually the same until puberty,
when estrogen raises thyroxin-binding globulin (TBG)

levels. Although thyroid hormones are not responsible
for the pubertal growth spurt or sexual maturation,
they are thought to be permissive for these processes.
Adequate thyroxin is necessary for normal growth in
infancy and childhood and also for growth hormone
(GH) gene expression, and thyroxin may also act
directly on cartilage [23].
Hypothalamic–pituitary–adrenal axis

The hypothalamic–pituitary–adrenal axis shows hormonal activity beginning between the 8th and 12th
weeks of gestation. Corticotropin-releasing hormone
(CRH) from the hypothalamus regulates the growth of
pituitary corticotrophs, adrenocortical differentiation,
and steroidogenic maturation of the fetal hypothalamic–pituitary–adrenal axis. The adrenal gland at
birth is composed mainly of the definitive (mineralocorticoid) and the very much larger fetal dehydroepiandrosterone (DHEA) zones. As the child matures,
the adrenal gland forms a focal reticular and then a
continuous reticular zone. It is this zone that makes
adrenal androgens under the stimulus of corticotropin
and perhaps other adrenal androgen-stimulating hormones. The process of adrenarche marks the transition
of this zone as it releases greater and greater quantities of the adrenal androgens, DHEA and its sulfate
(DHEA-S), and androstenedione, precursors of both
more potent androgens (testosterone) and estradiol.
There is a steep rise, perhaps 4- to 50-fold, in DHEA-S
and androstenedione secretion. Adrenarche usually
occurs at the same time as the mid-childhood growth
spurt and together with the preadolescent fat spurt.
This process is independent of gonadotropin-induced
“true” puberty. However the mid-childhood growth
spurt is of much less magnitude than the pubertal
growth spurt (see below) and is quite variable in its
timing, tempo, and magnitude, depending on the state
of pubertal gonadal development. It is not a useful
parameter for linking linear growth to the “biochemical” (e.g., hormonal) measurements.
Hypothalamic–pituitary–gonadal axis

Sexual determination (testicular development) occurs
at conception. Sexual differentiation (genital development) is the process by which the manifestations of
that determination become overt. Male sexual differentiation requires the expression of the product
of the sex-determining region on the Y chromosome
(SRY) to select the pathway that the bipotential gonad
containing the Wolffian and Mullerian ducts and the
external genitalia will take. The embryonic gonad differentiates along one or the other pathway beginning
at approximately the sixth week of gestation under the
influence of gene products of the sex chromosome and
autosomes. Mutations in a number of transcription
factors, for example, SRY, SOX9, and SF-1, may affect
testicular determination [24]. Sexual differentiation

S248

continues with stimulation of the Wolffian ducts and
regression of the Mullerian structures in boys. The
former are stimulated directly by testosterone to form
the vas deferens, epididymis, and seminal vesicles. Testosterone also potentiates the effects of anti-Mullerian
hormone (AMH), also known as Mullerian inhibiting
substance (MIS), to permit complete regression of these
structures.
The male external genitalia require dihydrotestosterone (DHT) for full development. If this does not occur,
the labial scrotal folds do not fuse completely and there
is not an intact penile urethra.
Defects in testosterone production cause undervirilization of 46, XY infants. Before 10 weeks of gestational
age, very little androgen production occurs. The critical
period for androgen production (and action) occurs
between the 10th and 20th fetal weeks, when the Leydig
cell is dependent upon stimulation by luteinizing
hormone (LH) and human chorionic gonadotropin
(hCG). In the male fetus, the lack of full production
of testosterone may lead to a genital phenotype ranging anywhere from that of a normal female to that of
an incompletely developed male, with microphallus,
scrotal hypoplasia, and undescended testes
In the first few days following delivery, the initially
“high” levels of testosterone decline, only to rise again
to approximately 8 nmol/L (230 ng/dL) sometime
between weeks 3 and 12 [25]. These levels may be
important for further alteration in genital development (for example, the priming of androgen target
tissues for subsequent androgen-mediated growth and
maturation) and/or brain development (for example,
permanent virilization of the hypothalamus so that it
secretes LH tonically, rather than cyclically as in the
female [26]).
During the quiescent period between the neonatal–early infancy surge and pubertal development
(the so-called prepubertal hiatus or juvenile pause),
the full complement of structures and pathways for
androgen synthesis, secretion, and action are present
but are active at a very low level. Disorders of advanced
puberty, e.g., central precocious puberty or peripheral
“pseudo” puberty, may occur during this phase.
At puberty the levels of testosterone rise exponentially as the hypothalamic–pituitary–gonadal axis
regains the active state. At first there are only small
LH pulses, which cause the testis to produce small, but
measurable, levels of testosterone. Since the negative
feedback control system is operative at the (nearly)
prepubertal, very sensitive range, these low levels of testosterone are capable of reducing gonadotropin-releasing hormone (GnRH) secretion and thus reducing LH
release. As the boy matures, the GnRH pulse generator
operates more like the adult generator, and the low, but
rising, levels of testosterone are no longer able to have
such exquisite negative feedback control. The sum of
these two processes is increasing testosterone produc-
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tion, at first only at night (with the first pulse early in
the first episode of deep sleep), and then into the day,
but with a very distinct variation between day (early
morning) and night, which may be as high as 10-fold.
With “complete” maturation, there are fluctuations in
testosterone concentration (perhaps 40%) during the
24 hours and a small diurnal variation, with the highest
levels in the early morning.
Hypothalamic–pituitary–GH–IGF-I axis

GH is synthesized and secreted by 8 to 10 weeks of
gestation, peaks at mid-trimester, and then decreases
until delivery. The growth of the fetus is not particularly sensitive to the GH–insulin-like growth factor I
(IGF-I) axis, since congenitally hypopituitary children
have only a minor decrease in birth length. At birth
the axis is quite active, with pulsatile GH release at
relatively high amplitude. Throughout infancy and
childhood, GH and its stimulation of IGF-I production
are responsible (with adequate thyroid hormone levels)
for the relatively constant growth rate. At puberty there
is a marked increase (approximately 2.5- to 3.5-fold) in
GH and IGF-I production, secondary to the estrogeninduced increase in pulsatile GH release. The levels of
IGF-I may be 5- to 10-fold those of younger children
and adults, especially during the period around PHV.
The levels of GH (mean 24-hour production) and IGF-I
peak coincidentally with peak height velocity (PHV)
[27]. The variability in the release of these hormones
precludes a simple relationship of their individual levels
with height velocity; however, the mean levels over 24
hours correlate reasonably well, but not so tightly as to
predict the attainment, timing, or tempo of PHV or of
adult height.
Changing hormonal levels provide direct evidence
of the maturation of specific structures and tissues
that underlie the overt manifestations of biological
maturation that are commonly assessed in growth
studies, i.e., skeletal age, secondary sex characteristics,
and adolescent growth spurt (see below). However,
most of the hormones directly related to maturation
are produced in a pulsatile manner, so that serial
blood samples taken over relatively long periods (e.g.,
8 or 24 hours) are required to adequately evaluate the
hypothalamic-pituitary-end organ axes. For example,
it is the increase in the pulse amplitude of GnRH that
permits the increase in LH that drives the increase
in testosterone and estradiol at puberty. Moreover,
the collection of blood samples and associated assays
require specialized equipment that precludes their
use in large-scale surveys. Static levels of the steroid
hormones may be measured in saliva or blood samples
and may serve as “anchors” for several of the stages of
adolescent development. The more recent third- and
fourth-generation gonadotropin assays may permit the
distinction of hypogonadotropic individuals from those
who are normal, but prepubertal.
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Somatic or morphological maturity

Body size by itself is not a valid indicator of biological
maturity, since the adult state is not the same for all
individuals. As such, it is not appropriate for use as an
indicator of biological maturation. Concepts such as
height age, i.e., the corresponding chronological age at
which, in a population, a specific stature is on average
attained, are not useful maturity estimates.
If longitudinal height data that span late childhood
through adolescence are available, the characteristics of
the adolescent growth spurt can provide two indicators
of somatic maturity: age at the onset of the growth spurt
in height (first inflection point of the adolescent growth
curve, takeoff) and age at maximum velocity (second
inflection point of the adolescent growth curve, PHV).
Corresponding parameters of the growth spurt can also
be derived for other linear measurements, e.g., sitting
height and leg length.
If adult height is available (as in longitudinal studies), the percentage of adult height attained at a given
age or the age at which a certain percentage of adult
height is attained can be used as a maturity indicator.
To accurately estimate the parameters of the growth
curve, careful measurements that span adolescence
and that are taken at regular intervals, at least two times
per year (preferably three or four times a year), are
needed. Curve-fitting techniques based on structural
and nonstructural models have facilitated estimation
of the parameters [28–30].
Structural models have a preselected form of the
growth curve, and the mathematical parameters of
the model have a predetermined biological meaning.
Nonstructural models do not have a predetermined
form, and the parameters may not be easy to interpret
biologically.
The assessment of somatic maturity based on the
parameters of the growth curve (age at onset and age at
maximum velocity) is limited to the adolescent period,
and only one or two biological events are considered.
As noted, their derivation requires longitudinal measurements of individual children over a relatively large
age span, but they do provide an accurate estimate for
a major event in the pubertal period.
Percentage of adult height is calculated from present
height and adult height. Adult height is measured if
children are followed until adult stature is attained or
can be estimated. Prediction formulas are available for
European and American samples but have not been
validated on other populations [9, 11–13, 31–33].
Attempts have also been made to predict adult stature
without skeletal age [34, 35].
Use of the percentage of adult height as an indicator of somatic maturity is an indirect technique
that requires the estimation of skeletal maturation,
at least for the most accurate systems. It can, however, be applied throughout most of the maturation

period, beginning in childhood, and reflects the
progress toward maturity of an important biological
characteristic.
Dental maturity

Dental maturity has been traditionally estimated from
the ages of eruption of the deciduous and/or permanent
teeth, the number of teeth present at a certain chronological age, or the age at which a specific number of
teeth has erupted [36]. Eruption is only one event
in the calcification process of teeth and has limited
biological meaning. Moreover, the criteria for eruption (e.g., initial piercing of the gum line to complete
eruption) vary.
Dental calcification, as evaluated on radiographs,
also provides an indication of maturity status. Demirjian et al. [37] developed a scale of dental maturity
based on the principles of the Tanner-Whitehouse [10]
method for the assessment of skeletal age. The procedure requires panoramic radiographs of the seven teeth
in one quadrant of the mouth (two incisors, the cuspid,
two premolars, and the first and second molars). As
in the Tanner–Whitehouse system, specific maturity
indicators are identified for each tooth, the stages
are scored on a maturity scale for each tooth, and the
scores are subsequently summed to provide an overall
dental maturity score.
Eruption and calcification of the teeth reflect the
maturation of the dentition. Deciduous teeth erupt
between about 6 and 30 months, and permanent teeth
(excluding the third molars) erupt between about 6
and 13 years. Calcification of the permanent dentition
begins in late gestation and continues to about 16 years,
on average. Similar to the criteria for skeletal and sexual
maturity, the stages of calcification are discrete and the
criteria are somewhat arbitrary. The sex difference in
dental maturation is less pronounced than for other
maturity systems [38].
Correlations between dental (based on calcification,
Demirjian method) and Tanner–Whitehouse I skeletal
ages are generally low in children 7 to 13 years of age
[36]. Dental maturity (the ages at which individuals
attain 14, 20, and 26 permanent teeth) is generally
independent of sexual, skeletal, and somatic maturity
during male adolescence [39].

Interrelationships among maturity
indicators
The issue of interrelationships among the various
indicators of biological maturation is complex, because
only skeletal maturity and percentage of adult stature
span the entire maturation period from birth to adulthood. Indicators such as age at PHV, stages of sexual
maturation, and age at menarche in girls are limited
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to puberty. A cluster analysis of 21 maturity indicators (skeletal, sexual, somatic, and dental) assessed in
a sample of 111 Polish boys followed longitudinally
from 8 to 18 years identified a general maturity factor
during adolescence. This general factor included ages
at peak velocity for several linear dimensions, attainment of stages of sexual maturity, skeletal ages of 14
and 15 years, ages at attaining 90%, 95%, and 99% of
adult stature, and age at onset of the growth spurt in
height. Correlations among these indicators were high;
none was below 0.70 and many were above 0.80. This
suggests central regulation of the timing of the growth
spurt and sexual maturation by the nervous system and
corresponding hormonal correlates.
The second and third factors were related to indicators associated with prepubertal maturity (skeletal
age of 11 and 12 years, 80% of adult height) and the
ages by which 14, 20, and 26 teeth had erupted [39].
Similar results were obtained in Polish girls [40] and
in American boys and girls [41], although indicators
of dental maturity were not included in these analyses.
The clustering of prepubertal maturational events that
are somewhat independent of the clustering of pubertal
events suggests that different hormonal and related
growth factors are the driving forces that underlie these

events. In general, it is the hypothalamic–pituitary–
GH/IGF-I and the hypothalamic-pituitary-gonadal
axes, but especially their interactions, that drive adolescent growth and maturation, given adequate thyroid
status.
Indicators of skeletal, somatic, and sexual maturity
are thus related during adolescence. When children
are grouped according to an event of sexual maturation, the mean chronological age and the skeletal age
at reaching that event are generally quite similar, but
the standard deviation in skeletal age at reaching the
event is markedly reduced. There is more variation in
chronological age than in skeletal age at the time of
menarche and at the time of PHV [3].

Timing, sequence, and tempo of
maturational events
Overview

The mean and median ages at reaching various
stages of somatic and sexual maturation are summarized in tables 1 and 2, respectively. The age at
takeoff of the adolescent growth spurt averages

TABLE 1. Mean age (years) at takeoff and at peak height velocity (PHV) in samples of European
and North American adolescentsa
Girls

Boys

Population

Takeoff

PHV

Takeoff

PHV

Europe
North America
Caucasian
African-American

8.2–10.3

11.4–12.2

10.3–12.1

13.8–14.4

8.7–9.6
8.9

11.3–12.0
10.8

10.5–11.4
10.3

13.3–14.1
14.3

a. Adapted from Malina et al. [3, 42] and Beunen and Malina [43].

TABLE 2. Median/mean ages at the onset of stages of sexual maturation in samples of European and North
American adolescentsa
Girls’ breast stage
Population

Girls’ pubic hair stage

B2

B5

PH2

PH5

Europe
North America
Caucasian
African-American
Mexican-American

10.0–11.6

14.0–15.7

10.4–12.1

13.6–15.4

10.0–11.2
8.9–9.5
9.8–10.9

13.7–15.5
13.9
14.7

10.5–11.6
8.8–9.5
10.4–10.5

13.1–16.3
14.7
15.5–16.3

Population
Europe
North America
Caucasian
African-American
Mexican-American

G2
10.8–11.4

G5
14.9–16.1

PH2
11.5–13.4

PH5
14.9–16.0

10.0–11.8
9.2
10.3–12.4

14.3–17.3
15.0
15.8–16.3

11.2–12.2
11.2
12.3–16.3

14.3–16.1
15.3
15.7–16.1

Boys’ genital stage

a. Adapted from [3].

Boys’ pubic hair stage
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between 8.0 and 10.3 years in samples of European
and North American girls, and the age at PHV is about
2 years later (10.8 to 12.2 years). Corresponding maturational events occur about 2 years later in boys. The
standard deviations of the somatic maturity characteristics vary between 0.7 and 1.2 years, indicating a high
degree of interindividual variation in the timing of the
growth spurt. The mean age ranges of boys and girls
from Europe and North America (Caucasian, AfricanAmerican) overlap.
The mean or median ages at reaching breast stage
2 (B2) vary between 8.9 and 11.6 years and are earlier
in African-Americans. Similar ethnic differences are
apparent for breast stage B5 and pubic hair stages
PH2 and PH5. B2 is, on average, the first overt sign
of puberty in girls, and genital stage 2 (G2) is the first
overt sign in boys. G2 occurs between the ages of 9.2
and 12.4 years and is also somewhat earlier in AfricanAmericans. Note, however, that the appearance of pubic
hair (PH2) may precede breast or genital development.
The standard deviations of age at reaching stages of
sexual maturation are generally larger than those for
age at PHV and are larger for the more advanced stages.
The latter may reflect difficulties in assessing stages 3
through 5 of breast, genital, and pubic hair development. The average age at menarche is between 12.1
and 13.5 years in European and North American girls.
African-American girls attain menarche earlier than
Caucasian girls, and within Europe there is a north–
south gradient, with the mean age at menarche declining from north to south. Variation within and between
countries is relatively large, with standard deviations
of about 1 year. It should be noted that interindividual
variation within populations is considerable.
The transition from one stage to the next is an indicator of the tempo of maturation. However, longitudinal
data documenting the duration of stages are very limited. The duration of the pubertal transition from G2
to G5, B2 to B5, and PH2 to PH5 is quite variable. The
average duration was about 2.2 years for breast development and 2.7 years for pubic hair development in Swiss
girls from the Zurich Longitudinal Study. The corresponding estimates for Swiss boys are, on average, 3.5
years for genital development and 2.7 years for pubic
hair development. The standard deviation is about 1.0
year [44, 45]. Data from the Harpenden Growth Study
indicate longer durations, 4.0 years for breast and 2.5
years for pubic hair development. Note, however, that
the 95th percentile for breast development from B2
to B5 is almost 9.0 years, whereas the 5th percentile
is 11.5 years [18]. Some of the extreme variation in
the Harpenden Growth Study may be due to methodological limitations of assessing the development of
secondary sex characteristics from photographs. The
setting of the Harpenden Growth Study was a children’s
home. Although the children were well cared for at the
home, most of them had probably lived under socially
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disadvantageous conditions early in life. It is, however,
difficult to assess the impact of these disadvantageous
conditions early in life on the timing and sequence of
adolescent events, especially at the individual level.
Nevertheless, the broad range of variation in timing
and tempo implies major limitations on the use of the
average sequence of development of biological maturity
indicators.
Factors that affect the timing, sequence, and tempo
of maturational events

Although the processes of biological maturation and
corresponding indicators are under strong genetic
control (see related chapter by Thomis and Towne [46]
in this issue), a number of environmental factors are
also associated with variation in maturation. Chronic
undernutrition is perhaps the most significant. It is
often associated with impoverished social and economic conditions. Other factors include social class
variation in some developed countries, familial characteristics, climate, altitude, and disease.
Undernutrition is associated with later ages at PHV
and menarche in rural areas of developing countries
[3]. Skeletal age is more delayed relative to chronological age in undernourished than in well-nourished children [12]. There is, however, variation among studies
in the extent of delay in skeletal age, depending on the
method of assessment. For example, Fels skeletal ages
are significantly delayed relative to Tanner–Whitehouse II skeletal ages and relative to chronological
age in school-aged Mexican children living under
impoverished health and nutritional circumstances
[47]. The results suggest that some of the variation
in skeletal maturity status among chronically undernourished children may reflect variation in methods
of assessment.
Variation in maturity status between ethnic or racial
groups is less pronounced than that within populations,
especially variation between the undernourished and
well-nourished or between economic extremes. The
mean age at menarche of well-nourished girls from
Africa and Asia varies between 12.4 and 13.6 years,
values similar to those observed in European and North
American girls. However, the mean age at menarche of
undernourished girls or girls living in rural areas in
some developing countries varies between 13.9 and
14.6 years [48, 49]. In reports published after 1980, differences in the mean age at menarche between African
girls living in rural areas or under poor nutritional
conditions and those from urban or better-off areas
vary between 0.6 and 1.1 years. These differences are
still larger than the differences in age at menarche
between most African countries [50]. Similar but less
pronounced differences have been reported for ethnic
variation in skeletal age and age at PHV, but the data
are limited to North America, Europe, and Japan [3, 51,

S252

52]. Given ethnic or racial variation in maturity status,
it is essential that samples from diverse populations
be included in the development of an international
growth reference. Presumably, the use of samples from
North America or Europe, South America, Africa,
and Asia (Near, Middle, and Far East) would result in
a good representation for an international reference.
The Tanner–Whitehouse III method [13] appears to
be a reasonable international reference for skeletal
maturity; it is based on samples from Europe (Belgium,
Italy, Spain, and the United Kingdom), Asia (Japan),
Latin America (Argentina), and North America (welloff children from the northern suburbs of Houston,
Texas, USA).
Overweight and obesity result from an imbalance between energy intake and energy expenditure.
Regardless of etiology, obesity is, on average, associated
with advanced maturation among children and adolescents. Some evidence suggests that maturational timing
apparently has a greater long-term effect on the level
of fatness than the level of fatness has on maturational
timing [53].
Although it is well documented that elite female
athletes in several sports are characterized by late
biological maturation, there is no convincing evidence
that systematic physical activity or regular training for
sports has a causal influence on the timing of maturation [1–3]. Chronically low energy availability, which
is sometimes observed in elite athletes, may contribute
to later maturation, but this has not been established
[54]. Nevertheless, chronically low energy availability
is probably a causal factor in the regulation of reproductive function in mature adolescents and adult
women [54].
In contrast to measures of body size, variation in
the ages at PHV and menarche associated with socioeconomic status is generally smaller. Among Polish and
British youths, those from better-off socioeconomic
circumstances attain PHV and menarche somewhat
earlier than those from poorer conditions. However,
the ages at PHV and menarche do not consistently
differ among Swedish adolescents grouped according
to socioeconomic status [3]. Urban–rural contrasts in
indicators of maturity status are apparent in several
European countries (e.g., Poland and Greece); they
are negligible in others [3]. Urban–rural differences in
less-developed countries are larger and probably reflect
socioeconomic status and nutritional factors [55]. The
age at menarche is also related to family size, increasing by 0.1 to 0.2 years for each additional sibling in the
family among both nonathletic and athletic European
and North American girls [56].
The mean age at menarche has a moderate negative
correlation (–0.5 to –0.6) with the mean annual temperature of the habitat [57]. On the other hand, the association between altitude of residence and maturation
varies among racial or ethnic groups. Children living
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at high altitudes in the Andes mature later than those
living in the lowlands, but the opposite is observed in
Ethiopia [3]. These observations may be explained, in
part, by variation in living conditions (e.g., nutritional
conditions, infectious disease load, and poor public
health) associated with lower socioeconomic status in
the ethnic groups residing at high altitude.
Since many of the factors that can influence biological maturation process are interrelated, it is difficult to
partition independent effects. Nevertheless, factors
that potentially have an adverse effect on maturity
status should be considered in the inclusion or exclusion criteria in the development of an International
Growth Standard for Preadolescent and Adolescent
Children. This can be perhaps be achieved by selection
of adequate subsamples.
Seasonal variation in maturity

Since information on the topic of seasonal variation in
maturity is very limited [58, 59], it will not be covered
in this review. Among Canadian boys and girls 8.5 to
18.0 years of age, about 67% and 60% of the yearly
growth in height, respectively, was accounted for by
summer velocities [60].
Design of studies of maturational events

On the basis of experience in planning studies of
growth and maturation, present knowledge about
variation in the timing and sequence of maturational
events, and methodological considerations in constructing reference data [61], the following recommendations are offered:
» Cross-sectional designs can be used to construct reference data for maturational events using the status
quo method [5];
» Longitudinal data are required to obtain precise information about growth and maturation patterns [5];
» Longitudinal observations made every 3 months are
optimal for describing maturation during adolescence. It can be verified whether observations made
every 6 months provide accurate data on maturation.
This may be done by using already available longitudinal data from observations made every 3 or 4
months;
» Longitudinal observations should be made from
preadolescence onwards. Given interindividual
variation, the observations should start at a fairly
early age, most likely from 8 years onwards in girls
and starting a year later in boys. Some data indicate
that a significant percentage of US girls may begin
puberty at even earlier ages [62], which suggests that
it may be advisable to start even at 6 years in girls and
a year or so later in boys. If it is feasible, ultrasensitive
estrogen assays based on molecular biological techniques can be used to accurately predict the onset of
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pubertal development before the external signs (e.g.,
breast development) appear. This could considerably
reduce the length of the follow-up needed to cover
the adolescent maturation period;
» A pure longitudinal study over a relatively long
period with four measurement periods per year
may not be feasible; a multiple (mixed) longitudinal
design may provide accurate results. Such a design
could consist of a follow-up of birth cohorts 1 year
apart that are followed over 1 year (with two or four
measurements per year) or, more likely, several
cohorts followed over 3 to 4 years with overlapping
age levels (at least one age level). Again, the efficiency of such a mixed longitudinal design should be
verified by data from pure longitudinal studies. The
results of the simulated mixed longitudinal design
should then be validated against the pure longitudinal data;
» The sample size depends on the variable, age, and
percentiles required and whether the distribution is
normal or can be normalized. For body-mass index
(BMI), Guo* demonstrated that the confidence
limits of 95th percentiles markedly decrease until the
sample size reaches 200 subjects; see also the article
by Cole [63] in this volume.
» A combination of cross-sectional and longitudinal
designs should be considered.
Secular change in maturational events
Summary of secular changes until 1970

Most of the available evidence for secular changes in
biological maturation is derived from records of the
age at menarche. Data from retrospective and status
quo techniques do not necessarily correspond closely
[49]. Although most of the more recent publications are
based on the status quo method, older data are partly or
entirely based on retrospective data (for a more detailed
discussion see Danker-Hopfe [64]).
The mean age at menarche in Norwegian girls was
rather stable at 16 years in lower social strata and 14
years in higher social strata from 1820 to 1910–20 and
declined subsequently to 13.3 years in the early 1950s
[65, 66]. In the United States, the mean age at menarche
declined from about 14.7 years in the 1870s to 12.8 in
the 1950s [67]. Corresponding data for Japan indicate
a decline from a bit over 16.0 years at the end of the
nineteenth century to about 15.0 years in girls born
around 1930 and subsequently to 13.0 years for girls
born after World War II [3].
Recent secular trends in age at menarche

The trend toward earlier menarche has slowed or
stopped in several countries. Since the 1960s, changes
* National Center for Health Statistics. Executive summary
of the growth chart workshop 1992. Hyattsville, Md, USA:
Centers for Disease Control and Prevention, 1994.

have been small in US girls, about 0.2 years in European
Americans and about 0.4 years in African-Americans. The trend has also stopped or slowed in several
European countries, such as the United Kingdom,
Netherlands, Hungary, the former German Democratic
Republic, Croatia, and Portugal [64, 68]. Recent reports
demonstrate that the positive secular decline continues
in Denmark [69] and South Korea [70]. Data from
Poland illustrate a social gradient and secular change.
The mean age at menarche declined somewhat more
in girls living in urban conditions than in girls living in
towns and villages. Between 1966 and 1978, however,
the secular decline was more marked in girls from
towns and villages than in urban girls. Subsequently,
the mean age at menarche increased from 1978 to 1988;
the increase was greatest in girls from towns and least
in girls from villages. The recent negative secular trend
was probably related to political, social, and economic
conditions [71, 72].
Data from longitudinal studies in Europe spanning
50 years and from the United States spanning 75 years
provide estimates of age at PHV. In Europe the age at
PHV varied between 13.8 and 14.2 years for boys in
25 of 26 samples and between 11.6 and 12.3 years for
girls in 24 of 25 samples. In the United States, the age
at PHV varied between 11.3 and 11.9 years in girls and
between 13.3 and 14.1 years in boys. With allowance
for differences in the method of estimating age at PHV,
sampling errors, and the uniqueness of the longitudinal
samples, these data suggest no clear secular trend [3].
In contrast, data from the annual School Health
Surveys conducted in Japan show a gradual decline in
maximal increment age (MIA), which is similar but
not identical to age at PHV. MIA declined (positive
secular change) from the beginning of the twentieth
century and subsequently increased (negative secular
trend) during World War II and the years immediately
thereafter; subsequently, the decline continued through
the 1990s. Overall, the estimated rate of the trend has
slowed between 1960 and 1990 [73]. Similar changes
were observed in Taiwan and in mainland China [3].
Factors that affect secular changes

Many reasons have been postulated for the trend
toward earlier maturity, but the underlying causes are
not known with certainty. It is reasonable to assume
that many interrelated factors are involved, especially the elimination of growth-inhibiting factors.
Improved living conditions, sanitation, and overall
public health, as reflected in the marked reduction
in infant and childhood mortality and morbidity, are
primary contributors [49, 64, 74]. Improved nutrition
and associated beneficial changes in public health are
related factors [3]. Although genetic changes have also
been postulated, secular changes occur too rapidly
to be accounted for by genetic changes in a population [49, 74]. Decline in family size, increased sexual
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stimulation, and decreased “pastoralization” (raising
livestock as a primary economic activity) have also
been suggested as contributing factors [3, 64].

Recommendations for the construction
of an international growth standard for
preadolescent and adolescent children
Because biological maturation is closely related to
growth, it is of relevance in monitoring the growth
status of children and adolescents and also in screening of children at risk. Thus, it is important to include
indicators of biological maturation in all growth studies
[3, 5, 75].
With allowance for the limitations and advantages
of the different indicators of biological maturation
considered in this chapter, it is recommended that the
following be included: indicators of sexual maturation
(stages of pubic hair and breast development and age at
menarche in girls, and stages of pubic hair and genital
development in boys); indicators of the adolescent
growth spurt (age at takeoff and age at PHV); and
skeletal maturity. If possible, it would be helpful to have
samples of saliva or blood to measure the stable levels of
steroid hormones and perhaps IGF-I. Measures of the
pulsatile nature of the peptide hormones are entirely
impractical and would probably show more variability
than the physical measures. Information concerning
the state of the hypothalamic–pituitary–gonadal axis,
including ovarian cycles, can be obtained from the
concentrations of pregnanediol glucuronide, estrone
conjugates, and the gonadotropins measured in urine
by specific chemiluminescent assays [76].
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A cross-sectional design is adequate for the construction of reference data. However, if an accurate description of growth and maturation patterns is desirable, a
longitudinal or mixed longitudinal design is required.
In closing, it should be noted that among auxologists
opposite views have been expressed with regard to the
construction and practicality of a universal growth
reference:
This diversity is important if genetic differences
cause growth variations, but a considerable literature indicates differences cause only a minor part
of the growth variances between populations. This
implies that a single set of reference data could be
used internationally if it were obtained by excellent procedures from a population free of retarding
influences [emphasis added] (Roche [75], p. 80)
In regard to standards for individuals, it used to
be said that the growth of all healthy populations,
at least up to age five was about the same and one
universal standard would do for all. The data in
this book make it plain that this is a misconception, based on an inadequate sample of populations…. Clearly what is needed—and what is very
actively in progress—is for countries, or at least
broad regions, to generate their own standards.
These should be based on well-nourished healthy
individuals, [emphasis added] or the nearest
approach to that ideal that is practicable, and if
used over adolescence they should be longitudinal and have separate channels for early and late
maturers (Eveleth and Tanner [49], p. 15).
The material presented in this volume must provide a
sound basis to decide which of these positions is based
on sound evidence presently available.
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Genetic determinants of prepubertal and pubertal
growth and development

Martine A. Thomis and Bradford Towne
Abstract
This article surveys the current general understanding
of genetic influences on within- and between-population
variation in growth and development in the context of
establishing an International Growth Standard for Preadolescent and Adolescent Children. Traditional genetic
epidemiologic analysis methods are reviewed, and evidence from family studies for genetic effects on different
measures of growth and development is then presented.
Findings from linkage and association studies seeking to
identify specific genomic locations and allelic variants of
genes influencing variation in growth and maturation
are then summarized. Special mention is made of the
need to study the interactions between genes and environments. At present, specific genes and polymorphisms
contributing to variation in growth and maturation are
only beginning to be identified. Larger genetic epidemiologic studies are needed in different parts of the world to
better explore population differences in gene frequencies and gene–environment interactions. As advances
continue to be made in molecular and statistical genetic
methods, the genetic architecture of complex processes,
including those of growth and development, will become
better elucidated. For now, it can only be concluded that
although the fundamental genetic underpinnings of the
growth and development of children worldwide are likely
to be essentially the same, there are also likely to be differences between populations in the frequencies of allelic
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gene variants that influence growth and maturation and
in the nature of gene–environment interactions. This
does not necessarily preclude an international growth
reference, but it does have important implications for the
form that such a reference might ultimately take.

Key words: Association studies, heritability, linkage
studies, population variation

Introduction
The aim of this paper is to provide a brief overview of
traditional relative-based genetic epidemiologic analysis methods and to describe the findings from a sampling of studies that have quantified in some manner
the contribution of genetic influences to variation in
common measures of normal growth and development.
This paper does not include discussion of genetically
determined clinical growth disorders. Sources of systematic variation in human growth (e.g., secular trends
and socioeconomic influences on growth) is discussed
by Ulijaszek [1] in this supplement. Specifically, this
paper focuses on current general understanding of
genetic influences on within- and between-population variation in growth and development so that this
knowledge can be considered in the broader discussion
of the feasibility of establishing an international growth
reference.

Methodological considerations
Measures of growth and development

Commonly collected measures of the growth and
development of prepubertal and pubertal children
consist of growth in height and weight, and indicators of morphological, skeletal and sexual maturity. A
short description of these measures is given in table 1.
In this supplement, Beunen et al. [2] discuss in detail
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methodological issues pertaining to the assessment of
morphological, skeletal, and sexual maturity characteristics during prepubertal and pubertal growth.
Methods for assessing genetic influences on growth
and development
Familial correlations and heritability estimation

Two major study designs are typically used to initially
quantify genetic and environmental influences on
measures of growth and development: twin studies
and family studies. In most modern twin studies, both
monozygotic (MZ) and dizygotic (DZ) twins are examined. Since MZ twins have an identical genetic makeup,
they will be more similar (i.e., exhibit a higher intrapair correlation) in a trait (that is under at least some
genetic control) than DZ twins, who share on average
half of their genes (as do full siblings from singleton
births). When twin data are used, genetic influences,
as well as environmental influences both unique to the
individual and shared within families, can be identified,
as can, when certain assumptions are made, dominant
genetic effects.
In family studies, patterns of similarities in a trait
among parents and offspring, siblings, and other pairings of relatives are evaluated. This approach allows for
the quantification of genetic and nongenetic sources
of variation in a trait (including specifically identified nongenetic sources of variation). If data from

combined pedigrees (e.g., twins and their parents)
or extended families (e.g., grandparents, children,
and grandchildren) are available, more sophisticated
models can be tested, because such data are from relatives of varying degrees of relationship to each other
and who span multiple generations and, oftentimes,
households. Detailed discussion of analysis of twin
and family data be found in basic texts (e.g., Neale and
Cardon [9]).
Regardless of study design, the resulting heritability
(h2) of a trait is the key first step toward understanding the nature of genetic influences on a trait. Detailed
discussion of quantitative genetic analysis can be found
in basic textbooks [10, 11]. Briefly, the heritability of a
trait is a measure of the extent to which the variation
observed in a trait can be ascribed to genetic factors,
ranging from 0% (no genetic effects) to 100% (complete
genetic control). Assessment of heritability is based initially on a simple quantitative genetic model in which
the total variation (VP) in a trait is partitioned into
genetic (VG ) and environmental (VE) variance components such that VP = VG+VE . Broad-sense heritability
specifically refers to the proportion of the total phenotypic variation that can be attributed to all genetic
effects (primarily consisting of additive, dominance,
and epistatic effects) as defined by VG /VP (i.e., h2 =
VG /VP). The variance term VG can be decomposed into
an additive genetic term (VA) that refers to the additive
effects of genes across several genetic loci, a dominance

TABLE 1. Common measures of prepubertal and pubertal growth and development
Characteristic
measured

Variable

Assessment

Somatic growth

Height (age 0 yr–adult)
Weight (age 0 yr–adult)

Measured/self-reported (cm)
Measured/self-reported (kg)

Morphological
maturation

Timing
Derived from curve-fitting approaches (Preece–
Age at take-off of growth spurt (i.e., prepubertal
Baines I [3], triple logistic model [4, 5]) (yr)
nadir)
Age at peak height velocity during puberty
Derived from curve-fitting approaches (Preece–
Baines I, triple logistic model) (yr)
Tempo
Derived from curve-fitting approaches (Preece–
Height velocity at age at take off of growth spurt
Baines I, triple logistic model) (cm/yr)
Height velocity at peak height velocity
Derived from curve-fitting approaches (Preece–
Baines I, triple logistic model) (cm/yr)

Skeletal maturation

Skeletal age at chronological age 1–18 yr
Skeletal maturation score at different
chronological ages

Sexual maturation

Age at menarche
Breast development
Pubic hair development
Genital development

Tanner–Whitehouse II method [6] (yr) or Fels
method [7] (yr)
Tanner-Whitehouse II method (score in points)
Retrospective self-report or prospective selfreport (yr)
Breast development stages B1-B5 (Tanner [8]),
clinical assessment or self-report
Pubic hair development stages PH1–PH6
(Tanner [8]), clinical assessment or self-report
Genital development stages G1–G5 (Tanner
[8]), clinical assessment or self-report
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term (VD ) that refers to the interaction between alleles
at the same locus (i.e., the heterozygote effect is not
intermediate between the two homozygote genotype
effects), and an epistasis term (VI ) that refers to the
interaction between alleles at different loci. Narrowsense heritability specifically refers to the proportion
of the total phenotypic variation that can be attributed
only to the additive effects of one or more genes at
one or more chromosomal locations (i.e., VA) and is
defined as h2 = VA/VP . In most instances, heritability
estimates refer to narrow-sense heritabilities. Generally
speaking, narrow-sense heritability is of more utility
in characterizing genetic influences on continuously
distributed traits such as various measures of growth
and development. Variation in such traits is probably
influenced by a number of genes, each with small to
moderate effects.
In this variance components framework, the environmental variance term VE can similarly be decomposed
into components due to, for example, environmental
factors shared by certain family members (e.g., common
household environment or specific aspects thereof) and/
or components due to environmental factors specific to
the individual (e.g., behaviors or habits unique to certain
family members).
The quantitative genetic models of sources of variation
outlined above make several assumptions that may or
may not be realistic, depending upon the particular study
population and traits being examined. These assumptions
include no gene–environment interaction (i.e., different
genotypes all react equally to environmental factors), no
gene–environment correlation (i.e., different genotypes
are distributed equally across different environments),
no gene–gene interaction (i.e., a genotype at one locus
that contributes to variation in a trait has no influence
on the effect that a genotype at another locus might
have on variation in that same trait), and no assortative
mating (i.e., people mate randomly with respect to the
phenotype in question). Violation of these assumptions
does not invalidate the fundamental approach (such
violations may or may not be significant in magnitude)
but requires that caution be used in interpreting results.
It must also be kept in mind that heritabilities are population-level estimates, specific to a particular population
in a particular environment, and this can sometimes be
an important consideration when heritability estimates
across populations are compared. For example, differences in heritability estimates in groups from different
ethnic backgrounds, of different socioeconomic status,
or from affluent versus developing countries can be
indicative of differences in the relative importance of
genetic and environmental factors in different circumstances [12, 13]. For example, Luke et al. [14] found significant differences among Nigerian, Jamaican, and US
blacks in the heritability of adult height (h2 = .62, .74,
.87, respectively), although they did not speculate as
to the reasons for these differences. In that same study,
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obesity-related phenotypes showed large differences in
the prevalence of obesity (5.4% in Nigerians, 23.3% in
Jamaicans, and 39.0% in US blacks), but their heritability estimates did not differ among the three groups. In
general, heritability estimates for various traits, including
measures of growth and development, tend to be robust
and generally similar across populations.
Incorporation of environmental factors into genetic analyses

Because of significant differences between populations in lifestyle (e.g., diet and physical activity),
environmental exposures (e.g., disease), and evolutionary histories (e.g., different selective pressures),
gene–environment interactions merit special attention in the study of genetic influences on growth and
development. Gene–environment interaction is probably an important influence on the variation observed
among children in their growth and development,
particularly in populations exposed to environmental
factors known to negatively impact health. The key to
gene–environment interaction is that not all children
may respond to the same degree to such environmental
factors, and a portion of that differential response may
be due to genetic variation among them.
The study of gene–environment interaction effects
on complex traits using modern molecular and statistical genetic methods, however, is still in its infancy, and
is likely to constitute a major component of genetic
epidemiologic research for decades to come. To study
gene–environment interaction effects on growth and
development requires data from a large number of
related children who are exposed to an environmental
factor shown to, on average, negatively (or positively)
impact health. Although the principles of gene–environment interaction have been empirically demonstrated in a number of experimental organisms, and
in a few instances in studies of humans using identical twin study designs, study of gene–environment
interaction effects on the growth and development of
children usually requires taking advantage of particular
circumstances.
For example, in the Jiri Growth Study [15, 16], a
cohort of more than 1,000 related children from the Jirel
ethnic group in rural eastern Nepal, where intestinal
helminthic infections are endemic, are being examined
annually. Data collected include an extensive battery of
anthropometrics, skeletal age assessments, and quantification of parasite burden. The central hypothesis of
the Jiri Growth Study is that susceptibility to helminthic infections is genetically mediated and that this,
in turn, contributes to patterns of variation observed
among children in different measures of their growth
and development. Similarly, the rapid increase in childhood overweight and obesity, particularly in developed
nations, offers researchers opportunities for the study
of gene–environment interactions. The vast majority
of children in developed nations live in environments
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where food is plentiful and relatively inexpensive. For
reasons that have yet to be fully explored, however, not
all children partake equally in this abundance. And,
even among children who equally overindulge in this
modern bounty, it is reasonable to hypothesize that
there are differential responses in terms of weight gain
and other measures of health status.
Linkage and association studies

As it has become well established that essentially all
commonly collected measures of growth and development have significant and substantial genetic underpinnings, attention in the postgenomic era has turned
to the identification of specific genes that influence
variation in those measures. Linkage analysis and
association studies are two complementary strategies
[17] used to identify genes that explain a portion of
the variability in complex traits, including measures of
growth and development.
Linkage analysis is an important initial tool for the
mapping of genetic loci harboring genes that influence the trait of interest. In a modern whole genome
linkage scan, related individuals are genotyped for
several hundred highly variant DNA markers whose
exact chromosomal locations are known and that are
regularly spaced throughout the genome (e.g., every 10
centimorgans). Different approaches to linkage analysis
exist [17], but the fundamental premise of any linkage
analysis is that two loci physically close to each other
on a chromosome are likely to be inherited together. As
the distance between loci increases, the likelihood that
these loci will cross over or recombine during meiosis
(and thus not be inherited together) also increases. Loci
close to each other on a chromosome are referred to as
being linked. Loci harboring genes that influence variation in quantitative traits such as stature, weight, and
the timing and tempo of growth are called quantitative
trait loci (QTL). Linkage between a QTL and a marker
exists when pairs of relatives who are more phenotypically similar share more alleles at a particular marker
locus than pairs of relatives who are more phenotypically dissimilar.
The second approach to gene identification is association studies [17]. In association studies, the effect of
a specific (polymorphic) marker allele (typically within
a candidate gene) on variation in a trait is measured.
For example, a study sample is divided into two or more
groups on the basis of marker genotype, and differences
between the groups in the trait being examined are
evaluated by statistical tests such as analysis of variance (ANOVA). Testing for significant differences in
marker allele frequencies in a case–control design can
also be conducted. In this case, the test is for whether
or not there are significant differences in marker allele
frequencies between an “affected” group and a “control”
group. As in linkage studies, in association studies the
markers used may be single tandem repeat markers
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(STRs) or single nucleotide polymorphisms (SNPs) and
can also include insertion/deletion polymorphisms or
multiallelic variants. When a significant association is
found (e.g., more girls with an early age at menarche
being found to have a particular marker genotype than
random expectation), the putative “early menarche”
allele under study might be a true functional variant
(e.g., resulting in an amino acid change in protein
structure) or might be in linkage disequilibrium with
the true functional allele (i.e., tending to be inherited
together with the functional allele). As knowledge of
the human genome has progressed, multiple polymorphisms within one or more genes, or even genomewide, can now be studied. Here, instead of testing
for association with each polymorphism separately,
haplotypes (e.g., a set of SNPs along a region of a chromosome) can be tested for patterns of association with
variation in the trait of interest.
Linkage and association studies are best viewed as
being complementary to each other, or as different
steps in the systematic intellectual endeavor of proceeding from observing variation in a trait to identifying
the functional genetic determinants contributing to
that variation [15, 18, 19]. Association studies have
appeal because data from unrelated individuals can
be used (however, family data can be included in the
analyses to overcome problems of hidden population stratification, which can increase the finding of
false positive associations). Unfortunately, the success
of candidate gene association studies in identifying
specific polymorphisms influencing complex traits
has been decidedly mixed. Current genome-wide
association studies hold promise, using SNP (single
nucleotide polymorphism) microarray chips with
up to 500,000 variants to densely cover the genome,
but present their own set of problems (e.g., multiple
testing). Linkage studies require data from (ideally) a
large number of relatives to provide adequate statistical
power for establishing linkage, and the cost of genotyping each family member for approximately 400 genetic
markers (for the typical 10-centimorgan map) can be
high (although the cost of genotyping has markedly
decreased over the last decade). Once such a familial
study population is established, however, a wide variety
of traits can be examined using that same resource. A
current common strategy for genetic epidemiologic
studies of normal variation in complex traits proceeds
from heritability estimation, to linkage analysis, to
fine mapping, to sequencing, to final identification of
a functional genetic polymorphism. Association studies in larger samples can then proceed in an informed
manner to evaluate the effects of specific genes on the
trait of interest in different populations. At each step
in this modern process, the effects of covariates and of
various types of interactions can be incorporated into
the analyses. A shortcut to this stepwise procedure
is to find specific candidate genes for growth-related
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phenotypes. These can come from whole-genome gene
expression studies (mRNA levels in tissue), although
this might be unrealistic to perform because of the
nature of the sampling procedures needed to obtain
growing tissue material (e.g., bone, growth plate,
muscle, and fat) in children and adolescents. Differences in up- or down-regulation of genes in growing
tissue versus adult tissue might also be informative for
the specific genes involved in regulating individual
differences in growth. Candidate genes might also be
detected from gene effects on growth and development
in rodent or other animal models that might have similar effects in growing children.
Evidence for genetic effects on growth and
development
Familial correlations and heritabilities

The literature on familial or genetic contributions to
variation in measures of normal growth and maturation is fairly extensive and dates back almost a century.
On the basis of that body of work, it is well established
that genes play a major, if not the major, role in explaining variation observed among children in their growth
and development, even in poor environments.
Stature, weight, and patterns of growth

Stature. Estimates of the contribution of genetic factors to interindividual differences in adult height have
recently been reviewed [12, 20]. Detailed reviews of
genetic influences on the growth and development of
children have been published by Maes [21] and more
recently by Towne et al. [15].
In general, in populations around the world, h 2
estimates of height range from 0.6 to more than 0.9,
clearly showing that height is a highly heritable trait.
Intrapair correlations for the recumbent lengths of
MZ and DZ twins at birth are similar, which also suggests the importance of shared environmental factors
(i.e., maternal and intrauterine factors) in contributing
to the length of newborns. The similarities between
MZ twins increase from 3 months until they reach a
stable and high level of similarity at 3 years of age and
onward. In DZ twins, the high similarity observed at
birth decreases to a value approximately half that of
MZ twins by the age of 3 years. Data on adult height
from large twin cohorts of whites in eight developed
countries show that although there are differences in
population averages in adult height, in general only
minor differences in the genetic architecture of height
are present [20]. Although heritability estimates might
be comparable in affluent populations, Mueller et al.
[22] compared 24 studies of parent–child correlations
and found that population estimates of heritability
tend to be systematically lower in developing countries
than in developed countries. Part of this observation
might be explained by higher nutritional and disease
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stresses in non-European populations in the developing
world. Such environmental factors have the potential
to negatively affect growth, thereby increasing the
environmental variance and thus reducing the estimate
of heritability. Rapid and recent economic change in
developing countries also creates different growth
environments for children and their parents, thereby
decreasing parent–child correlations and thus reducing the estimate of total variation attributable to genes.
More recent studies of adult height in rapidly developing countries report h2 estimates more similar to those
that have typically been reported for the adult height
of individuals in developed countries. For example, Li
et al. [23] reported an estimated h2 of 0.647 (±0.122)
in a Chinese population, and Arya et al. [13] reported
an h2 of 0.72 in an Indian population. Whether lower
heritability estimates are due to a larger absolute contribution of environmental variance, increasing the
total variability and therefore lowering the h² estimate,
or to a lower absolute contribution of genetic variance
(in the case of an equal total variation) is not easily
verifiable, since most studies do not report the variance components, but only the relative contribution of
genetic factors (h²).
Weight. In general, genetic determination of normal
body weight is somewhat lower than that of height.
This is probably because body weight is more susceptible to environmental influences such as dietary intake
and energy expenditure. Estimates of the h2 of body
weight vary considerably from 0.20 to about 0.90. As
for height, generally lower h2 estimates for body weight
in developing countries are probably due primarily to
nutritional and disease stress and to differences in environmental conditions for children and their parents.
Patterns of growth. Analysis of genetic influences
on patterns of growth requires longitudinal familial
data so that individual growth curves can be fitted and
parameters quantifying the timing and magnitude of
growth over time derived. Such data are much rarer
than cross-sectional data from unrelated children, but
the data that do exist reveal many interesting findings.
For example, differences between ethnic groups in
patterns of growth have been found, indicating a role
for genetic factors (and/or different environmental factors). Murata and Hibi [24] found an earlier occurrence
of the adolescent growth spurt in Asian populations
than in Caucasian populations. In meta-analyses of
European and US growth studies, Hermanussen et al.
[25], however, found that there were no major differences in growth patterns between populations in these
countries and that the patterns have remained fairly
similar during the twentieth century, despite a striking
increase in mean body height, suggesting that individuals from populations with similar ethnic backgrounds
are generally similar in their patterns of growth.
Lower sibling and twin correlations during puberty
(for girls around 11 to 13 years and for boys around 13
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to 15 years of age) are more marked for DZ twins than
for MZ twins, suggesting that not only height but also
the timing of the height spurt is under genetic control
[26, 27]. Differences in the individual timing of the
growth spurt make twins less similar when studied
cross-sectionally at the same chronological ages during
puberty.
Other studies have specifically estimated the h2 of
different growth curve parameters (see table 2). For
example, in the Leuven Longitudinal Twin Study, the
Preece–Baines model I was applied to semiannual
measurements of stature in 99 pairs of twins aged 10
to 18 years [28]. Parameters of the pubertal growth
spurt were derived, including the timing (i.e., age), the
magnitude (i.e., velocity), and stature at the prepubertal
nadir of growth (i.e., just prior to takeoff of the adolescent growth spurt) and at the peak of pubertal growth.
In addition, the percentage of adult stature at both the
prepubertal nadir of growth and the peak of pubertal
growth and the predicted adult stature were derived. A
model including additive genetic and specific environmental variance components in males and females best
explained most of the variation observed in the growth
parameters. For the timing and velocity of the adolescent growth spurt, no sex heterogeneity was observed,
and the genetic (0.89 to 0.93) and specific environmental (0.07 to 0.11) contributions were equal in both sexes.
The small sex differences could be explained by overall
differences in total variance between the velocities of
growth at takeoff and at PHV. Parameters pertaining
to percentage of adult stature, or distance to grow from
prepubertal takeoff or age at PHV, however, indicated a
different set of genes to be active in males and females.
Beunen et al. [28] reported a significant component of
nongenetic familial resemblance (0.39 to 0.56) for the
attained height at PHV and for predicted adult height.
In the Fels Longitudinal Study, nontransmissible sibling
resemblance was also present for age at PHV in boys
and for stature at takeoff of pubertal growth and at
PHV in girls [29].
Heritability estimates for the timing of the adolescent
growth spurt in Swedish and Polish twins range from
0.49 to 0.76, except for PHV in Swedish girls [26, 30].
Within-pair growth curve similarities were higher in
Swedish MZ twins (r = 0.85) than in DZ twins (r = 0.54)
[31]. Intrapair correlations from MZ and DZ twins in
the Wraclow twins and Swedish twins indicate lower
heritability estimates for the timing of peak growth in
weight and peak weight velocity, although substantial
genetic factors seem to remain important [26, 32].
Towne et al. [33] used a simple three-parameter
function to fit individual growth curves to serial
recumbent length data from 569 infants aged from
birth to 2 years from nuclear and extended families in
the Fels Longitudinal Study. Substantial h² estimates
of 0.83 for recumbent length at birth, 0.67 for rate of
increase in length, and 0.78 for a parameter describing
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the curvilinear shape of growth in recumbent length
from birth to 2 years were found. In addition, genotype-by-sex (GxS) interaction was indicated for the
latter two growth parameters, suggesting that the genes
influencing rate of growth and intrinsic rate of change
in growth are influenced by the sex of the individual. In
a subsequent multivariate quantitative genetic analysis
of the pubertal growth spurt, Towne et al. [34] used a
triple logistic model to fit individual growth curves to
serial stature data from 471 Fels Longitudinal Study
participants aged 2 to 22 years. Highly significant h²
estimates were found for age at PHV (0.85), growth rate
at PHV (0.61), and stature at age of PHV (0.96). Additive genetic correlations between these growth-spurt
parameters were all lower than 1.0, indicating that the
timing of the pubertal growth spurt, its magnitude, and
attained stature at the time of PHV are controlled by
genes with partial pleiotropic effects.
Longitudinal genetic model-fitting can also be
applied to serial data to examine the nature of genetic
and environmental effects over time during childhood growth (i.e., testing whether or not genetic or
environmental influences remain constant or change
during growth). For example, in a sample of Swedish
female twins, Fischbein found significant and similar
genetic contributions to weight over the delimited
age range of 11.5 to 14 years of age and only modest
evidence for age-specific genetic influences on growth
[35]. Another approach is to fit latent growth-curve
models to longitudinal data and estimate the genetic
and environmental contributions to the underlying
latent growth-curve parameters simultaneously with
the time-point–specific variation not explained by
the growth curve. Peeters et al. [36, 37]* tested several
underlying growth curves to longitudinal data of height
and body weight of the Leuven Longitudinal Twin
Study. Variance and covariance between Preece-Baines
I curve parameters (timing and tempo of growth) was
best explained by shared additive genetic factors and
unique environmental factors, with slightly higher
values for height than for weight. Genetic variation in
the underlying growth curve was the most important
source of variance to explain the overall variation in
longitudinal growth in height and weight (h² above
0.90 in height and above 0.80 in weight).
Unfortunately, longitudinal familial data from populations in developing countries are scarce. Sibling similarity in annual growth increments in a small sample
of schoolchildren aged 6 to 13 years from a subsistence agricultural community in Oaxaca, Mexico, were
negative or close to zero (44 brother–brother, 44 sister–
sister, and 110 unlike–sex pairs). The lack of similarity
between siblings in annual growth increments perhaps
* Peeters M, Thomis M, Maes HH, Loos R, Claessens
AL, Vlietinck R, Beunen G. Structured latent growth curves
applied to adolescent growth in stature and body weight.
2006. Behavior Genetics (unpublished).
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TABLE 2. Heritabilities and family correlations of growth-curve parameters (timing and tempo) for height

Parameter
Age at take-off
Velocity at take-off
Height at take-off
Age at PHV
PHV
Height at PHV

Stockholm [26]a

Wroclaw [30]a

Boys

Girls

Boys

0.64
0.00

0.49
0.61
0.73
0.74
0.76

0.74
0.56

Girls

Fels [29])b
Parent–
child

Sibs

0.17
0.26

0.32
0.35

0.22
n.s.

0.35
0.32

Fels [34]a
Boys

0.85
0.61
0.96

Leuven [28]a

Girls

Boys

Girls

0.85
0.61
0.96

0.93
0.90
0.96
0.92
0.89
0.39

0.93
0.90
0.92
0.92
0.89
0.94

PHV, peak height velocity; n.s., not stated
a. Heritability estimates.
b. Family correlations.

reflects age-specific variation in a genotype–environment interaction with chronic undernutrition, the
important mediating environmental variable [38].
Many more such studies are needed, however, before
any definitive statements can be made regarding crosspopulation differences in genetic influences on patterns
of growth.
Skeletal maturation

Koniarek [39] determined skeletal age and skeletal maturation scores using the Tanner-Whitehouse (TW2)
method in 55 pairs of male MZ and 55 pairs of male
DZ twins, and 47 pairs of female MZ and 43 pairs of
DZ twins, followed longitudinally in the Wroclaw twin
study. The mean intrapair difference in skeletal maturity score was considerably lower for MZ twins of both
sexes than for DZ twins across the age range of 7 to 18
years. Similarly, the standard deviation of the intrapair
difference was also much smaller for MZ twins than
for DZ twins. The highest intrapair differences were
found in the period of 12 to 14 years in males and 9 to
13 years in females. The h2 of skeletal age at the onset
of menses in these female twins was estimated at 85%
[40]. In a multivariate longitudinal analysis of Wroclaw Twin Study data, evidence was found for highly
integrated genetic processes underlying both growth in
stature and skeletal maturation, which have a different
timing in boys and girls, relating to different effects of
estrogen and testosterone/androgens in the stimulation
of linear growth and acceleration or deceleration of
bone maturation [41].
These findings are in concordance with those
obtained in analyses of skeletal ages at the chronological ages of 3, 6, 9, 12, and 15 years, as determined by
the Fels method [7], from 742 subjects, in 124 to 172
families in the Fels Longitudinal Study [42]. All available patterns of familial resemblance across relatives of
varying degrees of relationships are taken into account
to estimate the heritability of skeletal age at these five
ages from late infancy to postpuberty. The h2 of skeletal
age was highest at 3 and 6 years of age (h2 = ~1.00 and
0.97, respectively) and decreased to 0.48 by 15 years.

The genetic correlations between skeletal ages closely
positioned in time (e.g., at 3-year intervals) were high
(> 0.84) and decreased with increasing time intervals
(e.g., at 6-year intervals they ranged from 0.56 to 0.73,
and at 9-year intervals they ranged from 0.30 to 0.37)
and were lowest at the 12-year interval (0.16). These
results indicate that although there are some genetic
influences on skeletal maturation that appear to act
throughout childhood, there are also some genetic
influences that are more time-delimited in their action.
Skeletal maturation is a complex process, and different
biological phenomena occur at different stages of development. Early childhood is predominantly a time of
bone ossification; in mid-childhood there are changes
in bone shape and joint formation; and in puberty
epiphyseal fusion begins to take place. Structural genes
might be responsible for the appearance of bones and
subsequent changes in their shape, whereas regulatory
genes (e.g., hormones) may influence more the tempo
of skeletal maturation.
At 10 and 13 years, the Tanner–Whitehouse II-20
scores in twins from the Leuven Longitudinal Twin
Study (20 to 25 pairs of twins in five twin-by-sex zygosity groups) were highly determined by genetic factors.
At 10 years, h² = 0.92 and e² = 0.08; at 13 years, h² =
0.88 and e² = 0.12. Sex differences in the variability of
Tanner–Whitehouse II-20 scores at the chronological
age of 13 years could be attributed to a general scalar
effect [43].
In a recent preliminary analysis of skeletal maturation in Nepali children participating in the Jiri Growth
Study, the h2 of tempo of skeletal maturation from
middle to late childhood (chronological ages 6 to 18
years) was high at 0.92 [44].
Sexual maturation

Age at menarche. Menarche is the hallmark maturational event of female puberty, and many studies have
shown the timing of the onset of the menses to be significantly influenced by genetic factors (see Towne et al.
[45] for a recent review). For example, MZ female twin
correlations for age at menarche are high (0.65 to 0.90)
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[40, 46], with DZ twin correlations ranging from 0.16
to 0.60. Sibling correlations are generally around 0.40
[47], and mother–daughter correlations generally range
from 0.24 to 0.39 [47–51]. The mean difference in age
at menarche is smallest for MZ twins (0.4 years), with
increasing mean intrapair differences for DZ twins (0.8
years), siblings (1 year), and mother–daughter pairs (1.1
year). Some studies report high heritability estimates
for this sexual maturation milestone (h² = 0.95), with
evidence for dominance effects (d² = 0.54, a² = 0.17)
[46], or shared genetic effects with skeletal maturity (h²
unique to age at menarche = 0.44, h² shared with skeletal maturity = 0.53) [40]. More recent reports using
prospective age at menarche data and larger kinship
data report h2 estimates around 0.50 [45].
Genital development and secondary sexual characteristics. Data from the Wroclaw Longitudinal Twin
Study show a higher concordance between MZ males
for genital developmental stages (G2 to G5) and pubic
hair development stages (PH2 to PH5) than between
DZ males [52]; similarly, MZ females are more concordant than DZ females for stages of breast and pubic
hair development [53].
Linkage and association studies

To date, relatively few modern whole-genome scans
searching for QTL influencing measures of normal
growth and development have been conducted. Such
linkage studies pose logistic and financial challenges,
since familial data must be collected and extensive
marker genotyping must be carried out. There are
many more studies of associations between polymorphic markers in candidate genes and measures of
growth and development. This is because data from
related individuals are not necessarily needed, and only
one or a few markers need to be genotyped. Unfortunately, the results of association studies are very often
equivocal and contradictory. There are many possible
reasons for this, the primary ones being small sample
sizes, unaccounted-for population stratification, and
the unpredictable nature of disequilibrium between
the genotyped marker and the functional polymorphism influencing the trait of interest [54]. In the
future, whole-genome association mapping studies
using tens of thousands of genetic markers may be
used to discover functional polymorphisms related to
complex traits, including measures of human growth
and development.
Linkage results

Stature. Most whole-genome linkage scans on growth
and development measures have been done on adult
stature. This is primarily because adult stature is often
self-reported in large, questionnaire-based, genetically oriented population studies (e.g., families, twin
registries), and because stature was one of the earliest
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phenotypes for which a large genetic component was
observed (from twin and family studies). There are few
linkage studies of height or weight phenotypes in the
preadolescent and adolescent period, because there
exist few studies of genetically related individuals in
which sufficient data have been collected from them
during their childhood.
A recent study reporting identification of QTLs
for height in a Dutch sibling-pairs study also reviews
linkage results for adult stature in other populations
[55]. Adult stature, with a Gaussian distribution,
is a multifactorial trait, and genetic influence on it
is probably due to the cumulative effects of allelic
variants at several loci. Significant linkage LOD scores
(i.e., LOD scores > 3.0) and suggestive LOD scores (i.e.,
minimum LOD scores > 1.0) are spread at 92 locations
over 21 chromosomes. Regions on chromosomes 3, 6,
(harboring estrogen receptor alpha), 7, 12, 13, and 14
show the highest linkage peaks (LOD scores > 3.0). In
a small sample of 79 sibling pairs, significant linkage
(p = .004) was found between a dinucleotide marker in
the dopamine 2 receptor gene and height in 79 sibling
pairs aged 7 to 18 years [56].
Hirschhorn et al. [57] explored the differences in
linkage results (especially lack of replication) from
four different populations (Botnia, Finland; Finland;
Southern Sweden; and Sagueney-Lac-St. Jean, Quebec).
From simulation studies, they concluded that these differences could be due to sampling variation only, but
that population-specific differences in the occurrence
of rare or common alleles or differences in linkage
disequilibrium patterns could also contribute to the
different results. Population-specific interactions with
other genes or environmental factors need to be taken
into account when different linkage peaks are reported
in different populations.
Göring et al. [58] conducted whole-genome scans
using data from European-American, Mexican-American, European, and Nepali populations and found
suggestive evidence of linkage of adult height to several
genomic regions. The linkage signals were not, however, necessarily consistent across the study populations, suggesting that the importance of individual
candidate loci may vary in different populations.
The major fraction of variation observed in the
stature of healthy individuals is suggested as being
determined by autosomal genes, and the contribution
of sex-linked genes, if any, is small [59]. Sex chromosomes do, however, have a fundamental role in setting
the stage for growth [60], as can be observed in patients
with sex chromosome aberrations. Growth retardation
is observed in Turner’s syndrome (X-linked), whereas
for GCY (growth control gene) on Yq, a 9-cm increase
in adult height is found independently of gonadal sex
steroids [61].
Weight and body-mass index. Because of the relevance of adiposity to type 2 diabetes, cardiovascular
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disease, and other disorders related to overweight and
obesity, many linkage analyses of overweight, obesity,
and other measures of adiposity have been conducted
in recent years (see Perusse et al. [62] for a recent
review). Virtually all of these studies, however, have
been conducted on adults or have included children
with adults in the analyses. Moreover, the focus is
often more on phenotypes at the higher end of the
distribution of overweight and obesity and less on the
full range of normal variability in body weight. This
situation is likely to change in coming years, however,
as specific childhood precursors of adult disease risks
come under closer scrutiny. A significant part of this
endeavor will include searching for genes influencing
childhood normal weight and overweight and other
adiposity traits.
For example, Arya et al. [63] recently conducted a
whole-genome scan for QTL influencing birthweight
in Mexican-Americans and non-Hispanic Whites. In
a sample of Mexican-Americans from San Antonio,
Texas, they found significant evidence of linkage of
birthweight to a QTL on chromosome 6q (LOD = 3.72).
In a sample of non-Hispanic whites participating in the
Fels Longitudinal Study, strongly suggestive evidence
of linkage of birthweight to a QTL at the same location
on chromosome 6q also was found (LOD = 2.84). This
study not only provides replication of a significant
linkage finding for a QTL on chromosome 6q for
birthweight, but also provides evidence that this chromosome 6q QTL influences the intrauterine growth of
children from two different ethnic backgrounds. In 782
randomly ascertained white siblings (521 full-sib pairs
and 39 half-sib pairs) in the Bogalusa Heart Study, linkage results from a genome scan on longitudinal analysis
of body-mass index (BMI) changes from childhood
to young adulthood (area-under-the-curve analysis)
indicated suggestive signals for linkage with regions
on chromosomes 1, 5, 7, 12, 13, and 18 [64]. Several
of these regions have been found to be significantly
linked to body weight or obesity measures in studies
of adults.
Skeletal maturation. In the Fels Longitudinal Study,
skeletal ages were determined for 1,069 children, aged
1 to 17 years, from 220 families (9,865 total assessments of skeletal age) by the use of the Fels method
[7]. An initial set of 478 subjects was genotyped for
approximately 400 autosomal markers. Variance components-based linkage analysis (SOLAR) [65] found
consistent evidence of a QTL on chromosome 8q that
influences skeletal age at chronological ages 2 to 10
years (LOD scores ranged from 0.96 to 3.16 at wholeyear intervals over this age range). Suggestive evidence
of linkage of skeletal age at various chronological ages
to markers on other chromosomes also was found.
This unique linkage study of longitudinal skeletal age
data found evidence of specific QTL containing as yet
unidentified genes that influence the tempo of normal

skeletal maturation during different stages of childhood
development.
In recent analysis of data collected from Nepali children participating in the Jiri Growth Study, Towne et
al. [44] recently found significant linkage (LOD = 3.32)
of the tempo of skeletal maturation during middle and
late childhood (ages 6 to 18 years) to genetic markers
on chromosome 3p. Interestingly, in a recent bivariate
linkage analysis of second metacarpal cortical bone
thickness and skeletal age in a set of 600 10-year-olds
from the Fels Longitudinal Study, Duren et al. [66]
found significant joint linkage of both traits to the
same location on chromosome 3p. Together, these two
studies provide some confirmatory evidence of a gene
or genes on chromosome 3p that influence skeletal
maturation and bone growth during middle childhood
in children from two very different populations.

Results of association studies
Reports on associations of allelic variants with growth
in height, weight, and maturity characteristics are
mainly focused on variations in genes coding for
growth hormones, growth hormone receptors, and
bone metabolism–related genes (table 3). There is
only limited information on associations of gene polymorphisms with indicators of the timing and tempo of
growth or other maturity characteristics. Furthermore,
as often observed with association studies, there is a
lack of consistency in the results, with only limited replication of findings. For the purposes of this chapter, a
literature search using MEDLINE was performed combining the terms “height, weight, maturity, menarche,
sexual maturation” with the terms “association, polymorphism” and “childhood, adolescent, growth.”
Height and growth curve characteristics. In 183 male
and 131 female participants in the Fels Longitudinal
Study, pubertal growth parameters were estimated
by the triple logistic method as implemented in the
AUXAL program [5]. In boys, ESRa PvuII and XbaI
polymorphisms were significantly associated with the
timing of the prepubertal nadir of growth, height at
the prepubertal nadir, and height at the age of PHV.
For the PvuII polymorphism, boys homozygous for
the rarer allele (pp) were 0.6 years younger (p = .0035)
and 5.7 cm shorter (p = .0026) at the prepubertal nadir
than heterozygous boys (Pp) or boys homozygous for
the more common allele (PP). They were also 0.6 years
younger (p = .0088) and 5.4 cm shorter (p = .0023) at
the peak of the pubertal growth spurt. As adults, pp
genotype males were 4.8 cm shorter (p = .01) than
those with the PP genotype. In girls these trends were
generally evident but were not as statistically significant. For example, height at PHV in girls with the pp
genotype differed by 2.0 cm from that in girls with the
PP genotype (p = .047), and the mean adult height of

Italian obese children

Study sample

No association

No association

Binds to testosterone,
Age at menarche
increased transcription of
androgen-sensitive genes

Inactivation of the reactive Age at menarche
metabolites in estrogen
pathway

Exon 1 GGC
repeat (16
repeats/ other
alleles)

HspII 92 (H/L)

MspAI (A1 low
Estrogen (E2) biosynthesis Age at menarche
activity/A2 high
activity)

AR (androgen receptor)

COMT (cytochol-Omethyltransferase)

CYP17 (cytochrome
P450 gene family
member)

16/16 GGC repeats genotype significant earlier
age at menarche (12.07
± 1.5 yr) compared to
other genotypes (12.68
± 1.64 yr)

No significant allele frequency differences

Regulation of lipolysis and Obesity/underweight
thermogenesis in adipose
tissue

ADRB2 (beta-2-adrener- Arg16Gly
gic receptor gene)
Gln27Glu

No significant allele frequency differences

No significant allele frequency differences

Obesity/underweight
Regulation of lipolysis and Obesity/underweight
thermogenesis in adipose
tissue

Lower increases in weight
and BMI in obese
children without the
mutation compared to
control group

Weight/BMI gain after
dietary intervention in
obese

ADRB1 (beta-1-adrener- Gly49 Ser
gic receptor gene)
Arg389Gly

No association

583, controlled for ethnic
group and year of birth

Japan (n = 317)

164 non-Hispanic white

296 obese/134 healthy underweight (Germany)

296 obese/134 healthy underweight (Germany)

296 obese/134 healthy underweight (Germany)

36 obese Chinese

311 Chinese (8-11 y)

Arg/Arg and Trp/Arg
291 Japanese boys
significant Higher BMI 262 Japanese girls (9–15 yr)
than Trp/Trp (19.4 ± 3.6
vs 18.9 ± 3.2, p = .02)

Association with BMI

Effect

Weight/BMI (age, sex
adjusted

Regulation of lipolysis and BMI (age, sex adjusted)
thermogenesis in adipose
tissue

BMI

Phenotype

ADRB3 (beta-3-adrener- Trp64Arg
gic receptor gene)

Gene function
Modulation of flavoenzyme activity and
energy metabolism

Polymorphism

ACP1 (acid phosphatase- ACP1 A and BA
1 gene)

Gene

TABLE 3. Summary of association studies related to growth in height, weight, adiposity, age at menarche, and other maturity-related characteristicsa

Lai et al. [87]

Gorai et al.
[85]

Comings et
al. [92]

Tafel et al.
[76]

Tafel et al.
[76]

Tafel et al.
[76]

Xinli et al.
[75]

Xinli et al.
[75]

Endo et al.
[74]

Lucarini et al.
[73]

Reference
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Estrogen hydroxylation
Age at menarche
(catalyzing 2- and 4hydroxylation of estradiol
and estrone)

Eco57I
*1F variant

*3 variant
Eco57I (Val/Lue)

*1B variant (W/V) Deactivation of testosterone

*1 variant

CYP1A2 (cytochrome
P450 gene family
member)

CYP1B1 (cytochrome
P450 gene family
member)

CYP3A4 (cytochrome
P450 gene family
member)

CYP3A5
(cytochrome P450 gene
family member)

*1B: 3.2 adjusted OR to
have T2B (or +) compared with T1B

Onset of breast development (T2B)

No association

No association

No association

Onset of breast development (T2B)
Age at menarche

No association

No association

No association

No association

No association

137 (9.5 yr), controlled for
ethnic group and somatic
differences

137 (9.5 yr), controlled for
ethnic group and somatic
differences

583, controlled for ethnic
group and year of birth

137 (9.5 yr), controlled for
ethnic group and somatic
differences

583, controlled for ethnic
group and year of birth

137 (9.5 yr), controlled for
ethnic group and somatic
differences

583, controlled for ethnic
group and year of birth

Japan (n = 317)

137 (9.5 yr), controlled for
ethnic group and somatic
differences

Women without breast cancer Feigelson et
al. [86]

A1/A1 later menarche

continued

Kadlubar et
al. [94]

Kadlubar et
al. [94]

Lai et al. [87]

Kadlubar et
al. [94]

Lai et al. [87]

Kadlubar et
al. [94]

Lai et al. [87]

Gorai et al.
[85]

Kadlubar et
al. [94]

Gorai et al.
[85]

Japan (n = 317)

A2/A2, and A1/A2 (13.6
± 1.2 yr) have earlier
age at menarche (A1/
A1, 14.1 ± 1.3 yr)

Reference

Study sample

Effect

Age at menarche

Onset of breast development (T2B)

Age at menarche

Confers CYP3A activity in Onset of breast developliver and kidney
ment (T2B)

Estrogen hydroxylation
(catalyzing 4-hydroxyestradiol)

Estrogen hydroxylation

MspI (wt/vt)

CYP1A1 (cytochrome
P450 gene family
member)

Onset of breast development (T2B)

Phenotype

Gene function

Polymorphism

Gene
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Greece, rural (n = 145)

Netherlands (n = 90)
Japan (n = 317)

No association
No association

Pp: 4.8/2.5 cm shorter at
adult height
no association
Trend 4 cm shorter at
near-adult height

Adult height
Height at 7 yr
Height at 16.7 yr

90 adolescent whites

56 males, 68 females, white
(7 yr)

Parks et al.
[67]

pp: 0.6/trend yr younger
at age of PHV
pp: 5.4/2.0 cm shorter at
age of PHV

Age, height and growth
rate at PHV

Lorentzon et
al. [68]

Tao et al. [69]

Parks et al.
[67]

Parks et al.
[67]

Gorai et al.
[85]

Boot et al.
[84]

Stavrou et al.
[83]

Arinami et al.
[56]

Reference

Age, height, and growth No association with XbaI 183 male, 131 female (whites,
rate at prepubertal nadir polymorphism
Fels Study, Ohio, USA)
(AUXAL)
In boys/girls (PvuII pp vs.
Pp or PP):
pp: 0.6/trend yr younger
at prepubertal nadir
pp: 5.7/trend cm shorter
at prepubertal nadir

Age at menarche

PPXX (homozygous haplotype) later menarche:
13.43 ± 1.18 vs 12.76 ±
1.25 yr compared with
other haplotypes

Binding to estrogen

PvuII (P/p)
XbaI (X/x)

ERα (estrogen receptor
alpha)

79 sib pairs (7–18 yr)
135 adults (Japan)

p = .009, paired t-test, in
the sib pairs; p = .006,
ANOVA, in the adults

Polymorphism in Neurotransmitter receptor Height
promoter region

DRD2 (dopamine D2
receptor gene)

Phenotype

Study sample

Gene function

Effect

Polymorphism

Gene

TABLE 3. Summary of association studies related to growth in height, weight, adiposity, age at menarche, and other maturity-related characteristicsa (continued)
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HSD11B1 (11-betains4436A
hydroxysteroid dehydrogenase type 1)

GRL IVS2-BclI

Late age at menarche vs
early age at menarche

Sequencing and
haplotype study

GRL (glucocorticoid
receptor)

Age at menarche

Transduces signals from
5′ region 10-bp
insertion at 1187 GNRH and modulates the synthesis and
position (I/D)
secretion of luteinizing
hormone and folliclestimulating hormone

GnRHR (gonadotropin-releasing hormone
receptor gene

Homozygous
hCV3145733 were 1.85
times more likely to
have a late menarche
Haplotype 4 in block 1 of
GnRHR was associated
with reduced risk of late
menarche (OR, 0.52)
No replication in the different datasets

No association

No clear associations or
TDT with haplotypes
or htSNPs in haplotype
block of GnRH1

Effect

Greatest BMI-SD for
ins4436A homozygotes.
Homozygotes also had
greater waist circumference, waist-to-hip ratio,
and insulin resistance
indices than heterozygote or wild-type children (all p<.05)

Increase in adiposity (12- 4.5/2.3 female carriyr follow-up), sum of
ers had more than 2×
skinfolds
increase in adiposity
compared with 4.5/4.5
and 2.3/2.3 genotype
subgroups

Glycoprotein enzyme, cor- BMI-SD (age, sex, race,
tisone to cortisol converheight corrected)
sion in visceral adipose
Waist circumference
tissue
Waist-to-hip ratio

Receptor for cortisol,
corticosterone, exerts
orexigenic and antithermogenic effects

Stimulates secretion of
Late age at menarche vs
luteinizing hormone
early age at menarche
and follicle-stimulating
hormone trough binding
with GnRHR

Sequencing and
haplotype study

Phenotype

GnRH1 (gonadotropinreleasing hormone)

Gene function

Polymorphism

Gene

Reference

Nanao et al.
[91]

160 normal BMI (-2/+2 SD)
US children
103 overweight BMI (>2 SD)
US children

n = 83 (14.3 yr at baseline)

continued

GelernterYaniv et al.
[77]

Tremblay et
al. [82]

81 late-onset puberty (nonSedlmeyer et
medical) + parents (US)
al. [93]
(TDT)
44 late-onset puberty + parents
(UK)
506 females (menarche < 11yr
vs +15 yr)

196 Japanese (18–20 yr)

81 late-onset puberty (nonSedlmeyer et
medical) + parents (US)
al. [93]
(TDT)
44 late-onset puberty + parents
(UK)
506 females (menarche < 11yr
vs. +15 yr)

Study sample
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Leu7Pro

SHP (small heterodimer R34G, R36C
partner gene)
G171A,
–195CTGAdel

NPY (preproneuropeptide Y gene)

Tandem repeat in
intron 4 (A/B)

Inhibits transcriptional
activity of hepatocyte
nuclear factor-4alpha

Neurotransmitter, favors
energy storage

Birthweight (corrected
for. gestational age)

Birthweight

Obese/nonobese

Testicular volume
Height
Growth rate

Neuroendocrine function Age at menarche
in reproduction and ovulation

Gonadotropic hormone
from anterior pituitary
with signaling action to
ovarian and testes development

NOS3 (endothelial nitric Glu298Asp
oxide synthase)
T-786C

Trp8Arg and
Ile15Thr

LH (luteinizing hormone-beta gene)

Suppression of neuropep- Age at menarche
tide Y induces onset of
puberty through release
of inhibition of pituitarygonadotropin axis

Phenotype

Receptor in brain, food
intake regulation

D7S1875 (<280
bp vs ≥280 bp)

LEP (leptin)

Gene function

MC4R (melanocortin-4- V103I, I125L,
receptor)
Y35X, D37V,
S30F, S127L,
R165W,
L211fsX216

Polymorphism

Gene

–195CTGAdel, D/D and
W/D lower birthweight
than W/W

Pro/Leu + Pro/Pro boys
193 g higher birthweight than Leu/Leu
homozygotes (p = .03),
not in girls

No association

No association

Association and significant transmission disequilibrium test

Homozygote/heterozygote mutants: smaller
testicular volumes (p <
.03), shorter (p < .02),
slower growth rates (p
< .04)

Association-crossover effect depending
on maternal age at
birth. ≥280 bp: age at
menarche 0.75 yr later
than <280 bp if maternal age ≥ 30 yr. 0.75 yr
earlier when maternal
age <30 yr

Effect

Worda et al.
[88]

Worda et al.
[88]

Hinney et al.
[79]

Raivio et al.
[71]

Comings et
al. [90]

Reference

GOOS, ALSPAC (7 yr), Ely
study

Hung et al.
[81]

688 7-yr-old children, Finland Karvonen et
al. [80]

91 whites, postmenopausal

87 whites, postmenopausal

808 extremely obese German
children (13 yr), 502 with
parents (TDT), 327 nonobese

49 Finnish boys, 11.7 yr, followed for 3 yr every 3 mo

183 whites

Study sample

TABLE 3. Summary of association studies related to growth in height, weight, adiposity, age at menarche, and other maturity-related characteristicsa (continued)
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Tao et al. [69]
56 male, 68 female whites
(7 yr)
No association in boys
TT girls 4.1 cm taller
than Tt or tt
TT girls 3.9 kg heavier
than Tt or tt
wt, wild type; vt, variant type
a. Genes are listed in alphabetical order of their symbols

Height, weight at 7 yr
TaqI (T/t)

Kitagawa et
al. [89]
Age at menarche
? function in reproductive
organs, growth plate
ApaI (A/a)
VDR (vitamin D receptor)

ALSPAC: G171A carriers
(7 yr) have greater BMI
(19.4 vs 16.1) and waist
circumference than
noncarriers
BMI

Earlier menarche in Aa
(12.1 ± 1.0 yr) than in
aa (12.5 yr)

Japan (n = 120, 18–19 yr)

Hung et al.
[81]

Effect
Gene function
Polymorphism
Gene

Phenotype

Study sample

Reference
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females with the pp genotype was 2.5 cm shorter than
that of females with the PP genotype. There was no
effect of the XbaI polymorphism in ESRa on pubertyrelated growth parameters in either sex [67]. Lorentzon
et al. [68] also had observed a similar trend for adolescent Caucasian boys with the ESRa PvuII pp genotype
to be shorter than PP boys at 16.9 ± 0.3 years, and they
observed no effects of the XbaI genotype. However, no
effect of the ESRa PvuII genotype on height or weight
was found in 7-year-old Caucasians in a small study
by Tao et al. [69].
Vitamin D receptor (VDR) polymorphisms have
been studied extensively in relation to bone mineral
content and density in relation to osteoporosis and
bone accretion during growth. Some studies have
related variation in the VDR gene to characteristics of
preadolescent growth and found that associations with
Bone mineral density (BMD)/bone mineral content
(BMC) disappeared after correction for size differences. In the sample studied by Tao et al. [69], females
homozygous for a TaqI polymorphism in the vitamin
D receptor gene (TT) were 4.1 cm taller and 3.9 kg
heavier than those with the Tt or tt genotype.
Possible interactions between estradiol receptor gene
(ER. PvuII) and VDR (BsmI, BB or bb) polymorphisms
have been studied by Suarez et al. [70] in 161 healthy
Caucasian full-term babies. There was a lack of association between ER polymorphisms and body weight in
boys and girls, body length in girls, or body length in
boys with a bb genotype. However, the ER polymorphism and body length were significantly associated
in BB boys, with a smaller length at birth and at age
10 months (but not at 2 years of age) for those with a
BBpp genotype.
An association between stature and a putative functional polymorphism in the promoter region of the
dopamine 2 receptor gene (DRD2) was examined in
the 79 sibling pairs aged 7 to 18 years and in 125 unrelated male Japanese adults. The association with stature
(p = .009, paired t-test, in the sibling pairs; p = .006,
ANOVA, in the adults) was suggestive of a role of the
DRD2 promoter polymorphism in stature [56].
Raivio et al. [71] studied two point mutations in
the ß-subunit of the luteinizing hormone-beta gene
(LH-ß) in a group of 49 healthy boys followed from a
mean age of 11.7 years at 3-month intervals. Thirty-six
boys (74%) were homozygous for the wild-type LH-ß
allele, 12 (24%) were heterozygous carriers of the variant allele, and 1 (2%) was homozygous for the variant
allele. Boys with the variant allele were shorter (p <
.02), had slower growth rates (p < .04), and had lower
serum insulin-like growth factor I–binding protein-3
levels (p < .03) than boys homozygous for the wild-type
LH-ß allele. In boys with delayed onset of puberty, the
frequency of the variant LH-ß allele did not differ from
that in the reference population, indicating that the
variant allele is not associated with conditions due to
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disturbed control of the reactivation of GnRH secretion. During the progression of puberty, the variant
LH-ß allele may be less active in stimulating testicular
growth than the wild-type LH-ß allele. Thus, the gene
may affect tempo, contributing to the wide normal variation in pubertal progression in healthy boys. Similar
findings were observed in US boys and girls in the Fels
Longitudinal Study, but the association between the
variant LH-ß allele and height during puberty was not
as pronounced as in the sample of Finnish boys [72].
Weight. As mentioned earlier, identifying specific
genes influencing weight, overweight or obesity, and
other measures of adiposity is of relevance for understanding genetic influences on adiposity-related measures of diabetes and cardiovascular disease risks, both
in childhood and during adulthood. Although greater
attention should be paid to genetic variation in normal
weight for developing an International Growth Standard for Preadolescent and Adolescent Children, several
studies have examined associations between polymorphisms in candidate genes and measures of body mass
and adiposity in overweight or obese children, and
these are of interest given the worldwide increase in
obesity in both children and adults. For example, in
a sample of Italian children, Lucarini et al. [73] found
an association between BMI and a marker in the acid
phosphatase-1 (ACP1) gene on chromosome 2p. In a
sample of Japanese children, Endo et al. [74] found an
association between BMI and a polymorphism in the
beta-3-adrenergic receptor (ADRB3) gene on chromosome 8p. In a Chinese sample, Xinli et al. [75] found
an association between body weight in obese children
and a polymorphism in the ADRB3 gene. In a sample
of German children, however, no associations between
obesity and polymorphisms in the ADBR1, ADBR2, or
ADBR3 genes were found [76]. In a sample of US children, Gelernter-Yaniv et al. [77] found an association
between a polymorphism in the 11-beta-hydroxysteroid dehydrogenase type 1 (HSD11B1) gene on chromosome 1q and BMI, waist circumference, and waist–hip
ratio. In a German study, Roth et al. [78] reported
transmission disequilibrium and sequence variants of
the leptin receptor (LEPR) gene on chromosome 1p
in a sample of extremely obese children. Hinney et al.
[79] found evidence of association between polymorphisms in the melanocortin-4-receptor (MC4R) gene
on chromosome 18q and extreme obesity in a sample
of German children. In a Finnish study, Karvonen et al.
[80] found an association between a polymorphism in
the preproneuropeptide Y (NPY) gene on chromosome
7p and birthweight. Hung et al. [81] found evidence
of associations between polymorphisms in the small
heterodimer partner (SHP) gene on chromosome
1p and birthweight and adiposity during childhood.
Tremblay et al. [82] found an association between a
polymorphism in the glucocorticoid receptor (GRL)
gene on chromosome 5p and increase in adiposity in
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girls from adolescence to young adulthood.
Age at menarche. Only a few polymorphisms have
been associated with age at menarche, and there is a
lack of replication in different samples or populations.
Because early age at menarche is a risk factor for the
development of breast cancer, many genes involved in
breast cancer have been studied, and some are related
to age at menarche (however, these breast cancer gene
polymorphisms have not been included systematically
in this review).
In addition to pubertal growth, as discussed earlier,
associations between the PvuII (P/p) and XbaI (X/x)
polymorphisms in the ESRa gene and age at menarche
have also been studied. In a closed rural community
in northwestern Greece, the PvuII and XbaI haplotype
was significantly related to a later age at menarche
(homozygous PPXX versus all other haplotypes: 13.43
± 1.18 years versus 12.76 ± 1.25 years) [83]. However,
in a study of 90 girls (mean age, 15.6 years), the PvuII
and XbaI haplotype was not related to age of menarche
[84]. Furthermore, no association was found in 317
Japanese women [85]. These authors, however, report
a significant association of age at menarche with the
MspAI polymorphism in the CYP17 gene, one of the
estrogen-metabolizing genes (estrogen biosynthesis,
P450c17a). Women with higher CYP17 activity (A2/A2
and A1/A2 genotypes) tended to have an earlier age at
menarche (13.6 ± 1.2 years) than women with lower
CYP17 activity (A1/A1 genotype; 14.1 ± 1.3 years) [85].
Similar findings for a later age at menarche for A1/A1
genotypes were found in women without breast cancer
[86]. Polymorphisms in the hydroxylation (cytochrome
P4501A; CYP1A1) gene and the gene regulating
inactivation of the reactive metabolites (catechol-Omethyltransferase; COMT) were not associated with
age at menarche in these Japanese women [85]. In a
mixed ethnic sample of 583 women, however, age at
menarche was not significantly related to the CYP17
polymorphism nor to polymorphic variants of the
CYP3A4, CYP1B1, and CYP1A2 genes [87]. NOS3
gene variants (Glu298Asp, T-786C, repeat in intron 4)
were studied in 87 to 91 Austrian women, although no
significant association with age at menarche could be
found [88]. The vitamin D receptor gene VDR (ApaI
polymorphism) was significantly related to an earlier
age at menarche (12.1 versus 12.5 years) in 120 Japanese 18- to 19-year-old females [89].
Recently, more evidence has been found for the role
of the leptin gene in the regulation of onset of puberty.
Leptin gene variation (LEP D7S1875, < 280 bp versus
≥ 280 bp) has been shown to have opposite effects on
age at menarche, depending on maternal age at the
time of delivery of the girls under study [90]. In mothers giving birth to their daughters before the age of 30
years, the longer allele of the LEP D7S1875 polymorphism was associated with an earlier age at menarche
in the daughters in comparison with heterozygotes
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and homozygotes of the short alleles. In contrast, for
maternal ages ≥ 30 years, daughters with the ≥ 280
bp/≥ 280 bp genotype had a later age at menarche.
A 10-bp insertion in the 5’ end of the gonadotropinreleasing hormone receptor (GnRHR) gene was not
associated with age at menarche in 196 Japanese girls
aged 18 to 20 years [91]. Within the androgen receptor
gene, a GGC repeat polymorphism (16 repeats versus
polymorphisms with other repeat numbers) has been
associated with an earlier age at menarche for 16 GGC
repeat carriers as compared with genotypes with other
repeat numbers [92].
A recent report by Sedlmeyer et al. [93] searched
for sequence variation in both GnRHR and GnRH1
in males and females with late maturity onset (children with late maturity and their parents (UK and US
sample) and in an association sample of 506 females
from the US Multiethnic Cohort Study of Diet and
Cancer. Haplotype block analyses were performed,
as well as htSNPs analysis within the detected haplotype blocks. The authors concluded that the studied
haplotypes and htSNPs within GnRHR and GnRH1
seemed to have only limited influence on the timing
of puberty.
Breast development. The onset of breast development (≥ T2B stage versus T1B) could be predicted
from CYP3A4*B1 variant genotypes in 9.5-year-old
girls [94]; the B1 variant is associated with the onset of
T2B. The onset of breast development was not associated with gene variants in other estrogen-metabolizing genes (CYP17, CYP1A1, CYP1A2, CYP1B1, and
CYP3A5) [94].
Testicular volume. In their study of association
between a variant of the LH-ß allele and pubertal
growth of Finnish boys discussed earlier, Raivio et al.
[71] also found that boys with the variant LH-ß allele
had smaller testicular volumes (p < .03) than boys
homozygous for the wild type LH-ß allele.
As the above discussion has pointed out, association
studies have tested the significance of gene sequence
variants in several genes in relationship to height,
weight, and other maturity-related phenotypes. However, studies on children and adolescents in developing
countries are lacking, and there is limited replication
of findings. The degree of replication might even
be underestimated because of positive publication
bias; negative association results (i.e., showing lack
of association) might not be published as often as
positive association findings. Therefore, we do not
have sufficient information to state that there are large
population differences in the effects of specific gene
variants, and whether this might be due to differences
in the amount of the gene effect, differences in population-specific allele frequencies, or the contribution of
different genes.

Conclusions
In the wake of the profound advances made in molecular and statistical genetic techniques and methods
over the last two decades, advances that continue to
be made at a rapid pace, the genetic architecture of
complex processes such as those that constitute growth
and development will become better elucidated in the
coming years. Much of this better understanding of
genetic influences on growth and maturation will be
motivated by increasingly recognized associations
between patterns of growth and the development of
disease risks during adulthood. As alluded to in the
forgoing sections of this chapter, there are two particular areas of research on the nature of genetic influences
on growth and maturation that pertain directly to the
broader issue of the establishment of an International
Growth Standard for Preadolescent and Adolescent
Children. These are population differences in major
gene effects on growth and maturation, and the effect
of gene–environment interactions on growth and
maturation.
Population differences in major gene effects on growth

As yet there are too few cross-population genetic
epidemiologic studies of growth and maturation to
arrive at any definitive conclusions on this matter.
Nonetheless, populations differ in gene frequencies,
and it is reasonable to hypothesize that there are differences across populations in the frequencies of specific
alleles that influence growth and development. This
has implications for the relative importance of such
specific genetic influences on growth and development
in different populations. Allelic variation in a particular
growth-related gene may explain a significant part of
the observed variation in a measure of growth in one
population but not necessarily in another. This does
not mean that the fundamental genetic architecture of
growth and development differs across populations,
but that the relative importance of specific genes and
their allelic variants might well differ across populations. Furthermore, the issue of nonreplication should
be judged carefully. As mentioned earlier, in a series of
simulations, Hirschhorn et al. [57] found that lack of
replication in linkage studies across populations (for a
true QTL explaining 20% of the trait variance) could
be due simply to sampling variation.
Effects of gene–gene and gene–environment interactions

As stated earlier, gene–environment interaction effects
are not easily studied, and the nature of gene–environment interaction effects across populations are complicated and difficult to assess. At present, there is very
little knowledge about the effects of gene–environment
interactions on height, weight, and maturity-related
characteristics in children and adolescents. Large population-based studies in different areas of the world will
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be needed to study the interaction of an individual’s
genotype with environmental factors, which can be
beneficial (e.g., nutritional balance, physically active
lifestyle) or harmful (e.g., nutritional imbalance,
disease and illnesses, war, sedentary lifestyle) to the
growing child. Because environmental factors, as well
as the frequencies of pertinent alleles, might differ
greatly between populations, the impact of gene–environment interaction on the observed variation in the
growth and maturation of children across populations
can be hypothesized to be significant. Knowledge of
gene variants found to be protective against harmful
environmental factors can be highly informative for
the detection of children at risk for their individual
response to those environmental factors (e.g., at risk
for the development of obesity).
Implications for an international growth standard for
preadolescent and adolescent children

The preceding discussion makes it clear that there is
much that is as yet unknown regarding the nature of
cross-population differences in genetic influences on
growth and maturation. This gap in knowledge necessitates that caution be taken in the consideration of
an International Growth Standard for Preadolescent
and Adolescent Children, but it does not necessarily
preclude the establishment of such a reference. Nonetheless, to reiterate two related points:
» Genetics plays a leading role in explaining individual variation within populations in growth and
development traits, but there might be population
differences in the genetic regulation of growth and
development that have yet to be fully examined.
» It can reasonably be hypothesized that although
the fundamental genetic underpinnings of the
growth and development of children worldwide may
be essentially the same, there may be differences
between populations in the nature of gene-by-environment interactions.
As with any population-specific growth reference,
the development of a single international growth standard for preadolescent and adolescent children will need
to reflect both average growth and normal variation
in growth. This should not pose an insurmountable
problem, since most of the observed differences in
complex quantitative traits such as measures of growth
and development are probably contained within any
sufficiently large group of subjects from within a population [95, 96]. Thus, the challenges are to determine
what data should contribute to an International Growth
Standard for Preadolescent and Adolescent Children,
determine the form that this standard should take,
and finally to determine whether the form that an
international growth standard for preadolescent and
adolescent children ultimately takes will prove useful in
day-to-day application in different parts of the world.
As environmental sources of variation that negatively
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impact growth and maturation (e.g., disease and malnutrition) are ameliorated in developing nations, it will
become somewhat easier to evaluate the nature of population variation in genetic influences on growth and
maturation. It is reasonable to hypothesize that population differences in measures of growth and maturation
may become smaller in the coming decades, but at the
same time it is also reasonable to hypothesize that a
genetic basis to population differences in measures of
growth and development will remain, and that these
will become primary sources of interpopulation differences in measures of growth and maturation. Such
population differences will need to be accommodated
in an International Growth Standard for Preadolescent
and Adolescent Children.
One option for an International Growth Standard for
Preadolescent and Adolescent Children, then, would
be to create “median” values in growth for children
and adolescents from many populations worldwide
who are growing up in more or less environmentally
ideal, or at least suitable, situations (e.g., balanced diet,
regular exercise, peaceful home and social life, lack of
major illnesses, lack of pollution, etc.). A list of known
growth disorders with a genetic etiology also would
need to be used as exclusion criteria. Overall variation
in stature and other measures from such data would
be almost entirely a reflection of population-specific
genetic variation, population-specific environmental
variation, and population-specific gene–environment
interactions, which individually or collectively may or
may not be large contributors to mean interpopulation
differences in measures of growth.
In the application of an International Growth Standard for Preadolescent and Adolescent Children, there
may need to be a paradigm shift among researchers
and clinicians from thinking of specific height-for-age
values in terms of percentiles to thinking in terms of a
percentile ranking that consists of a range of potential
values. Of course, if the range of values at any particular
age becomes too large, then the utility of such a growth
reference is compromised.
In conclusion, this review has summarized the current general understanding of genetic influences on
within- and between-population variation in growth
and development. As was discussed, almost all measures of growth and development have substantial and
significant genetic underpinnings. But although major
progress has been made in both molecular genetic
and statistical genetic techniques over the last quarter-century, many questions remain unanswered and
need further study. There is a need for more genetic
epidemiologic studies of the growth and development
of children from non-Western populations in order to
better understand population differences in the genetic
regulation of processes of growth and maturation, as
well as to study specific gene-environment interactions and their effects on growth and development. A
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variety of research designs can be used to contribute
to this knowledge. An international growth standard
for preadolescent and adolescent children will need
to be particularly mindful of potentially significant
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differences between populations in the genetic regulation of growth and development that may exist even
after detrimental environmental factors have been
ameliorated.
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The International Growth Standard for Children
and Adolescents Project: Environmental influences
on preadolescent and adolescent growth in weight
and height

Stanley J. Ulijaszek
Abstract
This review has two aims. The first is to identify important environmental influences on the growth of children
aged 1 to 9 years and of adolescents, defined as those
aged 10 to 19 years. The second is to identify possible
environmentally based criteria for the selection of individuals and populations for data collection in the development of an international growth reference for these
age ranges. There are many common environmental
influences on the growth of children between the ages of
1 and 19 years; the examination and description of these
forms the main body of this review. Subsequently, environmental factors influencing adolescent growth only are
considered. In both cases, possible selection criteria are
put forward. The most important inclusion criteria for
both preadolescence and adolescence are good nutrition,
lack of infection, and socioeconomic status that does not
constrain growth. Additionally, low birthweight, catchup growth, breastfeeding, and early adiposity rebound
have impacts on growth and/or body composition into
puberty. Exclusion of children born at low birth and/or
experiencing catch-up growth could be most realistically
operationalized if populations in which secular trends in
growth were either completed or minimal were selected.
Although an effect of hypoxia on child and adolescent
growth, independent of nutrition, is small at most, many
high-altitude populations have high prevalances of low
birthweight and should be excluded on this basis. Since
all populations are exposed to pollutants, contaminants,
and toxicants in varying degrees, they cannot be realistically excluded from the sample frame. However, it may
be desirable to exclude populations that are habitually
exposed to extremely high levels of environmental pollution, including air pollution, and those living in close
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proximity to toxic waste. It is impossible to exclude populations and individuals on the basis of their exposure to
aflatoxin contamination of food. However, exclusion on
the basis of low socioeconomic status or poverty may well
act as a proxy for this. There are a small number of populations that show extreme patterns of growth in body size
and proportion in preadolescence and adolescence, and
these should be excluded from the sample frame.

Key words: Aflatoxins, altitude, catch-up growth,

growth, infection, low birthweight, nutrition, pollution,
puberty, socioeconomic status

Introduction
The evolution of the human growth curve is characterized primarily by an attenuation of childhood, followed
by a relatively brief, intense adolescent spurt [1]. The
primary selective pressure underlying this evolutionary trend is not certain; however, the extended period
of biological immaturity relative to other mammalian
species is associated with high environmental sensitivity and growth plasticity [2]. The sensitivity of human
growth to the environment is demonstrated both by the
processes of stunting and wasting in response to poor
nutrition [3] and of catch-up growth during environmental improvements following episodes of stress [4].
An International Growth Reference for Children and
Adolescents needs to describe growth patterns associated with maximal health outcomes and to take into
account the health risks associated with processes of
developmental plasticity [5].
Known environmental factors that influence growth,
body size, and body composition of children postnatally include nutrition [6], infection [7, 8], interactions
between the two [8–10], psychosocial stress [11], food
contaminants [12, 13], pollution [14], and hypoxia [15,
16]. Most of these factors are conditioned by poverty
and socioeconomic status [17, 18]. They are also conditioned historically [19], culturally [20], and politically
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[1], interacting with each other, but also with individual
genotypes in the production of growth, body size,
and body composition. Figure 1 illustrates clusters of
variables that influence growth and body composition
outcomes and suggests pathways by which they may
act. Although the interactions between genetics and
environment in the production of growth outcomes are
important and are acknowledged in the figure, they are
not within the scope of this article.
Diet, nutrition, disease, hypoxia, pollution, contamination, behavioral toxicants, deprivation, and
psychosocial stress can be clustered as proximate
environmental factors that can influence growth (fig. 1,
box 1). However, they vary in importance according to
circumstance and the age and stage in preadolescence
and adolescence. Culture, behavior, socioeconomic
status, social status, poverty, and political economy
can also be clustered as structurally powerful but distal
agents (fig. 1, box 2) in the production of growth and
body composition outcomes, at all ages and stages
of childhood and adolescence. This latter cluster is
conditioned historically. In the developing world, the
risks associated with poverty include low income,
low entitlement [21], poor health infrastructures, and
environmental hazards. The entitlement of a household
is its ability to acquire food through the legal means
available in a society [21]; at the extreme, famine
occurs not from generalized food shortage, but from
inequalities built into mechanisms for distributing and
making food available, including social and economic
inequalities. In the industrialized world, the risks for
impaired child growth that are associated with low
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FIG. 1. Factors influencing growth in childhood and adolescence (modified from [2])

socioeconomic status include single parenthood, overcrowding, low disposable income, paternal ill health,
dependence on social welfare, and parental abuse of
alcohol and drugs [18, 22].
In both the developed and the developing worlds,
there are similar associations between stature and
socioeconomic status, height correlating positively
with wealth [18]. Weight, however, does not always
relate positively with wealth, overweight and obesity
being associated with low socioeconomic status in
most industrialized nations [23, 24] and becoming
increasingly so among emerging nations undergoing the health transition [25, 26]. Growth stunting
in association with overweight was first identified in
Peruvian children [27] and more recently in children
aged between 3 and 9 years in four nations viewed to be
undergoing nutrition transition: Russia, Brazil, South
Africa, and China [28]. Childhood obesity is increasing in prevalence across the world [29], with children
showing the onset of obesity before 6 years of age often
remaining obese into adult life [30, 31]. Critical periods
in childhood for the development of obesity include
gestation, early infancy, and the period of adiposity
rebound between the ages of 5 and 7 years [32].
Early life experiences involving environmental
stress, intrauterine growth retardation, poor growth
in early childhood, and subsequent catch-up growth
can also impact on growth, body composition, and
health outcomes later in life [33]. Catch-up growth is
an acceleration of child growth rate following either
medical or environmental intervention or environmental improvement, such that body size approaches
or reaches normality, as defined by appropriate growth
references [4]. It can take place at all stages of child
growth, including adolescence [34, 35]. However, when
the factors responsible for growth faltering or failure are
ubiquitous, this process is constrained, and individuals fail to reach their genetic potential for growth and
body size [17]. There are possibly three critical periods
for the development of obesity and its complications.
These include gestation and early infancy, the period
of adiposity rebound that occurs between 5 and 7 years
of age, and adolescence [32]. The last trimester of pregnancy is critical for appropriate fetal development and
birthweight [36], whereas low birthweight followed by
subsequent catch-up growth has implications for the
subsequent development of obesity in later childhood
and adolescence [37–39].
The vast majority of research on environmental
influences on human growth has focused on birthweight [40, 41], infancy and infant feeding [42], and
early childhood [43]. In contrast, comparatively little
attention has been paid to environmental influences on
preadolescent growth [44, 45], although Waterlow et al.
[3] considered it important to be able to identify poor
anthropometric nutritional status among children up
to the age of 10 years. Growth and body composition

Environmental influences on weight and height

in adolescence has been researched to a greater extent
than in preadolescence, but to a much smaller extent
than in children of preschool age [45]. The 1995 World
Health Organization monograph “Physical Status: The
Use and Interpretation of Anthropometry” [44] pays
almost no attention to growth in mid-childhood but
devotes one chapter to growth in adolescence. This
chapter states that “because growth may be sensitive
to nutritional deficit and surfeit, adolescent anthropometry provides indicators of nutritional status and
health risk, and may be diagnostic of obesity. The study
and understanding of this period of rapid changes are
at once, important and difficult” (p. 263). Much of the
difficulty stems from the great variation both within
and between populations in the timing and magnitude
of peak weight and height velocities [46]. Although
adolescent growth may be under stronger genetic control than growth in childhood [47, 48], environment
can influence both of these measures of adolescent
growth and maturation, but to a lesser extent than
genetics [1].
The International Growth Reference for Children
and Adolescents project seeks to identify environmental factors that can be used as selection criteria for
sampling in a large, multinational, multicenter study
of the growth of children of school-going age, with the
intention of generating growth references suitable for
the screening, surveillance, and monitoring of children globally with respect to both undernutrition and
obesity. In this respect, the growth patterns of children
selected for study should reflect maximal current and
future population health. Future health is an important
consideration, because environmental factors known
to influence growth in early childhood are known to
influence growth and body composition in later childhood and adolescence, as well as influencing chronic
risk across adult life. This selective review considers
environmental influences on growth in stature and
weight, since these are the primary measures used in
surveillance, screening, and monitoring globally [49].
It begins by considering the environmental factors
that can influence growth across both preadolescence
and adolescence, and continues by considering specific environmental factors that can influence growth
in adolescence. More questions are asked than can
be answered at current levels of knowledge, and this
review is inevitably incomplete. However, it attempts
to inform judgments about appropriate inclusion and
exclusion criteria for the sample frame at the population and individual levels.

Overview
There are many problems associated with any definition of how preadolescent and adolescent children
should grow. In an examination of the extent to which
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growth in childhood and puberty varies between populations and shows biological elasticity, Stoltzfus [45]
characterized four patterns of population growth that
deviate greatly from the normative patterns represented
by existing growth references. These include populations that display (1) prepubertal catch-up growth,
(2) catch-up growth in puberty, (3) prepubertal stunting combined with catch-up growth in puberty, and
(4) prepubertal stunting with no catch-up growth in
puberty. Stoltzfus concludes that between-population
variation in growth among school-aged children and
adolescents is as great as that among children in early
childhood. Pattern four is the most common across the
developing world [43] and is usually associated with
poverty and low socioeconomic status [1, 17]. It is also
associated with infant failure to thrive in industrialized
nations, where growth-retarded children in infancy
have been shown to remain in height and weight deficit
at the age of 6 years [49]. Patterns one, two, and three
can occur as a result of different types of infant feeding
and weaning behavior [42], varying illness management
practices [50], dietary manipulation [51], and changing
environments during childhood [34, 35]. The latter
pattern has been observed to take place across secular
trends [52], and during nutrition transition [53].
The term “secular trend” is used to describe marked
changes in growth and development of successive
generations of human populations living in the same
territories [54]. Positive secular trends have been
documented among European, European-origin, and
Asian populations, where average heights and weights
across generations have been shown to be greater,
while the adolescent growth spurt has taken place
at progressively younger ages [46]. Negative secular
trends have also been identified among populations in
Africa [55, 56], Papua New Guinea [57], and Central
and South America [1]. Since human growth and body
size respond with sensitivity to environmental quality,
positive secular trends have largely been attributed
to improved social, political, nutritional, and health
conditions, whereas negative secular trends are often
seen as outcomes of environmental, social, or political
deterioration [1].
In many places, but not all, the secular trend is associated with the emergence of childhood obesity. Increasing relative weight and fatness with the secular trend in
the populations of Western Europe [58–61], Australia
[62, 63], Canada [64], the United States [65, 66], and
Mexico [67] may reflect some combination of increased
availability of dietary energy, increased formula-feeding of infants, and decreased physical activity levels.
It may also be due to increased intakes of nonenergy
growth-limiting nutrients, such as calcium or zinc,
which can influence the positive secular trend independently of energy intake [35]. Hauspie et al. [68]
identified more marked secular changes to have taken
place in the lower height centiles in many populations,
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an observation that may have direct implications for
the definition of short stature in a population, and a
consideration for the development of growth references
for preadolescents and adolescents.
Environmental factors influencing growth patterns in
preadolescence and adolescence

The impacts of poverty and low socioeconomic status
on growth and malnutrition in preadolescence and
adolescence in both the developing and the developed
world are well known [17, 69, 70]. Of the various environmental factors influencing the growth of children
in developing countries, diet, nutrition, and infection
are particularly powerful across most of childhood,
but especially in early childhood. In addition to these
factors, child neglect and abuse, exposure to industrial
pollutants, food contaminants, behavioral toxicants,
single parenthood, overcrowding, and parental ill
health are often important contributors to growth
outcomes, according to circumstance [22]. The nature
of interrelationships between proximate (fig. 1, box 1)
and distal (fig. 1, box 2) influences on child growth
has been examined at the macro level in two metaanalyses. In an analysis of the prevalence of risk factors
and income poverty for 11 medium- and low income
world subregions using World Health Organization
and World Bank data, Blakely et al. [70] identified
strong relationships between poverty and childhood
malnutrition, access to unsafe water and sanitation,
and exposure to indoor air pollution. Using different
sources, a global cross-sectional survey of the determinants of stunting in children below the age of 5 years
has shown the most important factors to be dietary
energy availability, female literacy, and gross national
product [71].
Such relationships change across the course of the
nutrition transition [72]. For example, longitudinal
analysis of panel data from 63 developing countries
suggests that increased national food availability across
the period from 1970 to 1996 has had a strong positive impact on child nutritional status, with per capita
increase in food supply having the strongest effects
in sub-Saharan Africa and South Asia but only weak
or nonexistent effects in countries with higher food
security in 1970, particularly in the Near East and
North Africa [73]. There is also the shift in the burden
of poor diets, inactivity, and obesity from the rich to
the poor [72].
In the developed world, relationships between
poverty and child growth persist, but perhaps to a
lesser extent than prior to positive secular trends that
took place from the late nineteenth and across the
twentieth century [46]. However, poverty in developed nations may have less environmental bearing on
child growth but more on obesity than in developing
nations. For example, examination of data from the US
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National Health and Nutrition Examination Survey
has shown poverty to be predictive of poor nutrition
among preschool children but not among school-aged
children [74].
Nutrition

Both dietary quantity and quality can influence child
growth and body composition, as can infant-feeding
patterns. Although there appears to be no difference
in growth status between breastfed and formula-fed
children by the time they reach school age, breastfed
infants are less likely to become obese [42]. Deficiencies of energy [75], protein [76, 77], and zinc [75, 78]
have been implicated in growth faltering, while diets
high in fat are associated with weight gain [79] and
obesity [80]. Vegetarian and vegan diets are associated
with zinc deficiency [81], while the primarily vegetarian diets of schoolchildren in rural Egypt, Kenya, and
Mexico have been shown to be deficient in vitamin A,
vitamin B12, riboflavin, calcium, iron, and zinc [82].
In a study from the Netherlands, children aged 0 to
10 years consuming macrobiotic diets with adequate
protein and energy intakes and protected from bacterial contamination were shown to have a growth pattern similar to that of children from poor developing
countries [83]. Furthermore, various micronutrient
intervention studies have demonstrated the importance
of specific deficiencies in human growth. For example,
multimicronutrient interventions have been shown to
have a positive effect on growth in both weight and
height of children in India [84], while combined vitamin A and zinc supplementation has been shown to
improve impaired intestinal barrier function and linear
growth shortfalls in young children in Brazil [78]. In
a review of published, randomized clinical trials that
examined the impact of administration of micronutrients to infants and children on linear growth,
Bhandari et al. [85] concluded that zinc and iron have a
modest effect on linear growth in deficient populations,
whereas vitamin A is unlikely to have any important
effect. Partial support for this position comes from
subsequent meta-analyses of randomized, controlled
intervention trials conducted to assess the effects of
micronutrient interventions on the growth of children
below 18 years of age [86], which have concluded that
deficiencies of vitamin A and iron only cause growth
faltering when they are severe.
Diets low in fat have been shown to affect child
growth. For example, diets containing less than 30%
of energy as fat have adverse effects on child growth
beyond infancy, but it is unclear whether this is due
to low total energy intake or to an associated effect
on dietary energy density and/or other nutrients [87].
Children with low fat intake are at risk for inadequate
intakes of fat-soluble vitamins [88] such as vitamin A,
although this may only be important for child growth
in populations with extremely low fat and vitamin A
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intakes. Children with very low fat intakes may be at
risk for inadequate intakes of other nutrients too. For
example, in the United States, 10-year-olds consuming
less than 30% of their dietary energy as fat are less likely
to meet the recommended dietary allowances for vitamin B6, vitamin B12, vitamin E, thiamine, riboflavin,
and niacin [89].
This relationship is likely to be mediated by socioeconomic status. For example, self-selected low fat
intake by children aged 8 to 12 years from average to
high socioeconomic backgrounds in Norway does not
compromise their intake of either macro- or micronutrients or dietary energy [90]. However, children
of low socioeconomic status who consume diets with
below average fat are likely to consume proportionately
more sugar and refined carbohydrates [91], both of
which are more affordable than lean meats, fish, fresh
vegetables, and fruit [92, 93], thus limiting their intakes
of micronutrients. Children of higher socioeconomic
status consuming low-fat diets are more likely to have
greater access to foods that are richer in micronutrients
than energy-dense foods.
Cultural manipulation of diet can override politicaleconomic influences on diet quality, when individuals,
groups, and populations consume vegetarian or vegan
diets for religious or ideological reasons. For example,
Dutch children brought up on macrobiotic diets are
deficient in dietary energy from fat, calcium, riboflavin,
and vitamin B12 [94], experiencing growth faltering
after the time of weaning but showing catch-up growth
by the age of 9 years [83]. The heavy use of staple foods
that carry strong symbolic meaning and cultural identity for societies can also limit intake of energy and
micronutrients. For example, in Papua New Guinea,
consumption of staples rich in symbolic meaning as
well as carbohydrates has been shown to be associated
with poor growth of young children [95]. In Brazil,
obese children have been shown to have low zinc intake
and poor zinc nutritional status [96]. This may be one
way in which poor diet quality may contribute to the
emergence of obesity in association with short stature,
which was first identified in Peruvian children in the
1980s [27] and subsequently in children in Russia,
Brazil, South Africa, and China [28].

ated with infectious disease risk [114]. Infections that
influence nutritional status and linear growth are either
acute and invasive, provoking a systemic response
(such as dysentery and pneumonia), or chronic, affecting the host over a sustained period (including gut
helminth infections). Infections can diminish linear
growth by affecting nutritional status [115] by way of
decreased food intake, impaired nutrient absorption,
direct nutrient losses, increased metabolic requirements, catabolic losses of nutrients, and/or impaired
transport of nutrients to target tissues [114]. In addition, induction of the acute-phase response and host
elaboration of proinflammatory cytokines [102] may
contribute to growth faltering, because they directly
inhibit the process of bone remodeling that is needed
for long bone growth [7].
Infections are associated with poverty. Farmer [116]
has described the extensive ways in which poverty and
social inequality are embodied as differential risks for
infection with HIV and tuberculosis in developing
countries, and Walls and Shingadia [117] identified
overcrowding, poverty, and the HIV epidemic as contributing to the resurgence of tuberculosis globally.
Bates et al. [118] identified poverty as a key factor
operating at the individual, household, and community levels in increasing vulnerability to malaria,
tuberculosis, and HIV infection. Such relationships are
not exclusive to developing countries. For example, in
Scotland, Helicobacter pylori infection has been found
to be strongly associated with poverty among children
of all ages [119].
Poverty also underpins the nutrition and infection
interactions that affect child growth. Tuberculosis,
associated with household crowding and poverty, may
not be directly associated with growth faltering, but
it is associated with nutritional status. Children born
to HIV-infected women who are vitamin A deficient
during pregnancy are more likely to experience growth
failure [120]. Furthermore, HIV infection, malaria,
and diarrheal disease adversely affect the growth of
preschool-aged children and are associated with an
increased prevalence of vitamin A deficiency [100].

Infection

Pollution and contamination are globally widespread,
and it is unlikely that there is any human population
that is completely unaffected by them [121]. Of the
industrial contaminants that affect postnatal growth,
lead and polychlorinated biphenyls (PCBs) are the most
important [121]. Food contamination by aflatoxins,
which can influence health and growth, is an outcome
of agricultural practice and of food storage and processing practices. Behavioral toxicants, exposure to which
comes from the use of alcohol, cigarettes, and narcotics,
can affect birthweight, and they merit scrutiny in relation to child growth.

Infectious disease is an important cause of growth
retardation in poor communities [9]. Among the
diseases and disease categories associated with either
growth faltering or poor weight gain are diarrhea
[97–100], respiratory tract infections [97], intestinal
parasitic infections [101], malaria [100, 102], HIV
infection [100, 103–106], schistosomiasis [107, 108],
Cryptosporidium parvum infection [109, 110] and
Helicobacter pylori infection [111]. All of these are
associated with poor nutritional status [69, 112–114].
Deficiencies of vitamin A and zinc are strongly associ-

Environmental pollutants, food contaminants, and
behavioral toxicants
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Levels of pollutants that human populations are
exposed to vary markedly, depending partly on the
degree of, and proximity to, industrialization [121].
Generalized air pollution has been identified as an
environmental risk factor for poor growth of children
in communities in Silesia and Belgium [121]. Pollution
from hazardous waste sites may also impair growth and
development. For example, children born and raised in
Love Canal, New York, where a leaking hazardous waste
site was discovered in 1978, were significantly shorter
than children from a community similar in social characteristics but located far from the site [122].
With respect to specific components of pollution,
preliminary evidence suggests that low levels of lead
(below 25 µg/dL), which are now commonplace in
industrialized and industrializing countries, can affect
postnatal physical growth and development [123].
Evidence of an effect of contamination by PCBs,
polychlorinated dibenzofurans, and polychlorinated
quaterphenyls on child growth comes from an epidemiologic study in western Japan, where consumption
of contaminated rice oil in 1979 [124] led to depressed
growth in postnatally exposed children 4 years after
exposure [125].
The risk of environmental pollutant exposure to
child growth is increasing as developing countries
industrialize. For example, China has seen pronounced
increase in anthropogenic lead during the past two
decades; this has been attributed to rapid economic
growth and the lack of waste-control practices [126]. In
Taiwan, drinking water and factories in the neighboring areas are significant sources of high blood lead, in
addition to occupational lead exposure [127].
Aflatoxins are mold metabolites produced by toxigenic strains of Aspergillus species, a number of which
are hepatotoxic and immunotoxic. They have been
associated with child growth faltering in Benin [12,
13] and Togo [12]. Primary commodities susceptible
to aflatoxin contamination include corn, peanuts, cottonseed, and animal-derived foods such as milk when
the animal is fed aflatoxin-contaminated feed [128].
Significant dietary contamination by aflatoxins has
been demonstrated in Benin, West Africa [129], Southwestern Nigeria [130, 131], Iran [132], India [133], the
Philippines, Thailand, and Indonesia [134], as well as
Brazil, Argentina, Uruguay, Paraguay, and Venezuela
[135]. Excessive aflatoxin contamination is not global,
however. Other studies in Brazil [136] and the Philippines [137] showed low levels of aflatoxin food contamination, whereas in Taiwan [138], in Australia [139],
and across the European Union [140], the levels are
low. Although aflatoxin monitoring and control in the
United States is as rigorous as in the United Kingdom
and Australia [139], the United States has experienced
aflatoxin contamination of corn for both human and
animal consumption during drought years [141].
Risks associated with aflatoxin-contaminated foods
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can be reduced through the use of multiple processing
and decontamination procedures, including physical
cleaning and separation procedures [128]. Although
aflatoxins are partially destroyed during nixtamalization, the alkaline cooking procedure employed to prepare tortillas in Mexico [142], high levels of aflatoxin
often remain in the food [143]. However, the governments of Brazil, Argentina, Colombia, Venezuela, and
Uruguay, the main grain-exporting countries in South
America, have established food-safety guidelines and
regulations for aflatoxin control in national food supplies [135]. With increasing global trade, countries
of the developing world wishing to export food commodities increasingly will have to comply with rigorous
standards of food safety, including aflatoxin contamination. However, although aflatoxin-low food products
may be approved for sale internationally, there is a
risk that the same high standards for aflatoxin safety
might not be universally applied across developing
countries.
Prenatal exposures to cocaine, alcohol, and cigarettes are linked to decreased birthweight and length.
However, studies attempting to identify whether such
growth deficits persist into childhood have led to
differing conclusions [144]. Since studies vary in the
number of subjects, cohort characteristics, measurement of exposure, and control for potential confounders, Nordstrom-Klee et al. [144] highlight the need for
large-scale, well-designed studies to clearly examine the
separate contributions of varying prenatal exposures
and the effect of the magnitude and timing of these
exposures on childhood growth deficits.
High altitude

Relative to lowland populations, members of populations living at high altitude are generally born with
low birthweight, whether in Colorado [145] or Bolivia
[146], and experience slow and prolonged postnatal
growth [147, 148], with delayed puberty and smaller
adult body size [149]. For example, Han children born
and raised at high altitudes in China are smaller and
lighter into adolescence than those born and raised at
low altitudes. Slower growth at high altitudes is a consequence of hypoxia [147], poor economic conditions,
and nutritional inadequacy [149]. A study of European
children of higher socioeconomic status migrating
to high altitudes in the Andes has shown them to be
slightly shorter and lighter than their peers of same
socioeconomic status living at sea level, indicating
that high-altitude hypoxia has a small but independent
effect on growth [150, 151].
Life history and critical periods of development

Stoltzfus [45] characterized four patterns of population
growth that deviate greatly from the normative patterns represented by existing growth references. The
first three of these, representing prepubertal catch-up
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growth, catch-up growth in puberty, and prepubertal
stunting combined with catch-up growth in puberty,
respectively, are associated with critical periods of
development that can have long-term implications
for health and body composition in later childhood
[36, 152]. Body fatness reaches a postinfancy low level
typically between the ages of 5 and 7 years, followed by
increased body fatness, a phenomenon termed adiposity rebound by Rolland-Cachera et al. [31]. Early adiposity rebound has been associated with earlier age at
menarche [152, 153] and increased relative weight and
obesity later in life, including during adolescence [31,
154–156]. Early growth restriction followed by catchup growth is also associated with the development of
abdominal obesity [38], whereas higher growth velocity
in early childhood, prior to adiposity rebound, has been
shown to be associated with greater fatness and obesity
in subsequent years in Brazil [39]. In the United States,
low levels of vigorous physical activity and high levels
of television viewing have been associated with fatness
in children during the adiposity rebound period [154].
The combination of small size at birth and during
infancy, followed by accelerated weight gain from the
ages of 3 to 11 years, predicts large differences in the
cumulative incidence of coronary heart disease, noninsulin-dependent diabetes, and hypertension in later
life [152]. Therefore, new international growth references should be able to identify catch-up growth across
preadolescence and adolescence, as well as adiposity
rebound.
Growth and healthy practice

In contrast to negative impacts on growth, there is
evidence that healthy practices can influence growth
in a positive way, at least in young children. In rural
India, studies on the development of eating behavior
suggest that mothers of young children make food
choices that fit into their budgets, but that they are
also influenced by new information [157]. Their food
choices are largely conditioned by traditional beliefs,
some of which have positive effects on nutrition and
on the growth and psychosocial development of infants
and children of preschool age. In China, breastfeeding
until 12 months of age and mothers’ knowledge and
practice of good nutrition are associated with positive
growth and nutritional status of their infants [158].
However, school attendance or employment can take
older children away from the dietary influence of the
household for significant periods of time. Both income
and institutional feeding arrangements may make such
children differ from younger ones in their dietary
habits and nutritional status. Although many countries
have implemented school-feeding programs, only one
published source could be identified in which the
impact of such intervention on growth was evaluated.
A randomized, controlled trial in which breakfast was
served to children in grades 2 to 5 of 16 rural Jamaican

schools for one year resulted in only small benefits to
children’s anthropometric nutritional status [159].
Body proportion

Extreme patterns of body proportionality development
have been found in a small number of global minority populations. These include Australian aboriginal
people, East African pastoralists, and African pygmies.
Among pastoralist Karimojong and Turkana children,
linearity of physique is related to narrow skeletal
breadth, a trait that emerges early in childhood and
appears to have a substantial genetic component [160,
161]. Little [162] showed that three African pastoralist
groups have patterns of linear growth in childhood
and adolescence that are only slightly delayed relative
to African-American reference values, but with much
lower body weight at any given height. Leg length and
fat distribution of Australian Aboriginal people differ
from those of non-Aboriginal populations in childhood, adolescence, and adulthood [163–165]. Different
body proportions among Aboriginal people lower the
range of normal body-mass index (BMI) values for
them [166]; the World Health Organization (WHO)
suggested that in Aboriginal adults, this normal range
may lie between 17 and 22 kg/m2 [29] rather than the
19 to 25 range recommended for European populations. Preliminary evidence suggests that the same
should apply to Aboriginal children [167]. African
pygmies of known age from birth to 5 years show
progressive growth faltering relative to United States
growth references from birth onward [168]. They also
do not have a period of accelerated adolescent growth,
making them among the very shortest of all human
populations in adulthood [169]. This shortness is due
to resistance to the growth-promoting actions of both
insulin-like growth factor I (IGF-I) and growth hormone [170]; the IGF-I receptor has been identified as
the locus governing their short stature [171].
Psychological stress, deprivation, and neglect

The idea that psychological stress causes growth faltering in some children was first put forward by Widdowson [172], who published evidence that the presence
of a sadistic schoolteacher caused child growth in an
orphanage to falter, despite a concurrent increase in the
amount of food eaten. Furthermore, family conflict was
shown to be associated with short stature in childhood
as well as short adult height in the British 1958 cohort
study [173].
An association between social deprivation and
impaired physical growth comes from studies of children classified as having psychosocial dwarfism [174],
psychosocial short stature [175], or hyperphagic short
stature [176] in industrialized countries. The majority
of such children have been characterized as having
below-average birthweight, having backgrounds in
which social or emotional problems are common, and
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exhibiting abnormal eating patterns and/or behavior
problems [177], as well as having growth hormone
insufficiency, which is reversible with a change in
social environment [174]. Many of the symptoms
characteristic of psychosocial dwarfism are nonspecific
stress responses, whereas hypothalamic pathologies
are viewed as accounting most of the clinical features
of hyperphagic short stature [176]. However, the
dominant mechanism is viewed to be nutritional, by
way of appetite loss and anorexia [178]. Deprivation
and stress are not synonymous, although they often
co-occur, especially among families of low socioeconomic status.
General selection criteria

Selection criteria for the sample of children and adolescents should acknowledge the importance of environmental effects on growth and body composition in
utero and in the preschool years and the influence such
effects may have on growth and body composition in
subsequent childhood and adolescence. Thus, children
born with low birthweight should be excluded. The
World Health Organization has accepted a definition
of low birthweight as being below 2,500 grams, the
measurement being taken preferably within the first
hours of life, before significant postnatal weight loss
has occurred [179]. The selection of populations in
which secular trends in growth were either completed
or minimal would minimize the proportion of children
in the sample born with low birthweight.
Given the importance of catch-up growth for subsequent growth and body composition in later childhood and adolescence, it may be useful to exclude
individual children who have experienced catch-up
growth in earlier life. Exclusion of children born with
low birthweight might be one simple way of achieving this, at least with respect to catch-up growth in
infancy. Identifying children experiencing catch-up
growth postinfancy is likely to be very difficult among
some populations, and it might be better to focus on
population-level selection criteria, which would either
include groups whose growth patterns were stable or
exclude populations undergoing the nutrition transition. It would be useful if such populations were also
politically and economically stable, so that the extent to
which infants and children experienced the combination of low birthweight and catch-up growth was small,
as was the proportion of individuals experiencing early
adiposity rebound. In this way, all known patterns of
growth that deviate from reference norms and that can
be associated with long-term implications for health
and body composition in later childhood could be
excluded. Individuals selected for inclusion should also
have been breastfed, because breastfeeding appears to
minimize the risk of developing obesity after 5 years
of age [42].
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Another selection criterion should be that children
for the study should come from populations in which
socioeconomic status does not constrain child growth,
and perhaps also where food balance sheets indicate a
daily per capita dietary energy supply between limits
associated with minimal levels of undernutrition and
overnutrition at national level. Defining such limits
is beyond the scope of this article but would not be
difficult to model. Populations consuming vegetarian diets low in fat, as determined from food balance
records, could also be considered for exclusion. It may
be valuable to exclude vegans from the study sample,
not only because they show growth faltering in early
life, but also because they may experience subsequent
catch-up growth. Given the lack of rigorous evidence
in support of a positive effect of school-meal programs
on child growth, this cannot be a selection criterion for
this project.
A number of infectious diseases are known to be
directly associated with growth faltering and/or low
weight gain, including diarrhea, intestinal parasitic
infections, malaria, schistosomiasis, and infections by
HIV, Cryptosporidium parvum, and Helicobacter pylori.
There is a greater range of infections, acute, invasive,
and chronic, that are associated with nutritional status.
Most of these infections are associated with poverty;
employing socioeconomic status that does not constrain growth as a selection criterion would remove
most of these effects from the study sample. The
additional exclusion of populations with high morbidity and mortality from infectious disease, regardless
of socioeconomic status, would remove most of the
remaining effects of infectious disease. Seasonality of
growth occurs among populations of both developed
and developing countries. In the former, the effects are
quite subtle climatic ones, while in the latter, they are
largely due to seasonal variation in food availability
and exposure to infectious disease [180]. Exclusion
of populations on the basis of poor nutrition and
high morbidity and mortality from infectious disease
would remove the most important seasonal effects
on growth.
Postnatal growth of populations at high altitudes is
slow and prolonged, with delayed puberty and smaller
adult body size relative to lowland populations and
Western norms. This effect is to varying degrees independent of socioeconomic status and nutritional state.
Low birthweight is also very common at high altitudes.
The International Growth Reference for Children and
Adolescents project should exclude populations living
at high altitudes because of the usually high prevalence
of low birthweight and the associated environmental
constraints of undernutrition, poverty, and low socioeconomic status found among many of them.
It is unrealistic to exclude all populations that are
exposed to pollutants, contaminants, and toxicants,
since these appear to be ubiquitous. However, at very
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high doses, general pollution and specific exposure to
PCBs can affect child growth, whereas exposure to lead
can affect growth at moderate to low levels. Thus it may
be desirable to exclude populations that are habitually
exposed to extremely high levels of environmental pollution, including air pollution, and those living in close
proximity to toxic waste. Exposure to lead is associated
with poverty [121], and exclusion on the basis of poverty or low socioeconomic status should also exclude
the majority of subjects who are exposed to lead. Use of
lead-glazed ceramics has been shown to be associated
with significant elevations in blood lead levels among
children in Mexico City [181]. Therefore it may be also
prudent to exclude populations habitually exposed to
high levels of lead from indigenous pottery that is characteristically underfired and that leaches lead from the
glaze into foods and drink. Agricultural contaminants
such as aflatoxins appear to be widely distributed. It is
likely that economic development and globalization
of food trade, accompanied by food-contamination
legislation, will result in increased monitoring of food
contamination and eventual declines in aflatoxin levels
in human food supplies across the developing world.
Thus, although it is impossible to exclude populations and individuals on the basis of their exposure
to aflatoxin contamination, exclusion on the basis of
low socioeconomic status or poverty may well act as a
proxy, at least into the near future. It is not unequivocally clear whether postnatal exposures to cocaine,
alcohol, and cigarettes are linked to poor growth and
body composition outcomes. Although these cannot
be used as exclusion criteria, given present knowledge,
they do not have positive influences on child growth.
There are a small number of populations that show
extreme patterns of growth in body proportion in preadolescence and adolescence, or of body size across
puberty. Selection criteria should perhaps exclude
populations that show extreme body proportionality
emergent across the course of growth and development,
such as East African pastoralists, Australian Aboriginal
people, and African pygmies, from the sample frame.
Environmental factors influencing variability in
adolescent growth

In this section, environmental influences that are specific to adolescent growth are considered. Although
broad descriptive studies of adolescent growth are
plentiful, there are few that have critically evaluated
the relative importance of specific environmental factors in this process. This is undoubtedly because of the
great variation both within and between populations in
the timing and magnitude of peak weight and height
velocities. In general, adolescent growth is seen to be
sensitive to nutritional deficit and surfeit [44, 182].
Although this might be the dominant environmental
influence at this stage of growth, this section consid-
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ers the slim literature concerning other factors as well.
Environmental factors that can influence growth in
adolescence as well as preadolescence are considered in
the previous section, and are not discussed here. These
include micronutrient deficiencies, tuberculosis and
Helicobacter pylori infection, generalized air pollution,
exposure to hazardous waste, life history and critical
periods of development, and psychological stress and
deprivation.
For many industrialized nations, there have been
secular trends in the timing and size of the pubertal
growth spurt that have been taken as evidence for
nutritional improvement [182]. In addition, many
of the socioeconomic differences between groups in
growth in adolescence have been attributed to nutrition [182].
There appears to be only one longitudinal study that
demonstrates direct nutritional effects on growth in
adolescence [183], which was conducted among girls
in Boston, USA. Those who consumed more dietary
energy and animal protein than average 2 years before
peak growth were shown to have higher peak height
velocity (PHV) than average [183]. As for possible positive impacts of school-meals programs on adolescent
growth, there is no rigorous evidence at present that
they have any influence on growth or nutritional status
in puberty. In a study of Nigerian adolescents aged
between 13 and 18 years living in boarding houses, the
pupils often missed school meals, and their nutritional
status was independent of the amount of institutional
feeding accepted by them [184].
The impact of infection is considered to be of much
lesser importance than that of nutrition, perhaps
because the immune system has matured and adaptive immunity is largely in place by adolescence [185],
and experience of most common infections of early
childhood is much reduced by this stage of growth.
However, perinatal HIV-1 infection has been shown
to interfere with sexual maturation in children surviving this infection into adolescence in Italy [104] and
the United States [105]. Furthermore, French children
suffering from a number of chronic diseases have been
shown to experience delayed onset of puberty and a
reduced pubertal growth spurt [115]. Two interactions
between nutrition and infection have been demonstrated to have specific impacts on adolescent growth
and relative weight. Helicobacter pylori infection and
iron-deficiency anemia have been shown to be associated with delayed pubertal growth [186], whereas
malarial infection in early puberty is associated with
high parasite density and low relative weight [102].
Exposure to environmental pollutants in adolescence
might be expected to be different from exposure in earlier life, since the likelihood of occupational exposure
increases. Perinatal exposure to polybrominated biphenyl (PBB) has been shown to be associated with earlier
age at menarche [187], while such early exposure to

S288

PCB is associated with delayed sexual maturation in
both males and females [188]. In the one study of the
concurrent effects of most common pollutants to which
children might be exposed, Denham et al. [189] found
attainment of menarche to be sensitive to relatively low
levels of lead and certain PCB congeners. The relationship between age at menarche and PCB congeners
observed by Denham et al. [189] is concordant with the
observations of Blanck et al. [187] in relation to age at
menarche and PBB, probably because of similarities in
structure of the toxicants themselves. Dichlorodiphenyltrichloroethane (DDT) is a chemical that was once
used widely in agriculture but is now limited largely to
public health use, especially in malarial vector control
programs in nations where equally effective and affordable alternatives are not locally available [190]. The one
study in the United States that rigorously examined the
possible effects of prenatal DDT exposure on pubertal
growth and development found no effect [191]. In the
developed countries, the teenage years are known for
experimentation and use of behavioral toxicants. For
example, In Australia, cigarette smoking and the use
of intoxicants and narcotics by adolescents has been
shown to increase with pubertal stage, independent of
age [192]. Although maternal smoking, alcohol, and
drug use can affect the growth status of the fetus and
infant [193], as can passive smoking [194, 195], it is
not clear whether the uptake of behavioral toxicants by
adolescents has any effect on their growth [196].
There is delayed sexual maturation among many,
but not all, high-altitude populations relative to loweraltitude populations [147, 197], as well as a late and
poorly defined adolescent growth spurt, at least among
Andean populations [198]. However, the importance
of hypoxia to delayed skeletal and sexual maturation
relative to nutritional stress is low. Two examples can
illustrate this. Ethiopians living at high altitude have
better nutrition, growth, and socioeconomic conditions
than low-altitude populations, and this is reflected in
their better growth rates [199]. The second is a study
of a well-nourished European-origin population living
at high altitude. The timing and size of the pubertal
growth spurt of children taking part in the Denver
longitudinal growth study [200] were similar to that of
the majority US population. In the latter case, hypoxic
stress at an altitude of 1,600 m is too small to affect
pubertal growth.
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Known impacts of psychological stress on pubertal
growth are limited sexual and skeletal maturity. A
prediction based in evolutionary theory is that environmental instability should favor early reproduction
[201]. This is borne out by studies of girls exposed
to familial distress or living in dysfunctional households, who have been shown to have an earlier age of
menarche [202, 203] and to be taller at early and middle
stages of puberty [204] than girls who were not habitually exposed to such stress.

Additional selection criteria for adolescents
Most of the environmental factors associated with
growth in adolescence are common to growth in preadolescence, the most important of which are nutrition,
infection, and the interactions between the two. Additionally, birthweight, catch-up growth, breastfeeding,
and early adiposity rebound have impacts on growth
and/or body composition into puberty. As with preadolescent growth, the International Growth Reference
for Children and Adolescents project should exclude
children exposed to poor nutrition, a significant infectious disease burden, and low socioeconomic status.
Since the primary environmental insult causing the
late and poorly defined adolescent growth spurt at
high altitudes appears to be nutritional, there may be
no additional gain to the project by excluding such
populations.
Evidence is lacking to suggest that use of behavioral
toxicants influences growth in adolescence, although
adolescents exposed to extremely high levels of air
pollution and/or toxic waste should be excluded. As
with preadolescent children, it is unrealistic to exclude
all adolescents that are exposed to lower levels of pollution, although exposure to PCBs and moderate levels
of lead can affect puberty, but excluding those exposed
to very high levels is probably prudent. There is no
knowledge of the possible impacts of aflatoxin exposure
on growth in adolescence, and no recommendation can
be made concerning these substances as selection criteria. As with preadolescent growth, selection criteria
should exclude groups that show major differences in
body proportion in adolescence, such as East African
pastoralists, Australian aboriginal people, and African
pygmies.
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Physical activity and fitness in an international growth
standard for preadolescent and adolescent children

Robert M. Malina and Peter T. Katzmarzyk
Abstract

Physical activity

Concepts related to energy expenditure, physical activity and physical fitness, and methods of assessment are
briefly considered. Variation in energy expenditure,
physical activity, and physical fitness associated with
age and sex during childhood and adolescence and relationships between physical activity and physical fitness
in children and adolescents are reviewed. Implications
of undernutrition and obesity for physical activity and
physical fitness, and secular changes in physical activity
and physical fitness, are briefly highlighted. The review
concludes with specific recommendations for and limitations of inclusion of indicators of physical activity and
fitness in the construction of an International Growth
Standard for Preadolescent and Adolescent Children.

Physical activity is a behavior involving movement
of the body through space. It has several dimensions.
Physical activity is viewed most often in terms of energy
expenditure and the stresses and strains associated with
weight-bearing and ground-reaction forces. It also has
a major performance component viewed primarily in
specific movement skills and measures of physical fitness. Context refers to the settings and types of physical
activities (sport, play, education, work, “exercise,” etc.)
and is strongly influenced by culture.

Introduction
The prevalence of obesity has increased among youths
worldwide. Reduced levels of habitual physical activity
are hypothesized to be a factor in the increased prevalence of obesity [1]. Obesity, physical inactivity, and
poor physical fitness are independent risk factors for
chronic disease as well as premature mortality among
adults [2–4]. The increased prevalence of these risk factors among children and adolescents and the emergence
of symptoms of metabolic and cardiovascular diseases
during childhood and adolescence highlight the need
to consider physical activity and physical fitness in the
development of an International Growth Standard for
Preadolescent and Adolescent Children.
Robert M. Malina is Research Professor at Tarleton State
University, Stephenville, Texas, USA; Peter T. Katzmarzyk
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Physical fitness
Physical fitness is a state or a condition that permits
the individual to carry out his or her daily activities
without undue fatigue and with sufficient reserve to
enjoy active leisure pursuits. It is often an assumed
correlate of physical activity though relationships are
generally moderate (see below). Physical fitness was
historically viewed in terms of three components:
muscular strength and endurance, cardiorespiratory
endurance, and motor ability [5]. Over the past 50 to
60 years, surveys of the physical fitness of youths have
focused largely on performances in a variety of strength
and motor tasks (performance-related fitness) and
smaller-scale studies of cardiorespiratory endurance.
The concept of physical fitness has since evolved from
a primary focus on motor and strength components
to more emphasis on health (health-related physical
fitness) in the late 1970s [6]. Although specific tests
vary, health-related fitness includes tests of cardiorespiratory endurance, muscular strength and endurance,
musculoskeletal function of the lower trunk and upper
thighs, and/or body composition, specifically fatness
[6–8]. The concept of physical fitness continues to
evolve. Morphological and metabolic components
have been added to the more traditional muscular
strength and endurance, motor, and cardiovascular
components [9].
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Measurement of physical activity
A summary of methods commonly used to estimate
habitual levels of physical activity and energy expenditure, including advantages and limitations, in children
and adolescents is given in table 1. Detailed consideration of each method is beyond the scope of this review.
None of the methods covers all aspects of physical
activity and energy expenditure; in turn, a combination of methods is needed to obtain a comprehensive
estimate of habitual level of physical activity and energy
expenditure of an individual [10, 11]. The choice of
combinations depends on the specific objectives of a
study, age of subjects, and availability of equipment and
personnel. Questionnaires are the instrument of choice
for large-scale surveys of physical activity, but the scope
and focus of questionnaires vary among studies. Most

instruments also include indicators of physical inactivity, e.g., television viewing and video games, among
others. Large-scale surveys date to the 1980s; several
examples are summarized in table 2. Several earlier
European studies focused on adolescents [23–26].

Measurement of physical fitness
The assessment of physical fitness has a longer history
than that of physical activity. Components of physical
fitness have traditionally included strength, endurance,
speed, power, agility, flexibility, and coordination; morphological and metabolic components have been added
more recently. Several physical fitness batteries are
summarized in table 2. Nationally based standardized
fitness test batteries, based primarily on performance-

TABLE 1. Commonly used methods for the assessment of pattern and/or level of physical activity (PA) and energy expenditure (EE)
Method

Function
assessed

Advantages

Drawbacks

Comments

Questionnaire

PA

Simple, low cost; suitable
for large-scale studies

Relies on memory; hard
to quantify; low validity

Direct observation

PA, (EE?)

No need for recall; context documented

Expensive; depends on
observer’s skill

Time-lapse (or
video) photography
Movement counters

PA, (EE?)

Objective, hard record
available

Child is limited to predetermined area

The shorter the recall
period, the higher the
validity
Interviewer can corroborate information
Depends on child’s interpretation
“Gold standard” for specific behavioral aspects
of activity
Less expensive than direct
observation

Interview

PA

Relies on memory

Diary

PA

More valid than a questionnaire
Short recall time

PA, (EE?)

Accelerometry

PA, (EE?)

Objective, little interaction; low cost
Same as counters, plus
acceleration
Little interaction; inexpensive

Do not detect specific
movements
Does not detect specific
activities
Heart rate affected not
only by metabolism

Some validity vs. measurements of EE
Needs individual calibration vs. VO2

Limited activities; need
Useful for ergometry and
for mouthpiece or face
VO2-heart rate calibramask
tion
Highly interactive; expen- Limited pediatric use in
sive
prolonged observations

Heart-rate monitoring

EE

VO2—metabolic
cart

EE

Measures metabolism

VO2—portable
equipment

EE

VO2—canopy

EE

Measures metabolism
away from the laboratory
Measures metabolism

Respiration chamber
Doubly labeled
water

EE
EE

Precise measurement
of EE
Best measure of EE; not
interactive

Interactive

RMR only

Used in conjunction with
heart-rate monitoring
Very limited quarters;
Validating other tests;
expensive
ideal for BMR
Very high cost; requires at “Gold standard” for averleast 1 week
age EE, but not for profile of EE

RMR, resting metabolic rate; BMR, basal metabolic rate; VO2, oxygen uptake; ? = denotes uncertain validity.
Source: [10]. Reproduced with permission from RM Malina, C Bouchard, O Bar-Or. Growth, maturation, and physical activity. 2nd ed.
Champaign, IL: Human Kinetics, 2004.
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related items, were administered to representative samples of school-aged children in the United States in the
1950s, 1960s, 1970s, and 1980s [27, 28, 35–37] and also
to Canadian schoolchildren in the 1960s [31]. Healthrelated fitness tests were used in surveys of US youths
10 to 17 years of age [7] and in youths grades 1 through
12 [12, 13]. Health-related fitness tests were also used
in national surveys of the Canadian population 7 years
of age and older, the Canada Fitness survey in 1981
[8] and Campbell’s Survey of Well-Being in 1988 [15].

National data for PWC170 (physical working capacity at
a heart rate of 170 beats per minute), now an indicator
of health-related fitness, were reported for Canadian
school-aged children in the 1960s [32] and 1980s [38].
A variety of test batteries were used in Europe, with
that used in the Leuven Longitudinal Study of Belgian Boys perhaps the most systematically developed
[39–41]. The extensive Belgian studies were used in
part as the basis for the EUROFIT test battery [33].
Combinations of national and international test bat-

TABLE 2. Selected surveys of physical activity.
Survey

Age

Items

National Children and Youth Fitness
Study I, 1984 [12]
National Children and Youth Fitness
Study II, 1986 [13]

Grades 5–12

CDC Youth Risk Behavior Surveillance
System [14]

Grades 9–12

Canada Fitness Survey, 1981 [8],
Campbell’s Survey on Well-Being,
1988 [15]
WHO Cross-National Survey, 19831984; WHO Collaborative Survey,
1985-1986 [16]

10+ yr

Chino-Japanese Cooperative Study
[17, 18]

7-20 yr

New South Wales Schools Fitness and
Activity Survey [19]

2nd, 4th, 6th,
8th, 10th
years in
school

WHO Health Behavior in School-Aged
Children Survey, 1985/86, 1989/90,
1993/94, 1997/98, 2001/02
[20]
Canadian National Population Health
Survey, 1994, 1996, 1998; Canadian
Community Health Survey, 2000,
2003 [21]
CDC Global School-Based Student
Health Survey [22]

11, 13, 15 yr

Activities in school physical education
Physical activity outside of school physical education
Activities in school physical education
Activities at home and community (parental report)
Parental activity
Participation in physical activity
Enrollment in physical education, activity in physical education
Participation in sports (in and out of school)
Television viewing
Participation in leisure-time physical activities
Specific activities coded on a detailed questionnaire according to intensity, duration, and frequency
Items dealing with exercise and leisure-time activities:
Exercise—times and hours per week
Participation in sports clubs
Reasons for participating in activity
Leisure activities—television, movies or videos, computer
games
Time spent exercising and/or practicing sports
Time spent walking or cycling to school
Time spent in additional classes
Time spent on music, art, etc.
Time spent viewing television
Participation in organized sports, games, and other activities
Participation in nonorganized activities
Physical education—periods per week, time in vigorous
activity
Sedentary recreation—television, videos, computer games
Items dealing with exercise and leisure-time activities:
Exercise—times and hours per week
Sedentary leisure activities—television, video and computer
use, homework
Participation in leisure-time physical activities
Specific activities coded on a detailed questionnaire according to intensity, duration, and frequency

Grades 1–4

11, 13, 15 yr

12+ yr

13–15 yr

Days physically active at least 60 min per day during the
past 7 days and during a typical week
Time spend sitting and watching television, playing computer games, talking with friends, etc., during a typical or
usual day
Days walking or riding a bicycle to school during past 7
days
Time usually taken to get to and from school each day
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teries have been used in a number of regional and/or
national physical fitness surveys, e.g., Australia [19, 42],
Hong Kong [34], Belgium [43], Poland [44], Venezuela
[45], Guatemala [46], Colombia [47], Argentina [48],
China and Japan [17, 18], and Taiwan [162].
Morphological fitness includes indicators of fatness
(body-mass index (BMI), subcutaneous and visceral
fat, abdominal circumference, and relative fat distribution) as well as bone health and joint flexibility. Most
surveys of school-aged youths include measures of
height and weight (expressed primarily as the BMI) and
occasionally skinfold thickness (see table 3). Metabolic
fitness includes measures of serum lipids (cholesterol
and its fractions), triglycerides, blood pressures, blood
glucose, glycemia, and other risk factors for disease.
Few national surveys of physical fitness include indicators of metabolic fitness. The Australian Health and

Fitness Survey 1985 is an exception; it included fasting
total and high-density lipoprotein (HDL) cholesterol
and triglycerides in youths 9, 12, and 15 years of age
[42]. Morphological and metabolic fitness will not be
considered in this report. Obesity, or excessive adiposity, is an important aspect of morphological fitness.
Energy expenditure and physical activity in childhood
and adolescence

Estimated 24-hour energy expenditure (EE, kcal/kg)
based on doubly labeled water declines with age, beginning as early as 4 to 5 years of age [49]. The decline is
especially apparent during the second decade of life.
Estimated EE is, on average, greater in males than
in females, and the sex difference increases with age.
Estimates for longitudinal samples of Dutch children

TABLE 3. Selected tests of physical fitness

Test

Age

AAHPER Youth Fitness
Test [27, 28]

9–17+ yr

AAHPERD HealthRelated Physical Fitness
Test [6, 7]

5–17+ yr

President’s Council on
Physical Fitness and
Sports [37]

6–17 yr

Prudential Fitnessgram
[29, 30]

5–17+

CAHPER Fitness Performance Test [31, 32]

7–17 yr

Canada Fitness Survey,
1981 [8], Campbell’s
Survey of Well-Being,
1988 [15]

7+ yr

Test items
Speed—50-yard dash
Power/coordination—standing long jump
Speed/agility—shuttle run
Upper body functional strength—pullups (boys), flexed arm hang (girls)
Abdominal strength/endurance—situps
Power/coordination—distance throw (softball)
Cardiovascular endurance—600-yard run
Cardiovascular endurance—1-mile run, 9-min run; 1.5-mile run, 12-min
run (13–18 yr)
Abdominal strength/endurance—situps
Flexibility, lower trunk—sit and reach
Subcutaneous fatness—sum triceps + subscapular skinfolds
Upper arm-shoulder girdle strength and endurance—pullups, flexed arm
hang
Abdominal strength and endurance—curl- ups
Lower limb muscle strength, endurance and agility—shuttle run
Explosive power of lower limbs—standing long jump
Running speed—50-yard dash
Cardiorespiratory endurance—1-mile run/walk, 2-mile walk
Hamstring, low back flexibility—V sit and reach
Body composition—% fat (from triceps + subscapular skinfolds), BMI
Aerobic capacity—1-mile run, multistage 20-m shuttle run (PACER)
Abdominal strength—curl-up
Upper body strength—pushup, modified pullup, pullup, flexed arm hand
Trunk extensor strength/flexibility— trunk lift
Flexibility—sit and reach, shoulder stretch
Speed—50-yard dash
Speed/agility—shuttle run
Power/coordination—standing long jump
Abdominal strength/endurance—speed situps
Upper body strength—flexed arm hang
Endurance—300-yard run
Aerobic capacity—PWC170
Aerobic fitness—step test
Strength—right and left grip
Upper body functional strength—push-ups
Abdominal strength/endurance—speed situps
Trunk flexibility—sit and reach
continued
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and adolescents 6 to 17 years of age based on heart rate
monitoring indicate similar trends [50, 51].
Energy expenditure associated with physical activity is the most variable component of EE. The ratio of
total EE (TEE) to resting EE (REE) is used to estimate
the contribution of activity-related energy expenditure
to TEE over 24 hours. It is expressed as the “physical
activity level” (PAL). The PAL increases during the first
2 years of life [52]. PAL increases with age during childhood and adolescence in children from industrialized
countries, but more so in those from rural areas and
cities of developing countries [49]. Active children have
a PAL of about 1.7 to 2.0.
Estimates of physical activity based on a variety
of techniques indicate rather stable levels or a slight
increase during childhood and a subsequent decline
during the second decade. Activities of children 3 to 10
years of age tend to be spontaneous, largely non-organized, and composed of intermittent brief bouts. Direct
observations (minute by minute) of 6- to 10-year-old
boys and girls indicate the primacy of intermittent
activities of short duration [53]. The median duration
for light-to-moderate activity bouts was 6 seconds;
most high-intensity bouts did not exceed 3 seconds,
and 95% lasted less than 15 seconds. In contrast, activi-

ties of older children and adolescents tend to be more
organized and of a more regular, prolonged nature.
Most physical activity data are available for children
and adolescents 10 years of age and older and are based
largely on questionnaires and interviews. Activity level
appears to peak at about 12 to 14 years and then, on
average, declines across adolescence. The timing and
magnitude of the decline varies among studies and
according to the context of physical activity. The results
from two studies highlight general trends. The US 1992
Youth Risk Behavior Survey supplement suggests the
following trends between 12 and 21 years [54]: regular
vigorous activity (≥ 3 days/week of running, jogging,
or swimming) declined by 29% in males and 36% in
females; regular sustained, light-to-moderate activity
(≥ 5 days/week and 30+ minutes/occasion of walking or bicycling) declined by 16% in males and 10%
in females; strengthening activities (≥ 3 days/week of
strengthening or toning exercises) declined by 19%
in males and 21% in females; and stretching activities
(≥ 3 days/week of stretching exercises) declined by 17%
in males and 28% in females. Overall, males were more
active than females, but the magnitude of the difference
between the sexes varied with activity: the difference
was 11.3% for regular vigorous activity, 5.4% for regular

TABLE 3. Selected tests of physical fitness (continued)

Test

Age

European Test of Physical
Fitness (EUROFIT) [33]

6–18 yr

Chino-Japanese Cooperative Study [17, 18]

7–18 yr

Asia Council for the
Standardization of Physical Fitness Tests [34]

9–18 yr

Taiwan 1997 Nationwide
Children and Youth Fitness Study [162]

7-18 yr

Test items
Cardiorespiratory endurance—endurance shuttle run, PWC170
Balance—flamingo stand
Speed of limb movement—plate tapping
Flexibility—sit and reach
Explosive strength—standing long jump
Static strength—hand grip
Abdominal strength/endurance—situps
Arm/shoulder endurance—flexed arm hang
Speed/agility—shuttle run
Strength–back, grip
Flexibility—standing trunk flexion
Abdominal strength/endurance—situps
Power—vertical jump
Speed/agility—shuttle run
Upper body functional strength—pull-ups
Power/coordination—hand ball throw
Speed—50-m dash
Endurance—5-min run
Cardiorespiratory endurance—distance runs: 1,000 m (boys), 800 m (girls),
600 m (< 11 yr)
Speed/power—50-m dash
Agility/power—shuttle run
Leg power—standing long jump
Muscular strength—pullups (boys), flexed arm hang (girls, children < 11
yr), flexed leg situps, grip strength
Trunk flexibility—forward trunk flexion
Abdominal strength and endurance—situps
Leg power—standing long jump
Flexibility—sit and reach
Cardiorespiratory endurance—800/1,600-meter walk/run

BMI, body-mass index; PWC170, physical working capacity at a heart rate of 170 beats per minute
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sustained activity, 18.2% for strengthening activity, and
none for stretching.
The Amsterdam Longitudinal Growth and Health
Study followed adolescents from 13 to 16 years of age
and then again at 21 years [55]. Overall, males were
more active than females, but the difference between
the sexes in total activity (> 4 MET [metabolic equivalent] min/week) declined with age, was negligible at
16 years, and showed little change to 21 years. There
was variation in age- and sex-associated variation
by context: activity in organized sports (sport clubs)
showed no sex or age difference over adolescence
(approximately 80 to 90 min/week); non-organized
sport activity (leisure time sport) showed a small difference between the sexes and declined with age from
13 to 16 years in males (approximately 260 to 140
min/week) but fluctuated in females (approximately

200 to 150 min/week), and declined at 21 years (< 40
min/week in both sexes); and all other activity (school,
work, active transport, non-sport leisure) showed no
difference between the sexes, was stable at 13 to 16
years (approximately 300 min/week), and increased at
21 years (approximately 425 min/week).
Recent estimates of the percentages of 13- to 15year-old youths from several countries who were
physically active for 7 days per week and who spent 3
or more hours in sedentary activities on a typical day
are shown in table 4. These are early data from the
Global School-Based Student Health Survey [22]. The
percentages of 13-year-old boys and girls in the United
States, Canada, and Europe meeting recommended
levels of physical activity, defined as at least 1 hour of
moderate-intensity activity on 5 or more days per week,
are shown in figures 1 and 2, respectively. The data are
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FIG. 1. Proportion of 13-year-old boys meeting recommended levels of physical activity, defined as at least 1 hour of moderate-intensity activity on 5 or more days of the week. Data from the 2001/2002 Health Behaviour in School Aged Children
Survey [20]
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FIG. 2. Proportion of 13-year-old girls meeting recommended levels of physical activity, defined as at least 1 hour of moderate intensity activity on 5 or more days of the week. Data from the 2001/2002 Health Behaviour in School Aged Children
Survey [20]
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from the 2001/2002 Health Behaviour in School Aged
Children Survey [20].
Physical activity is an individual characteristic that
is at best moderately stable across childhood into
adolescence and adolescence into young adulthood
[56–58]. The relatively low to moderate interage correlations for indicators of physical activity across childhood and adolescence into young adulthood reflect,
to some extent, the limitations of the methods used
to estimate physical activity. The physical activities of
children and adolescents are influenced by a variety of
factors [10, 59, 60]. Available data are derived largely
from samples of European ancestry. Most correlates
of activity are aspects of the social environment and

highlight a potentially important role for interactions
among correlates of physical activity. Notably lacking in
the studies are potential correlates of physical activity
associated with growth and maturity (with the exception of BMI), physical fitness, and proficiency in movement skills. Relationships with BMI are equivocal [60].
Some data suggest a significant effect of variation in
biological maturity status on physical activity. Controlling for individual differences in maturity status (percentage of predicted mature height; see Malina et al.
[10]) reduced the sex difference in physical activity in
children 5 to 9 years of age; moreover, the relationship
between activity and maturity was stronger in males
than in females [61]. Activity scores of youths in the

TABLE 4. Recent estimates of physical activity and inactivity in several countries: Global School-Based Student Health Survey,
children 13–15 years of age [22]
% Activea

% Inactiveb

Area

Year

Boys

Girls

Boys

Girls

Chile, Metropolitan Region
Chile, region I
Chile, region V
Chile, region VIII
China, Beijing
China, Hangzhou
China, Wuhan
China, Wurumqi
Guyana
Jordan
Kenya
Kenya, Central Region
Kenya, Lake Region
Kenya, Pastoral Region
Namibia
Namibia, Central Region
Namibia, Northeast Region
Namibia, Northwest Region
Namibia, Southern Region
Oman
Philippines
Philippines, Luzon
Philippines, Mindanao
Philippines, Visayas
Uganda
Uganda, rural
Uganda, urban
Venezuela, Barinas
Venezuela, Lara
Zambia
Zimbabwe, Bulawayo
Zimbabwe, Harare
Zimbabwe, Manicaland

2004
2004
2004
2004
2003
2003
2003
2003
2004
2004
2003
2003
2003
2003
2004
2004
2004
2004
2004
2005
2003
2003
2003
2003
2003
2003
2003
2003
2003
2004
2003
2003
2003

15.4 ± 2.1
18.6 ± 3.6
15.3 ± 1.9
12.4 ± 2.8
24.9 ± 2.8
12.1 ± 2.0
18.6 ± 4.2
20.7 ± 2.4
16.8 ± 5.0
18.9 ± 4.4
14.2 ± 1.9
14.9 ± 3.2
13.3 ± 1.6
12.1 ± 5.0
10.2 ± 2.1
8.4 ± 3.5
11.7 ± 3.8
9.3 ± 4.2
11.4 ± 2.7
32.1 ± 3.6
8.5 ± 2.7
9.6 ± 3.8
5.7 ± 2.1
6.2 ± 1.9
16.1 ± 3.8
13.6 ± 3.9
18.3 ± 6.0
11.8 ± 3.3
14.0 ± 3.2
9.7 ± 3.5
14.4 ± 4.5
16.1 ± 3.4
13.0 ± 4.5

7.0 ± 1.9
8.2 ± 2.1
7.5 ± 2.0
5.4 ± 2.3
17.2 ± 3.4
9.0 ± 2.5
10.0 ± 2.6
10.7 ± 2.0
15.2 ± 4.0
13.6 ± 3.2
10.1 ± 2.1
8.8 ± 1.9
12.5 ± 3.6
8.0 ± 7.6
9.7 ± 2.2
8.3 ± 3.4
9.8 ± 3.3
10.9 ± 4.3
8.2 ± 2.6
13.5 ± 2.5
6.8 ± 1.6
7.7 ± 2.1
4.0 ± 2.2
4.3 ± 1.4
14.4 ± 2.6
11.4 ± 4.2
16.9 ± 2.9
4.8 ± 1.8
5.1 ± 1.5
10.2 ± 3.4
11.6 ± 2.7
12.9 ± 3.9
10.5 ± 3.4

40.0 ± 4.3
44.3 ± 5.6
39.9 ± 3.4
31.9 ± 4.1
21.3 ± 3.4
22.4 ± 2.5
21.8 ± 4.1
20.8 ± 2.4
40.3 ± 6.4
41.8 ± 5.4
40.0 ± 3.9
48.0 ± 3.9
42.3 ± 5.6
29.3 ± 8.2
29.6 ± 2.9
32.4 ± 4.9
29.3 ± 3.9
27.6 ± 6.0
32.0 ± 3.9
33.2 ± 3.2
25.2 ± 5.5
27.2 ± 7.4
19.9 ± 4.0
20.9 ± 8.8
26.7 ± 3.9
22.0 ± 5.7
30.9 ± 4.3
22.8 ± 3.9
28.6 ± 6.0
33.1 ± 4.8
42.9 ± 5.4
42.8 ± 4.2
38.9 ± 4.3

51.3 ± 3.0
52.7 ± 5.5
53.1 ± 5.4
48.0 ± 5.9
22.6 ± 3.1
27.8 ± 5.3
16.0 ± 3.2
22.5 ± 3.6
32.4 ± 5.1
40.5 ± 3.7
35.9 ± 3.7
36.4 ± 3.5
37.0 ± 7.9
34.6 ± 10.2
31.8 ± 2.6
32.5 ± 7.0
27.9 ± 6.2
28.7 ± 3.4
39.3 ± 4.0
35.3 ± 6.6
29.9 ± 4.3
32.7 ± 5.7
20.5 ± 6.2
23.8 ± 4.1
27.7 ± 4.7
20.9 ± 4.6
33.2 ± 7.0
18.5 ± 2.5
31.4 ± 7.6
32.7 ± 3.7
42.0 ± 5.6
44.7 ± 5.4
42.0 ± 6.8

a. Percentage of students who were physically active on all 7 days for a total of at least 60 minutes per day during the past 7 days.
b. Percentage of students who spent 3 or more hours per day sitting and watching television, playing computer games, talking with friends,
or doing other sitting activities during a typical or usual day.
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longitudinal Saskatchewan Bone Mineral Accrual Study
declined with age from 10 to 18 years, and males were
more active than females throughout the study period
[62]. However, aligning activity scores on peak height
velocity (PHV) independently of chronological age
reduced the difference between sexes in activity prior
to PHV and eliminated it at and after PHV.
Other potential correlates of physical activity are
sport involvement and physical fitness. Boys and girls
12 to 14 years of age participating in organized community youth sports programs expend more energy
per unit body mass daily and spend less time watching
television than nonparticipants [63]. Among Taiwanese
youths 12 to 14 years of age, those classified as fit in
the 1-mile (approximately 1,500 m) run and the sitand-reach test had, on average, greater estimated daily
energy expenditure (kcal/kg/day) than those classified
as unfit in these tests. In contrast, youths classified as fit
and unfit in situps and sum of skinfolds did not differ
in estimated energy expenditure [64]. Nevertheless,
there is considerable variation and overlap among fit
and unfit youths, which highlight earlier observations
of Andersen et al. [65] (p. 435) that “among those with
the poorest fitness, there are sedentary, moderately
active and very active children. Similarly, there are
sedentary, moderately active and very active children
among those who are in excellent physical condition.”
Physical fitness during childhood and adolescence

Physical fitness changes with age, growth, and maturation independently of physical activity. Basic movement
skills develop during early childhood and reach mature
form by about 5 to 8 years of age. This age interval
appears to be a transitional period for fitness tests.
In addition to interindividual variation in movement
skills, the application of basic skills to specific test situations must be practiced or learned. Mean performance
curves of boys and girls in a variety of fitness tasks
(grip/arm strength, dash, standing long-jump, vertical jump, shuttle run, and others) show more or less
linear improvement from 6 to about 13 to 14 years.
Subsequently, the curves for boys indicate an acceleration (adolescent spurts) while those for girls show
slight improvement (less intense spurt) in some items
and a plateau in others [10]. There is much overlap in
performance-related fitness tasks between the sexes
during childhood. The mean performances of girls
generally fall within one standard deviation of the corresponding performances of boys in early adolescence;
subsequently, the mean performances of girls are often
outside the limits defined by one standard deviation
below the mean performances of boys. Exceptions to
the preceding trends are distance-throwing and flexibility. The majority of girls do not show proficiency in
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throwing, whereas flexibility declines with age during
childhood and increases during adolescence and is, on
average, greater in girls than in boys at all ages [10].
(PWC170) and maximal
.Indicators of submaximal
.
(VO2max, peak VO2) cardiorespiratory fitness show
similar trends. PWC170 (kgm/min) increases, on average, linearly with age between 7 and 17 years; it almost
triples in boys and more than doubles in girls over
this interval. Similar trends are apparent for power
output at other
. submaximal heart rates (e.g., PWC130,
PWC150). VO2max (L/min) also increases, on average,
from 8 years on. The increase is rather continuous
until about 16 .years in boys and 13 years in girls.
Subsequently, VO2max remains at a plateau through
adolescence
in girls. On average, absolute PWC170 and
.
VO2max are greater in boys than in girls at all ages [10].
Reliable determinations of cardiorespiratory fitness in
younger children are not extensive and are of doubtful
validity.
Indicators of motor and aerobic fitness track at
moderate levels from childhood into adolescence and
through adolescence into young adulthood [56, 57].
They are influenced by changes in body size, physique,
and body composition associated with growth and
maturation. Size is not ordinarily controlled in tests of
performance-related fitness, but body mass is routinely
controlled in measures of cardiorespiratory fitness. In
contrast to age-associated improvement, submaximal
power output remains almost constant from age to age
when expressed per unit body mass, i.e., PWC
. 170 (kgm/
kg/min). Trends are generally similar for VO2max per
unit body mass (ml O2/kg min), but there is some variation between longitudinal and cross-sectional studies
and with treadmill and cycle ergometer protocols [10].
Comprehensive reviews. of cross-sectional and longitudinal data for relative VO2max indicate a constant level
from 8 to 18 years in boys and a linear decline with age
in girls [66, 67]. Recognizing the limitations of correcting for body mass, there is considerable
discussion of
.
appropriate scaling factors for VO2max and muscular
strength [10].
Measures of fitness are influenced by interindividual
differences in maturation, particularly during adolescence. Correlational and multivariate analyses indicate
significant associations between maturity status and
indicators of performance- and health-related fitness
[10]. The associations are mediated in part by maturity-associated variation in body size and composition.
Within an age group, those advanced in maturation
are, on average, taller and heavier, have a larger fatfree mass (especially males) and fat mass (especially
females) than those who are delayed in maturation.
Maturity-associated variation is most pronounced
during adolescence. Early-maturing adolescents of both
sexes are absolutely stronger and have greater abso-
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.

lute VO2max than those who are late-maturing. After
adjustment for variation in body mass, the differences
are negligible or reversed. Corresponding data for performance-related fitness variables (jumps, dashes, etc.)
are more variable. Early-maturing boys tend to perform
better than late-maturing boys, but the differences
between early- and late-maturing girls, on average, are
quite small. It is thus possible that a youngster could
be classified as “fit” or “unfit” due largely to his or her
maturity status.
Although size, physique, body composition, and
maturity status account for substantial portions of variation in fitness, considerable amounts of variation are not
accounted for by these variables. Performances on fitness tests are influenced by motivational factors, opportunity for practice, exposure to appropriate instruction,
and perhaps other factors in the cultural environment.
Habitual physical activity is an additional factor.

Physical activity, growth, and maturation
The individual adapts to the stresses imposed by
habitual physical activity. The responses are, to a large
extent, not sufficient to significantly alter growth in
height and indicators of skeletal, sexual, and somatic
maturation. Physical activity can be important in the
regulation of body weight, fatness, and the structural
and functional integrity of bone and skeletal muscle
tissues [10].
Physical activity is presumably important, but it is
not known how much activity is necessary to support
growth and maturation. The day-to-day activities of
childhood and adolescence are apparently adequate
to maintain the integrity of growth and maturation
processes, with the possible exception of adipose
tissue. Physical inactivity and excessive energy intake
are associated with greater levels of fatness. Both are
major contributors to the current epidemic of obesity
in children and adolescents.
Physical activity and physical fitness

It is often assumed that physical activity is related to
physical fitness, i.e., the more habitually active are
more fit, and that the relationship between activity and
fitness is causal. This is not necessarily so. Relationships between regular physical activity and indicators
of physical fitness are generally low to moderate in
children [68, 69] and adolescents [70–72]. Physical
activity accounts for a relatively small percentage of
the variation in some indicators of fitness [64, 73, 74].
Several factors probably contribute to these observations in children and adolescents: measures of activity
are imperfect and tests of fitness vary in validity and

reliability, and levels of habitual physical activity among
youths do not regularly reach elevated aerobic levels for
sustained periods of time. Proficiency in movement
skills may also be a factor. Some evidence suggests that
children 5 to 6 years of age and adolescents 13 to 15
years of age who are proficient in movement skills have
higher levels of cardiorespiratory endurance [75, 76].
Components of fitness change with growth and
maturation independent of physical activity, and it
is difficult to partition effects of activity from the
expected changes. For example, a late-maturing boy
might not do well on fitness tests requiring muscular
strength, simply because he is smaller than average and
has less muscle mass. Similarly, an early-maturing boy
might have an advantage on some fitness tests because
he is taller, heavier, and stronger than average-maturing boys. Early-maturing girls might not do well on
fitness tests requiring support or projection of the body
because they tend to be fatter than average-maturing
and late-maturing girls.
Time spent in inactive pursuits such as television
viewing, video games, and other sedentary activities
is another factor that may influence physical fitness.
The relationship between time spent viewing television
and indicators of health-related fitness is not strong
[77], but some evidence increasingly suggests a does–
response relationship between television viewing and
indicators of adiposity, specifically obesity [78, 79].
It is possible that the relationship between physical
activity and fitness is masked, in part, by the normal
range of variability in heterogeneous samples of children and adolescents. The relationship may be more
apparent in comparisons of groups at the extremes of
the physical activity continuum. Although methods of
classifying youths as active and inactive vary among
studies, both cross-sectional [64, 80] and longitudinal
[81–83] observations indicate that more active youths
are more fit in cardiorespiratory endurance tasks.
Corresponding comparisons for other components
of physical fitness are inconsistent, suggesting that
the effect of habitual physical activity may be specific
to cardiorespiratory endurance. Moreover, physical
activity is only one of several factors that influence
physical fitness.
Physical activity, fitness, and undernutrition

The growth status, physical activity, and fitness of
children and adolescents resident in many developing areas of the world are compromised by chronic
undernutrition and associated health problems. The
quantification of energy expenditure of schoolchildren
living under marginal nutritional circumstances has
been a primary focus of study rather than the quality
of physical activity and movement experiences relevant
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to the development of proficiency of movement skills
and physical fitness. School-aged children of marginal
to poor nutritional status have decreased total daily
energy expenditure and energy expended in physical
activity. This is related in part to smaller body size.
Reduced activity may limit practice of movement skills
in play and games and in turn contribute to performance deficiencies. Quasi-experimental observations in
Colombia suggest that mild-to-moderately undernourished boys differ from boys with adequate nutrition in
their capacity to increase energy expenditure in physical activity when given the opportunity to participate
in a sports program [84, 85]. The undernourished boys
simply could not keep up with the better-nourished
boys during sport activities.
The small body size and reduced muscle mass associated with chronic, mild-to-moderate undernutrition
influences
the strength, performance, PWC170, and
.
VO2max in samples of school-aged children in developing areas of the world. The absolutely lower levels of
fitness are generally proportional to the reduced stature and body mass of children and adolescents living
under conditions of chronically marginal nutritional
circumstances [84–91]. When adjusted for body mass,
the differences are reduced to negligible levels and in
some cases reversed, although there are exceptions
[86]. The effect of small body size on performances of
schoolchildren varies among motor tasks and between
populations [89, 90, 92], and the significance of the
BMI for the strength and motor fitness of children with
a history of chronic undernutrition is different from
that of well-nourished children [93].
Infectious load associated with intestinal parasites
may influence physical activity and fitness of children
with chronic undernutrition. Treatment of undernourished school-aged Kenyan children for hookworm,
whipworm (trichuris), and roundworm (ascaris),
for example, was associated with increased levels of
spontaneous physical activity, improved cardiovascular fitness (step test), and improved growth and
appetite [94, 95]. Similarly, treatment of undernourished school-aged children for schistosomiasis was
also associated with improved step-test performance
[96]. A related factor is illness, and it is well known
that during periods of illness, children tend to be less
active. Among mild-to-moderately undernourished
school-aged Kenyan children, moderate physical activity on the playground was negatively correlated with
the frequency of mild illness, especially respiratory and
gastrointestinal illness. On the other hand, light activity
on the playground was positively correlated with the
frequency of illness [97].
Since the performances of schoolchildren living
under conditions of mild-to-moderate undernutrition
are largely proportional to their reduced body size,
these children are sometimes described as “small but
efficient.” The same applies to adults who were raised
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under impoverished health and nutritional conditions,
which has prompted the “small but healthy” hypothesis
[98, 99]. Under this hypothesis, the smallness (growth
stunting) and reduced muscle mass are the primary
adaptations to conditions of chronic undernutrition,
and capacity for physical work is not impaired. However, the conditions that produce chronic undernutrition, i.e., inadequate diet, poor home environments,
infectious and parasitic diseases, and so on, are, themselves, unhealthy [100]. Stunted growth and reduced
physical fitness in a variety of tasks are the results of
these impoverished and unhealthy conditions. In the
real world of children, adolescents, and adults, however,
physical tasks and corresponding performances are not
scaled for individual differences in body size!
Physical activity, fitness, and obesity

The literature on physical activity and energy expenditure in childhood and adolescent obesity is equivocal
[101–104]. Absolute energy expenditure (measured by
doubly labeled water) is greater in the obese, but after
“normalization” for differences in body composition,
energy expenditure is the same in the obese and the
nonobese [105]. Data based on heart-rate recordings
suggest lower activity levels in free-living obese adolescents [106], and activity data based on questionnaires or time and motion analyses suggest that obese
children and adolescents are less active than their lean
peers [107, 108]. Among children 3 to 5 years of age,
observational and accelerometry data indicate lower
activity during the preschool day in the overweight
than in the nonoverweight [109].
The physical fitness of obese children and adolescents is compromised on tasks that require movement
or projection of the body through space, such as runs
and jumps. From a mechanical perspective, excess fat
represents an inert load (dead weight) that must be
moved. In a national sample of Flemish girls 7 to 17
years of age, the obese (the fattest 5% in each age group)
attained, on average, poorer results than lean girls
(the leanest 5% in each age group) in the shuttle run
(speed and agility), standing long-jump and vertical
jump (power), flexed arm hang (functional strength),
situps and leg lifts (abdominal strength), and flamingo
stand (balance). The obese and lean did not differ in
speed of limb movement (plate tapping) and the sitand-reach test (flexibility). Obese girls were absolutely
stronger (static arm pull strength) and generated more
absolute power on a cycle ergometer (PWC170), but the
results were reversed after adjustment for differences
in body mass [110]. Corresponding data for obese and
nonobese Belgian boys [111] and boys and girls [112]
on the same tests showed similar results. Obese boys
9 to 13 years of age were absolutely stronger than the
nonobese in isometric and isokinetic strength tests,
but the groups did not differ in muscle contractile
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characteristics or in the rate of motor unit recruitment
[113, 114]. Reduced cardiovascular fitness in the obese
is evident in submaximal ergometry [115], maximal
aerobic power per unit body mass [116–118], heart-rate
response to a step test [110, 116], and endurance time
on a maximal treadmill test [119].
Secular changes in physical activity and fitness

There are few data on secular trends in physical activity among children and youths. This is due to several
factors. First, there has historically been more emphasis
on the measurement of physical fitness in youths; in
contrast, large-scale surveys of physical activity in children and adolescents date only to the 1980s (see above).
Second, health risks associated with physical inactivity
in children have received attention only recently, due in
part to the epidemic of obesity. And third, standardized
methodologies for the collection of physical activity
data over time and adequate physical activity surveillance systems have been lacking in most countries.
General demographic information suggests a decline
in habitual physical activity over the past 40 years or
so. For example, the number of cars per household and
hours per week of television viewing has increased linearly since the mid-1960s in the United Kingdom [120].
Between 1947 and 1999, the estimated percentage of
Americans walking or bicycling to work has declined
from 26% to 4%, the percentage taking a bus or subway
has declined from 25% to 3%, while the percentage
driving a vehicle to work has increased from 32% to
87% [121]. Physically active transport to work (or to a
bus or subway station) has thus declined systematically,
while the potential for physical inactivity has increased
over time.
Introduction of television into communities that
previously did not have access resulted in a reduction in
sports participation [122, 123]. The introduction of television thus displaced physically active leisure pursuits,
and the trends suggest a greater impact on youths than
on adults. Increased academic demands and accessibility of computers and the internet may also contribute
to more sedentary time among youths. For example,
the time spent on homework by 6- to 9-year olds in
the United States increased from 44 minutes per week
in 1981 to more than 2 hours in 1997; the corresponding estimates for 9- to 11-year-olds were 2 hours and
49 minutes in 1981 and more than 3.5 hours per week
in 1997 [124]. About 44% of children 2 to 12 years of
age and 75% of teenagers were predicted to be on-line
by 2002 [125].
An analysis of activities in the daily lives of American children 3 to 12 years of age, based on two surveys
in 1981 and 1997, suggested the following trends,
which have implications for physical activity: free or
discretionary time declined, time in school and day
care increased, time viewing television declined, time
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spent reading or studying at home increased, time in
organized activities (hobbies, sports, arts) increased,
and time in unstructured activities decreased [126].
The sequel to this review indicates little change over
the past few decades in physically active transportation (an average of 8 minutes in 2001), no trend for
enrollment in physical education over the past decade
among high-school students, and an increase in time
spent in organized sports and outdoor activities by
younger children between 1981 and 1997 of 73 minutes
per week [161].
The trends would seem to suggest an increase in
opportunities for sedentary behaviors in contrast to
a single sedentary behavior. Television viewing per
se may not be a good marker of sedentary behavior.
It is more likely that there has been an increase in the
number of sedentary behaviors over the past generation—playing video games, personal computer activities, watching DVDs, homework, extracurricular classes
(tutoring, art, music), motorized transport to school
and other organized activities, and probably others.
Short-term physical activity trends for youths are
inconsistent. Canadian youths 12 to 19 years of age
indicated an increase in self-reported leisure-time
physical activity between 1981 and 1988, but there was
no change between 1988 and 1998 [127]. The majority
of Canadian youths do not meet the recommendations
for daily physical activity energy expenditure. The
percentage of American high-school students who
attended physical education classes daily declined from
42% in 1991 to 28% in 2003 [128]. On the other hand,
the percentage of those enrolled in physical education
classes who were physically active for more than 20
minutes in a class on 3 to 5 days per week increased
only slightly between 1991 and 2003 (from 32% to
39%). The percentage of high-school students reporting participation in physical activities that made them
sweat and breathe harder for more than 20 minutes on
3 of the past 7 days also changed only slightly between
1993 (66%) and 2003 (63%) [14].
Measures of physical fitness are, in part, related to
body size and maturity status. Hence, the increase in
size and acceleration in maturity that characterize the
secular trend have implications for physical fitness [10].
Measures of fitness are also influenced by changes in
lifestyle, specifically reduced physical activity, which
may interact with changes in body size.
Interpretation of secular changes in static strength
must be tempered with caution, because it is likely
that measuring instruments have changed over time.
Motivation is an additional factor in obtaining maximal
efforts. Allowing for these caveats, secular gains are
apparent in height, weight, and grip strength in Belgian
(1830s to 1971), American (1899 to 1964 and 1934–35
to 1958–59) and Japanese (1923 to 1969) children and
adolescents. Although there is some variation, secular
gains in strength appear to be proportional to changes
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in height and weight [129]. Data on other measures
of static strength are less extensive. Relative to secular
gains in height, the back strength of Japanese children
and adolescents in 1969 was proportionally less than
in 1929. Back strength is a more difficult measure to
obtain than grip strength and may be influenced by
minor variations in technique. Pushing and pulling
strength of the shoulders in 13-year-old American
youths showed variable changes over an interval of 24
years (1934–35 to 1958–59) [129].
Some recent data for European youths suggest
declines in muscular strength. Data for eight measures
of strength were presented for Danish youths of the
same height (150 cm) in 1956 and 1981; boys and girls
in 1981 were not as strong as peers of the same size
in 1956 [130]. Russian youths 11 to 17 years of age in
the mid-late 1980s were not as strong (as measured by
grip) as peers in the 1960s. Data for height and weight
over this interval are apparently not available, but mean
ages at menarche were stable from the early 1960s to
the early 1980s [131].
Performance-related fitness is more difficult to
evaluate over time, since tests and conditions of testing
are variable. One of the few test items that is reasonably
consistent in test batteries over time and whose testing
protocol is generally described in a standard manner
is the standing long jump, an indicator of power and
coordination. Comparisons of American boys and girls
11 to 15 years of age between the mid-1920s [132] and
1958 through 1985 [35–37] indicate little evidence of
secular improvement in mean jumping performance
between the mid-1920s and 1958, improvement from
1958 to 1965 in all age groups, and little change from
1965 through 1985. The major improvement in performance from 1958 to 1965 reflected national emphasis on the physical fitness of American youths and
fitness testing in schools, and to some extent practice
effects. After 1965, national emphasis on the performance aspects of physical fitness declined [133].
Heights and weights of the early and more recent
samples of American youths are not available for evaluation of the relationship between secular change in size
and performance between the 1920s and the 1960s.
However, the secular improvement in the jumping
performance of Czechoslovak boys 11 to 15 years of
age was essentially a function of the secular increase in
body size [129]. More recent data from 11- to 15-year
old Czech youths indicate continued secular increases
in height, weight, and performance on the standing
long jump from 1966 to 1987 [134], but it was not possible (given the manner of reporting) to relate gains in
jumping performance to changes in body size.
Secular data for other performance-related fitness
tests are more variable. Among Japanese children
measured (height) and tested in 1929 (standing long
jump), 1935 (100 m dash, boys) and 1939 (50 m dash,
girls), and 1969 (with the same tests), boys and girls
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in 1969 did not perform in the jump as well as their
peers in 1929, and there were virtually no differences
in performance on the dashes between 1935–39 and
1969 [129]. Relative to height, which increased over
time, children in the more recent samples did not
perform as well.
Beginning in the 1960s, physical fitness test batteries were commonly administered to school children
in many countries. The batteries included a variety
of performance-related items, such as dashes, jumps,
shuttle runs, ball throws for distance, situps, distance
runs, etc. Comparisons of four national surveys in the
United States between 1958 and 1985 indicated major
improvements in the fitness of 10- to 17-year old
youths of both sexes between 1958 and 1965, but there
was little change in fitness from 1965 to 1985 [35–37].
As noted, the improvement in fitness from 1958 to 1965
reflected in part the national emphasis on physical fitness testing in schools in the 1960s [133]. A contributing factor to the national emphasis on fitness was the
poor performance-related fitness of American youths
in 1958 compared with British youths in 1958–59 [135].
The only fitness item in which American boys surpassed British boys was the softball throw for distance,
while American and British girls did not differ in this
test item. Interest in performance-related fitness has
declined since the 1960s as focus has shifted to healthrelated physical fitness [133]. The heights and weights
of American children, on average, did not change
appreciably between the 1960s and the 1980s [10].
The results of the Chrysler AAU Physical Fitness Program, which largely used health-related fitness items,
indicated only small changes in the fitness of 6- to 17year-old American youths in the decade of the 1980s,
but performance on endurance runs declined [136].
Comparisons of reference values (norms) for tests of
health-related fitness of 10- to 17-year-old American
youths in the late 1970s [6] and in 1984 [12] indicate
generally poorer performances by youths in 1984 in
1-mile run/walk times and number of situps, and variable results for the sit-and-reach test [137]. The results
may reflect sampling (convenience versus probability)
and testing procedures (volunteer teachers versus
trained field staff and teachers). More recent national
fitness data are not available for American youths.
Height increased systematically across surveys at
10-year intervals from 1965 to 1995 in children from
southwestern Poland, but the same was not true for
performance items [138]. With the 1965 data as the
reference, performances in strength and endurance
tasks declined in each 10-year survey so that the values
for the 1995 survey were lowest in comparison with
the 1965 values. Declines in strength and endurance
were most marked after the ages of 12 to 14 years in
both sexes. On the other hand, running speed did not
change between 1965 and 1985, but declined in the
1995 survey. Agility did not change appreciably among
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the four surveys. More recently, comparisons of 7- to
19-year-old Polish youths in 1979, 1989, and 1999 on
the EUROFIT test indicate improvement between 1979
and 1989 but deterioration between 1989 and 1999 in
both sexes [44]. The regression in fitness was especially
apparent in power of the upper and lower extremities,
running speed (sprints), and endurance distance run.
Five tests of fitness were administered to 16-year-old
Swedish secondary school children in 1974 and 1995:
two-hand lift, vertical jump, situps, bench press, and
9-minute run [139]. Both boys and girls performed
more poorly on the bench press, situps, and 9-minute
run in 1995 than 1974. Performances on the vertical
jump improved over time in boys but not in girls,
whereas both boys and girls improved in the two-hand
lift. The increase in BMI over time explained variable
portions of the variance in the fitness tests, leading
the authors to suggest a significant role for decreased
physical activity.
Comparisons of South Australian 10- to 11-yearold youths in 1985 and 1997 indicated, on average, a
decline in aerobic fitness (1.6 km run/walk time) and
running speed (50-m dash), but no differences in the
standing long jump [140].
The pattern of secular change in the physical fitness
and motor ability of 12- to 17-year old Japanese school
youths between 1964 and 1997 shows a somewhat variable pattern [141, 142]. Composite fitness and motor
ability (performance) scores increased from 1964 to
1974, increased slightly (fitness) or remained stable
(motor) between 1975 and 1985, and then declined
from 1986 through 1997. The early improvements in
fitness and motor ability may be related in part to secular gains in height from 1964 to 1984, about 5 cm in
boys and 3 cm in girls at 17 years of age [141], whereas
the subsequent declines in fitness may be related to
changing patterns of physical activity [142]. A different
analysis of essentially the same data attributed improvements (1964–74) to national emphasis on practice
and fitness in the schools, the leveling-off of fitness
(1975–85) to increased television viewing in Japanese
homes, and subsequent declines in fitness to greater
emphasis on scholarship and activity for pleasure in
schools and increased use of video games [143].
Several surveys summarized above indicate a decline
in aerobic fitness as assessed by field measures of
endurance, primarily distance runs. Evaluation of
performances of 12- to 15-year old Australian youths
[144] and 6- to 19-year-old youths from 11 countries
[145] on the 20-m multistage shuttle run test suggests a systematic decline in aerobic fitness between
1981 and 2000. The overall mean decline weighted
for sample size in the international comparison was
–0.43% per year.
.
Data for maximal aerobic power (VO2max) for American youths are available back to the late 1930s in boys
and the 1960s in girls; hence, insights into secular
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changes are possible [146]. However, most studies are
based on rather small samples combined across several
age groups, and it is likely that overweight children
were not included, given the maximal exercise protocols. Cycle data were adjusted for differences compared
with the treadmill protocol. For absolute aerobic power
(L/min), the regression is flat from the late 1930s to
2000 in boys 6 to 12 years of age, but that for boys 13 to
18 years of age suggests an increase over time. The corresponding regression line is stable from the 1970s in
girls 6 to 11 years of age and from the 1960s in girls 12
to 14 years of age, but among older girls 15 to 18 years
of age it is curvilinear, suggesting an increase from
the early 1960s to the late 1970s and a decline into the
late 1990s. When the data are expressed per unit body
weight (ml/kg/min), accommodating, to some extent,
secular change in body mass, the regression lines
indicate fairly stable levels of relative maximal aerobic
power between the 1930s and the present in boys; the
trends for relative maximal aerobic power in girls are
similar to those for absolute values.
An important component of health-related physical
fitness is adiposity, viewed most often in terms of the
BMI. The prevalence of obesity among children and
adolescents has increased dramatically since the mid1970s in many countries throughout the world [147,
148]. Data from Canada and the United States show
increases in both the mean BMI and the prevalence
of overweight and obesity in children and adolescents
[149–153]. However, within each age group, there
appears to have been a greater increase in the upper
percentiles of the BMI, producing an effect of increasing skewness in the distribution over time [152]. Trends
in some countries suggest an increase in the prevalence
of obesity without corresponding increases in the
median BMI. Among Belgian boys 12 to 18 years of
age, for example, there were no changes in the median
BMI between 1969–74 and 1990–93, but increases in
the 85th percentile value ranged from 0.5 to 1.3 kg/m2
and those in the 95th percentile ranged from 0.9 to
1.9 kg/m2. Corresponding data for females indicated
a small increase in median BMIs between surveys, but
larger increases in the 85th (1.0 to 2.2 kg/m2) and 95th
(1.1 to 2.7 kg/m2) percentile values [154].
Obesity is a major factor in the metabolic syndrome,
which is characterized by a clustering of risk factors
associated with chronic disease. Proposed definitions
of the metabolic syndrome for adolescents include
indicators of abdominal obesity, elevated triglycerides,
high blood pressure, elevated fasting glucose, and low
HDL cholesterol [155, 156]. A significant percentage of
children and youths have features of the metabolic syndrome, and the risk of metabolic syndrome is greater
in overweight and obese children and youths [155,
156]. Few studies have evaluated the impact of physical
activity on the metabolic syndrome in youths [157], but
several features of the syndrome cluster with indicators
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of physical activity and inactivity and cardiorespiratory
fitness [158, 159].
Rationale for including measures of physical activity
and physical fitness

It is generally assumed that children and adolescents
need regular physical activity to support normal growth
and maturation, but an optimal amount of daily activity
has not been specified. The apparent decline in physical
activity and physical fitness over the past generation
or two, the recent increase in the prevalence of obesity
among youths worldwide, the emergence of risk factors for several adult diseases (metabolic and cardiovascular) during childhood and adolescence, and the
potential role of physical activity and physical fitness in
reducing the risk of disease would seem to imply a need
to include a measure of physical activity and physical
fitness in the development of an International Growth
Standard for Preadolescent and Adolescent Children.
A questionnaire for habitual physical activity for
youths 10 years of age and older should be adequate.
The validity and reliability of an instrument that is
relevant cross-culturally would need to be established,
especially since a potential international growth standard will probably be utilized at the individual level.
Inclusion of measures of physical fitness is a more
complex issue. Cardiorespiratory fitness is the component of physical fitness most relevant to physical
activity and health and should be included in developing the standard. An endurance shuttle run should be
adequate for this purpose. The international standard
will already include the BMI (a component of healthrelated fitness).
Given the importance of muscular strength and
endurance to undertaking daily tasks in many areas
of the world, a measure of muscle function should be
included in the development of the standard. Timed
curl-ups and the flexed (bent) arm hang provide an
indication of abdominal and upper body muscular
strength and endurance, respectively.
Allowing for individual differences in physical activity and physical fitness, the development of growth
standard values for children and adolescents in different subgroups of activity and fitness should perhaps
be considered. To this end, specific components of an
established test battery, such as EUROFIT [33], should
be appropriate.
Feasibility of including measures of physical activity
and physical fitness

Incorporation of an internationally valid and reliable
questionnaire to estimate habitual physical activity
among those 10 years of age and older is very feasible.
Evidence suggests that a record of 7 days provides a
reliable estimate of the usual pattern of physical activity
in youths in grades 4 through 12 [160].
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Incorporation of field measures of cardiorespiratory
fitness and muscular strength and endurance is more
complicated because of administrative issues (facilities,
trained staff, etc.) and potential medical or health complications for some youths free from overt disease.

Summary
Physical activity is a “behavior,” whereas physical fitness
is a “state.” Both change with growth and maturation.
Physical activity is presumably important, but it is
not known how much activity is necessary to support
growth and maturation.
Energy expenditure (EE) associated with physical
activity is the most variable component of total daily
energy expenditure (TEE). The ratio of TEE to resting
EE (REE) provides an estimate of “physical activity level” (PAL). The PAL increases with age during
childhood and adolescence, but is particularly low in
sedentary children.
More physical activity data are available for children and adolescents 10 years of age and older than
for younger children. The data are based largely on
questionnaires and interviews. Activity level appears
to peak at about 12 to 14 years of age and then declines
across adolescence, but the timing and magnitude of
the decline varies among studies and with measuring
instrument.
Relationships between regular physical activity and
indicators of physical fitness are generally low to moderate in children and adolescents. Components of fitness change with growth and maturation independent
of physical activity, and it is difficult to partition effects
of activity from the expected changes.
School-aged children of marginal to poor nutritional
status show decreased total daily energy expenditure
and energy expended in physical activity. The small
body size and reduced muscle mass associated with
chronic, mild-to-moderate undernutrition negatively
influence activity and many indicators of fitness. The
hypothesis of “small but efficient” is erroneous. Stunted
growth and reduced levels of physical fitness are often
the results of impoverished and unhealthy conditions.
The evidence on physical activity and energy
expenditure in childhood and adolescent obesity is
equivocal, while the physical fitness of obese children
and adolescents is compromised on tasks that require
movement or projection of the body through space,
e.g., runs and jumps.
General demographic data suggest a decline in the
amount of habitual physical activity over the past 40
years or so. Although the increase in size and acceleration in maturity that characterize the secular trend have
implications for physical fitness, measures of fitness
are also influenced by changes in lifestyle, specifically
reduced physical activity. Several surveys indicate a
secular decline in indicators of physical fitness.
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Body composition assessment for development of an
international growth standard for preadolescent and
adolescent children

Timothy G. Lohman and Scott B. Going
Abstract
General considerations in assessing body composition in
children and youths are described. Various methods are
explored and recommendations are made for methods to
be used in the International Growth Standard for Preadolescent and Adolescent Children Project. Exclusion
of under- and overweight participants is recommended,
and a method is proposed to assess both underweight
and overweight. In addition to height and weight, we
recommend waist circumference, selected skinfolds, and
dual-energy x-ray absorptiometry (DXA) as a measure
of fat, lean, and bone mineral density. We also propose
using both fat mass index and fat-free mass index as an
improvement over body-mass index.

Key words: Adolescent, anthropometry, body composition, body fat, body-mass index, DXA, growth,
preadolescent, total body water

What to measure?
In this chapter we consider in vivo measures of body
composition for the inclusion of healthy participants
and exclusion of under- and overweight participants
in an International Growth Standard for Preadolescent
and Adolescent Children. First we discuss general considerations in assessing body composition in children
and youths. Secondly, we review various methods for
assessing body composition in children and then conclude with a discussion of the issue of using various
criteria to establish a healthy sample.
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General considerations in assessing body
composition
Age and maturation

A consistent set of measurements across preadolescent
and adolescent populations is an essential component for the development of an international growth
standard for preadolescent and adolescent children
ranging in age from 5 to 17 years. Each method must
be applicable to the entire population and must be
administered using a study-wide protocol. Body-mass
index, skinfold thicknesses, and circumferences vary in
their relation to body fatness with age and maturation.
To account for age and, to some extent, for maturation,
percentiles within age have been developed as a relative
measure of body composition.
Body composition

The operational definition of body composition for the
purpose of the proposed international growth standard needs to be stated explicitly. Many of the simplest
methods are based on the two-component model that
resolves weight into fat mass (FM) and fat-free mass
(FFM). There are several methods of estimating FM
or FFM (the remaining component is calculated by
difference from body weight). The advantage of this
approach is that a single method can be used to develop
a reference standard, although only whole-body fatness
is estimated. If fat distribution (known to be associated
with metabolic dysregulation) is to be included, then
several estimates of fatness will have to be included,
such as leg, trunk and arm, or abdominal fat within the
truncal area or intraabdominal fat within the abdomen.
The distribution of subcutaneous fat has also been
shown to be related to risk factors for chronic disease
and would require multiple measures at selected sites.
Muscle and skeletal weight can also be estimated if a
further examination of FFM is to be pursued. Since
muscle mass and skeletal mass are only moderately
related, independent measures of each are needed for
the development of a growth standard. Skeletal weight
can be further characterized by assessments of regional
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bone mass and density throughout the body, based on
estimates of bone mass and bone density at selected
bone sites.
Sex and ethnic or racial background

At different ages and stages of maturation, differences
in body composition exist between males and females
and among various racial and ethnic groups. Further,
the relationship between body-mass index (BMI) and
body composition and between skinfolds and body
composition varies across racial groups and ethnicity.
Measuring fat and fat-free body mass (twocomponent model)
Densitometry

Densitometry, although historically considered a
criterion method, is not recommended across the
age range of interest because of technical challenges
and biological variability in FFM components that
invalidate model assumptions. Hydrostatic weighing,
the most common approach, requires accurate measures of underwater weight and lung gas volume at the
time of weighing to estimate body density. The most
accurate measures are obtained during complete submersion after maximal exhalation, with simultaneous
measurement of functional residual capacity. This is
difficult for young children, who may be uncomfortable underwater, especially if required to exhale before
submerging. Partial submersion and alternative lung
volumes have been tried in adults, with mixed success
[1]. Although healthy, motivated adults can reasonably
match lung volumes in and out of the water, it is more
difficult for young children to do so. The relatively
recent introduction of the Bod Pod, based on air displacement plethysmography, overcomes some of the
challenges of hydrostatic weighing, since submersion in
water is not required. Although somewhat more costly
than the apparatus needed for hydrostatic weighing,
the Bod Pod is affordable and is reasonably compact
and portable, and could be mounted on a mobile
laboratory. The subject chamber, with its Plexiglas
window, is comfortable for most children. To measure
thoracic volume, a “puffing” maneuver against a closed
valve is required, which may be difficult for younger
children to perform. Good to excellent reliability has
been reported, although the results in children are not
always as good as in adults [1–3]. The average agreement between Bod Pod and underwater weighing or
dual-energy x-ray absorptiometry (DXA) is generally
good (approximately 1% to 2% body fat), although
wide intersubject variations occur [2] that are perhaps
related to body size, age, or other factors [3].
In addition to the measurement errors associated
with obtaining the estimate of density, additional
error is accrued, which is related to the validity of the
assumptions underlying the equations used to estimate

percent fat and FFM from body density, regardless of
the method used to estimate density. The changes in
the FFM fractions of protein, water, and mineral that
occur with growth and maturation and their impact
on estimates of percent fat and FFM have been well
described. Application of adult equations in children
can lead to errors in the estimation of percent fat on the
order of 4% to 8% or more, depending on maturation
[4]. The application of population-specific equations,
generally based on age-specific estimates of average
FFM composition, significantly reduces the average
error, although errors for individuals at the extremes
of maturation at a given age remain substantial. Multicomponent models, whereby density is adjusted for
the water and mineral fractions of FFM, provide more
accurate estimates of composition but add additional
cost and technical complexity by requiring estimates of
additional components of the FFM [1].
Body water

Body water was first recommended for estimation of
body composition by Pace and Rathburn [5] on the
basis of chemical analyses of several animal species.
Schoeller [6] recently reviewed methods for measuring
body water using various tracer approaches, describing
the advantages and limitations of each approach, and
proposed a standardized protocol to maximize the
accuracy and precision of body water estimates from
the isotope dilution approach. Total body water (TBW)
can be estimated from saliva, urine, or blood samples,
and this dilution approach is practical in large samples
of subjects. The use of stable isotopes (deuterium and
oxygen-18) makes this method applicable to children of
all ages and allows estimation of FFM and FM.
The use of body water to estimate FFM assumes
a constant water content of the FFM among healthy
children of various ages. In a review of this constant
by Wang et al. [7], substantial evidence supports an
average hydration between 72% and 74% in a variety of
species, including adult humans. There is considerable
evidence that prepubescent and pubescent children
between 6 and 14 years of age have a higher hydration
level than young adults. The water content of FFM
decreases with age and maturation at the same time
as the bone mineral content of FFM increases, with
chemical maturity reached in the postpubescent years.
Early work by Fomon et al. [8], Haschke et al. [9],
and Haschke [10] developed the concept of changes
in reference body composition for children and adolescents. Further work with direct measures of water
and bone mineral by Boileau et al. [11], Lohman et al.
[12], and Slaughter et al. [13] confirmed the chemical
immaturity of prepubescent children. Boileau et al.
[14] and Lohman [15] summarized this work and that
of others to further establish formulas and constants
for body composition estimates in children. Lohman
[16] extended this research to the densities of FFM
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in children from infants to adolescents and defined
age-specific formulas for use in children [16], rather
than the often-used Siri equation intended for adults.
Deurenberg et al. [17] also worked with the data of
Fomon et al. [8] to develop age-adjusted equations for
body density and found estimates of body composition in children comparable to those made by Lohman
[18] and Slaughter et al. [19]. Although the impact of
chemical immaturity in prepubescent children and
the potential inaccuracies of two-component models
in children based on underwater weighing and air
displacement plethysmography are generally recognized [2, 20–24], the use of multicomponent models in
body composition studies of children is not universal
[25–27]. Of the available two-component approaches,
estimation of FFM from TBW is preferred, as long as
the appropriate (age- or maturation-adjusted) conversion constants are used. Isotope and sample processing
as well as analytical procedures are potential challenges
for standardization among countries.
Dual-energy x-ray absorptiometry (DXA)

DXA provides an ideal method to assess body composition in children and youths [15]. Radiation exposure is
low, and unlike other methods that are confounded by
changes in FFM composition during growth and development (e.g., body density, body water, bioelectrical
impedance [BIA], and anthropometry), DXA estimates
of bone mineral, soft tissue, and fat are not greatly
affected by the hydration level of FFM. Theoretical
analyses in adults [28] and in children from infancy to
10 years of age [29] have shown that the typical variation in FFM hydration affects DXA estimates of percent
fat by less than 1% during growth and development.
The disadvantage of DXA is the variation in hardware
and software over the past 10 years, rendering much of
the past research out of date.
Ellis et al. [30] have developed reference models for
children and adolescents using DXA in a population of
black, white, and Hispanic children from 5 to 19 years
of age. In general, their results confirm older estimates
of FFM and FM by Fomon et al. [8] and Haschke [31]
using indirect estimates of body composition from the
literature. Sopher et al. [32] recently compared DXA
with a four-component model adjusted for mineral
and water in a large sample of children and adolescents
(N = 411) 6 to 18 years of age. Close average (approximately 1%) agreement was found between methods;
they were highly correlated (R2 = 0.85), and prediction
accuracy was good (SEE = 3.7%). In this sample, DXA
overestimated percent fat in children with more than
30% fat by 3% to 5% and underestimated percent fat in
children with less than 10% fat by 1% to 2%. Because
of the improvement in both hardware and software for
DXA over the past several years, we recommend this
method with the use of the Lunar Prodigy fan-beam
approach in all samples.

T. G. Lohman and S. B. Going

Skinfolds and subcutaneous fat patterns

The use of skinfolds to estimate percent fat and, indirectly, FFM in children and adults is well established.
Many studies as well as national nutrition surveys have
included skinfolds along with height and weight to
better describe changes in body fat with growth and
development. Leading candidates for skinfold sites
include the triceps and subscapular sites as representative measures of extremity and trunk subcutaneous fat
depots. Skinfold norms for many countries have been
developed, defining the 50th, 85th, and 95th percentiles. Secular trends over the past 20 years have demonstrated increases in both median skinfold thicknesses
and the number of children with higher values.
Studies relating skinfolds to whole-body fatness
in children using two-, three-, and four-component
models have shown a prediction error of 3% to 4%
body fat (standard error of estimate), and many equations have been developed to assess body fat from
skinfold measurements [15, 17, 19, 33, 34]. Roemmich
et al. [21] emphasized the need for multicomponent
models as criterion methods for the development of
skinfold equations and found that equations based on
three- or four-component models were more valid than
those based on two-component models, which lead to
a large systematic overestimation (≥ 5%) of body fat.
Additional skinfold formulas have recently been developed using DXA as the criterion method [35].
Given that the relationship between skinfolds and
body fat varies with age, maturation [19, 36], obesity,
and ethnicity [37], there have been few attempts to
develop universal body fat norms derived from skinfolds for children [4]. Using the National Center for
Health Statistics (NCHS) skinfold data for skinfolds
[38], Lohman [4] derived percent fat norms (table 1)
based on converting skinfolds to percent fat using the
Slaughter et al. formula [19]. He showed an increase in
skinfold thicknesses from the National Health Examination Survey (NHES) [38] in 1973 to the National
Children and Youth Fitness Study (NCYFS) [39] in
1985 in children 6 to 16 years of age [4]. Because fat
pattern also changes with age and maturation, so that
truncal fat and abdominal fat increase with age, and
given the association between abdominal fatness and
disease risk factors [40], it is important to estimate
regional as well as total body fatness, especially in
late adolescence [41–43]. Subscapular and abdominal
skinfolds are good candidates for measurement of
truncal fat and need to be included if changes in fat
patterning are to be assessed in a survey. A standardized set of skinfolds and circumferences has been
developed, and research over the past 10 years [44]
has used a more uniform set of procedures to assess
body composition, making skinfolds an important
candidate for both body fat estimates and estimates of
fat patterning with growth. We recommend measuring
triceps, subscapular, and abdominal skinfolds for the
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TABLE 1. Percent fat norms derived from National Health Examination Survey (NHES) skinfold dataa
Malesb
Age
(yr)
6
8
10
12
14
16

Femalesc

50th percentile

85th percentile

95th percentile

50th percentile

85th percentile

95th percentile

Σ2SK

% fat

Σ2SK

% fat

Σ2SK

% fat

Σ2SK

% fat

Σ2SK

% fat

Σ2SK

% fat

12
13
14
14.5
14
14

11.7
12.7
12.7
12.5
11.0
9.0

16
19
24
27
26.5
24

15.6
18.4
21.9
23.6
22.0
18.9

20
28
33
44
39
39

19.6
25.9
28.8
35.0
30.5
29.3

14
16
18
19.5
23.5
25.5

13.5
15.5
17.2
18.5
21.6
23.0

19
25
31.6
34
37.5
42

18.1
22.6
26.5
27.7
30.2
32.6

27
36
43
47.3
52.6
58

23.9
29.4
33.2
35.5
38.4
41.4

a. Norms were derived from National Health Examination Survey (NHES) data for 1963-65 [38] using the skinfold equations from Slaughter
et al. [19].
b. For males, intercept (I) varies with age. For 6- and 8-year-olds, I = –1.7; for 10-year-olds, I = –2.5; for 12-year-olds, I = –3.4; for 14-yearolds, I = –4.4; and for 16-year-olds, I = –5.5. The equation is % fat = 1.21 Σ2SK–0.008 (Σ2SK) 2 + I. For males with skinfolds greater than
35 mm, % fat = 0.783 (Σ2SK) + 2.2 (6- to 8-year-olds), 0.6 (10- to 12-year-olds), or –1.2 (14- to 16-year-olds).
c. For females, % fat = 1.33 (Σ2SK)–0.013 (Σ2SK) 2–2.5 (one intercept for all ages). For females with skinfolds greater than 35 mm, % fat =
0.546 (Σ2SK) + 9.7, for all ages.

International Growth Standard for Preadolescent and
Adolescent Children.
Circumferences

Because intersubject variation in circumferences
reflects variation in muscle, fat, and bone, circumferences have limited utility when applied across a broad
age range including different levels of maturation. Leg
circumference and especially upper-arm circumference, when corrected for individual differences in
subcutaneous fat, are useful for estimating muscle plus
bone cross-sectional area. Since there is greater variation in muscle than in bone, corrected upper-arm area
is a relatively good index of muscle and has been often
used as an index of nutritional status and growth. The
approach has merit, given the importance of describing
changes in different components of body composition
during growth and development. Muscle is the largest
tissue component of FFM, and variation in muscle due
to age, maturation, sex, race or ethnicity, nutrition,
and activity certainly contributes to variation in BMI
and confounds its interpretation as an index of fatness
across different groups.
The waist circumference may be particularly useful,
given the interest in abdominal fatness and its association with metabolic dysregulation and chronic disease
risk [40]. The association is much better established in
adults, although emerging evidence suggests abdominal
fatness is also a risk factor in children and adolescents.
Use of waist circumference as an index of fatness avoids
some of the problems associated with interpretation of
BMI, since variation in waist circumference is expected
to reasonably track variation in fatness. Moreover,
given that the abdominal fat depot (especially visceral
fat) may be particularly labile, assessment of waist circumference may prove beneficial for tracking changes
in fatness due to intervention as well as normal growth
and development. Only limited normative data exist for
children and adolescents [45, 46], and certainly more

work is needed to better define the relationship between
waist circumference, intraabdominal and subcutaneous
fatness, and chronic disease risk factors in children and
adolescents. Nevertheless, given the emergence of waist
circumference as an important anthropometric indicator of disease risk in adults, its inclusion in a growth
study merits serious consideration.
Bioelectrical impedance analysis

Bioelectrical impedance analysis (BIA) is a simple,
relatively inexpensive, and easily portable method for
estimating TBW, FFM, and percent fat in field, clinical,
and laboratory settings. Numerous studies show that
the basic measure, bioelectrical resistance (r), and thus
the derived resistance index (ht2/r), are very reproducible. The resistance index is highly correlated with
TBW and therefore with FFM and gives valid estimates
of both components. The average agreement between
BIA-derived estimates of TBW and FFM and criterion
measures is generally good, and a substantial part of
the disagreement can often be attributed to errors in
the criterion method. However, even in studies with
criterion methods (e.g., DXA) that are relatively unaffected by model error, errors for the individual can be
substantial, and this is a limitation of the method for
screening when individual values matter more than
the population average. The typical single-frequency
tetrapolar electrode arrangement approach assumes
normal hydration and is best applied after an 8- to 12hour fast. Other factors, such as exercise, temperature,
and regional blood flow, which are difficult to control
in the field, can contribute to technical error. The
method is also based on “geometric” assumptions (e.g.,
the trunk, arms, and legs are cylinders) that may not be
equally valid across populations. Although numerous
validation studies have been conducted in children and
adolescents [4, 37, 47], there have been far fewer crossvalidation studies, and there is no consensus regarding
which equations to use in this population. There have
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been very few studies comparing different racial and
ethnic groups, and the effect of race and ethnicity on
BIA estimates of body composition in children and
adolescents remains uncertain. In adults, differences
between black and white men and women have been
clearly demonstrated, and population-specific equations are recommended [48, 49]. The available data in
children and adolescents suggest that racial differences
develop early [1, 50]. The reason for the significant
effect of race on BIA-derived estimates of composition
is not clear. Racial differences in FFM composition are
known to exist that contribute to model error, depending on the criterion method that is employed. However,
even in studies using multiple-component-based criterion methods, racial differences persist [51]. There
are also differences in body proportions (e.g., trunk
and extremity lengths, skeletal widths, and appendicular muscle) that could have a significant effect on
estimation of FFM and percent fat by BIA, since total
body resistance is largely determined by segmental
resistances in the extremities [52–57]. Whether racial
differences in electrical properties exist that contribute
to differences in BIA estimates of body composition is
uncertain, although the work of Schoeller and Luke
[48] in adults suggests it is the composition of excess
weight rather than electrical properties that explains
the racial effect.
Chumlea et al. [58], using the equations of Sun et al.
[59] with data from the National Health and Nutrition

Examination Survey (NHANES) III for weight, stature,
and BIA, estimated TBW, FFM, FM, and percent body
fat for 12- to 19.9-year-old non-Hispanic black males
and females, non-Hispanic white males and females,
and Mexican-American males and females (tables 2
and 3). Estimates of FFM are given in table 2, based
on an assumption of no effect of race or ethnicity on
the relationship of impedance to FFM. In recent work
by Going et al. [51], black female adolescents had 1.7
kg more FFM for a given resistance index and a 3.3%
difference in percent body fat compared with white
and Hispanic female adolescents. The values in tables
2 and 3 are adjusted for this systematic effect. Racial
differences (black versus white) in the BIA to FFM
relationship have also been reported by Schoeller and
Luke [48] and Morrison et al. [50].
Body-mass index

The widespread use of BMI in nutrition and growth
surveys over the last 30 years makes it an important
candidate for a growth survey. Height and weight can
be measured precisely and accurately in large samples
with inexpensive equipment. Both measurements are
noninvasive and can easily be performed in children.
Height is essential to document linear growth with age
and thus is an important part of any survey designed
to obtain normative data. Weight gives additional
information over and above height as an estimate of
growth in mass and thus reflects the sum of muscle,

TABLE 2. Fat-free mass (kg) for children aged 12 to 18 years estimated from bioelectrical impedance using
data from National Health and Nutrition Examination Survey (NHANES) III [58]
Sex

Age (yr)

Non-Hispanic white
–
X
SE

Non-Hispanic black
–
Xa
SE

Mexican-American
–
X
SE

Male

12
14
16

41.8
54.3
57.8

1.0
1.2
1.0

40.9
52.3
55.3

0.9
0.9
0.9

40.3
49.8
53.0

0.9
1.2
0.9

Female

12
14
16

38.1
40.4
41.6

0.7
0.6
0.7

(41.0)
(43.5)
(43.7)

0.5
0.9
0.6

37.3
37.8
40.5

0.6
0.6
0.7

a. Numbers in parentheses are corrected for systematic effect of race (1.7 kg for African-American) on the relationship
of bioelectrical impedance to fat-free mass).

TABLE 3. Percent fat for children aged 12 to 18 years estimated from bioelectrical impedance using data
from National Health and Nutrition Examination Survey (NHANES) III [58]
Non-Hispanic white
–
X
SE

Non-Hispanic black
–
Xa
SE

Mexican-American
–
X
SE

Sex

Age (yr)

Male

12
14
16

18.4
18.4
17.7

1.0
1.2
0.9

19.5
17.8
18.6

1.1
0.9
0.8

22.0
18.8
21.3

1.0
1.1
0.7

Female

12
14
16

24.8
29.1
30.7

1.2
0.8
0.9

(23.6)
(27.6)
(29.3)

0.8
0.9
0.9

28.6
31.8
33.3

0.8
0.7
0.8

a. Numbers in parentheses are corrected for 3.3% difference between African-Americans and non–African-Americans.

S319

Body composition assessment for development of growth standards

bone, organs, and fat. Although weight in relation to
height (BMI) can be used as a measure of under- and
overnutrition, it is especially valuable as a measure of
undernutrition, because at low levels of BMI there is
less variation in muscle, bone, and fat, since all three
compartments have been depleted to arrive at the
low value. Thus, we recommend the use of BMI as an
index of underweight for screening out children who
are malnourished.
In contrast, high levels of BMI can be reached as
a result of varying amounts of muscle, bone, and fat,
and thus one cannot discern the composition of the
increased mass relative to height. Thus, although BMI
is correlated with fatness, it has limited ability to detect
excess adiposity because of its failure to detect obesity
(lack of sensitivity) in 20% to 50% of children who
are obese when measured by more direct methods
[60–66], depending on the BMI cutoff points used to
define obesity. In support of this point, Siervogel et
al. [60] have documented the change in FFM and FM
in relation to height as a function of maturation and
leg and trunk length in the data collected in the Fels
Longitudinal Study. They clearly show that variation
in the relation of FFM to height increases BMI with
age independently of adiposity. Thus, any survey of
growth and development needs to include additional
measurements along with height and weight to estimate
both FM and FFM as a function of age and derive FM
and FFM indices to monitor their contributions to
overall BMI.
Racial and ethnic differences in the composition of
weight per unit height also confound interpretation of
the BMI. Several studies have shown significant racial
or ethnic differences in body composition, especially
in bone and muscle mass. For example, Cohn et al. [61]
found that total body potassium and calcium were 5%
to 10% higher in black women than in white women,
indicating greater muscle mass and bone mass in blacks
per unit of height. Similar findings have been reported
in children and adolescents. For example, Novotny et
al. [62] recently reported differences in body composition between Asian girls and other groups that persisted after adjustment for differences in maturation,
and Going et al. [63] showed that these differences
translated into differences in the relationship between
BMI and percent body fat. Thus, population-specific
percentiles of BMI for children of different ages and
sexes are likely to be needed for screening in a study
including different racial and ethnic groups.
Fat and FFM indices

The use of FFM/ht2 (FFMI, fat-free-mass index) and
FM/ht2 (FMI, fat-mass index) are derived in a fashion
analogous to BMI, has been proposed as an alternative
to BMI when estimates of FFM or FM are available.
Hattori et al. [64] first proposed these indices to adjust

FM and FFM for size (height) as a better method for
evaluation of growth in children. Work by Wells [65]
and Maynard et al. [66] further supports the validity of
this approach. Siervogel et al. [60] have clearly shown
that changes in FFM/ht confounded interpretation of
BMI in adolescents, especially around the time of peak
height velocity (PHV). Thus, we recommend some
method to separate FM from FFM, in addition to BMI,
so that FM index and FFMI can be used as part of the
body composition assessment [67, 68].
Bone density

Bone density (g/cm2) can be assessed by DXA in growing children. The recent work of Horlick describes bone
growth in children from 6 to 18 years of age. Prediction
equations are given to estimate bone density from age,
weight, and height [69]. We recommend that bone
mineral density values be assessed by DXA in children
of all ages.
Multicomponent model

The use of three- or four-component models to assess
body composition in children represents the optimal
approach, since the need for assumptions regarding
FFM chemical compositions, and thus model error, are
minimized. A summary of multicomponent models
was recently published by Wang et al. [70]. The model
proposed by Lohman and Going [71] has been widely
used in research with children:
% fat = (2.749/Db – 0.714 TBW/BW + 1.146 M/BW
– 2.0503) × 100
where M is total body mineral, BW is body weight,
TBW is total body water, and Db is body density. If
the multicomponent model calls for bone mineral
rather than body mineral (Mo), such as the equation
recommended by Withers et al. [72], then DXA bone
mineral content can be used without conversion to
body mineral:
% fat = (– 0.739 TBW/BW + 0.947 Mo/BW
– 1.790) × 100
Use of these models is generally accepted as the
most valid approach for assessing body composition,
because these models involve fewer assumptions
since body water, body density, and bone mass (from
DXA) are measured directly. However, they require
additional expense and technical expertise, since
more components must be measured, and they are
susceptible to increased technical error that can overwhelm the improvement in model error. In practice,
the expense and added burden of a four-component
model may not be practical for the present purpose. Thus, we recommend DXA (based on a threecomponent model) instead of the more burdensome
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four-component model, which provides simultaneous
estimates of FM and FFM as well as bone mineral mass
and bone density.

 MALE STANDARD




Screening and selection of a healthy sample
The definition of a healthy sample for an international
growth standard can be based on percent body fat to
establish cutoff points for both underweight and obesity. At any age, values between 25% and 35% for boys
and between 30% and 40% for girls represent ranges
for exclusion at the upper range of fatness. An exact
point above 25% for boys and above 30% for girls
that would indicate an unhealthy condition and thus
should be an exclusion criterion is difficult to define.
We suggest 30% for boys and 35% for girls, since these
levels have been associated with elevated risk factors
for cardiovascular disease in boys and girls aged 6 to
18 years [73].
Similarly, for the underweight sample (which we
define as underfat and likely to be malnourished), body
fat at a given age can be used to establish a cutoff point
for exclusion based on excessively low body fat. There
is general agreement that body fat below 5% to 10% for
boys and 12% to 18% for girls is unhealthy. We recommend using height (third percentile based on Centers
for Disease Control and Prevention [CDC] norms for
age and sex) in combination with percent fat (below 7%
for boys and 15% for girls) to define the cutoff point
for underweight.
Early standards for body fatness in children and
youths were based on skinfold thicknesses and percentiles from the NHANES national probability samples.
With the development of skinfold equations based on
multicomponent models [15, 19] and age-adjusted
equations for estimating body density [44, 73, 74],
valid estimates of percent body fat in children could be
derived from skinfold measures. Using this approach,
we compared the percent body fat at different skinfold
percentiles for boys and girls of various ages (table 1
and fig. 1). On the basis of these results, it is clear that
the percent fat value corresponding to the 85th percentile of skinfold thickness for 6- to 8-year-olds (fig. 1)
is considerably below the cutoff point of 25% for boys
and 32% for girls that has been shown to be related to
disease risk factors [73]. Thus, percentile of skinfold
thickness is not an appropriate measure of obesity until
a child is at least 10 years old.
More recently, health-related fatness standards have
been developed that are derived from the relationship between body fatness and cardiovascular disease
risk factors in children and adolescents [73]. In the
long-running Bogalusa Heart Study, Berenson and
colleagues [75] have shown that large skinfold thicknesses are related to higher blood lipids, lipoproteins,
and blood pressure and impaired glucose tolerance in
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FIG. 1. Percent fat corresponding to the 85th percentile of
skinfold thickness based on National Center for Health Statistics (NCHS) data [38]

children and adolescents. This study has provided a
wealth of data that relate body composition in youths
to the early development of cardiovascular risk factors
[75–79]. Using the blood lipids and skinfold data from
a subsample of 1,667 males and 1,653 females aged 5
to 18 years, Williams et al. [73] used age-adjusted, sexand race-specific equations to estimate percent body
fat from skinfold measurements and to assess the relationship between percent body fat and risk factors for
cardiovascular disease. In this analysis, children were
grouped by body fat (5% intervals) and odds ratios
were calculated for each group (against the lowest-fat
group) that reflected the risk (odds) of elevated total
cholesterol, unfavorable serum lipoprotein ratios, and
elevated systolic and diastolic blood pressure (fig. 2)
[73]. Boys with greater than 25% body fat and girls with
greater than 30% body fat had significantly increased
risk for higher levels of adverse lipoprotein ratios and
elevated blood pressure compared with their leaner
counterparts (fig. 2). Sardinha et al. [80] have summarized cutoff points for percent fat from several other
studies in the literature spanning the period from 1992
to 2001 and have shown general agreement with the
findings of Williams et al. [73].
The results of Williams et al. [73] became the basis
for standards setting the healthy range of body fatness
at 17% to 32% for girls and 10% to 25% for boys (figs.
3 and 4). Table 4 shows BMI and skinfold values corresponding with these standards that can be used to
identify children above or below the healthy body fatness range. These values were established for skinfolds
using the equations of Slaughter et al. [19] to give the
equivalent skinfold values (triceps plus subscapular,
or triceps alone). To find the equivalent BMI, the
percentiles for the sum of triceps and subscapular
skinfolds and for BMI were calculated from NHANES
II data. The BMI at the same percentile as the sum of
two skinfolds is shown in table 4 as the cutoff point for
boys (25% fat) and for girls (32% fat).
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FIG. 2. Association of body fatness with cardiovascular risk factors (blood lipid and blood pressure from the results of Williams et al. [73] and Lohman [4]
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FIG. 3. Fitnessgram health-related body composition standards for girls based on results of Williams et al. [73], with BMI
cutoff points equivalent to 32% fat and 17% fat
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FIG. 4. Fitnessgram health-related body composition standards for boys based on results of Williams et al. [73], with BMI
cutoff points equivalent to 25% fat and 10% fat
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TABLE 4. Percent fat standards for children and adolescents with corresponding cutoff points for
body-mass index (BMI) and skinfolds

Age (yr)

% Fat

Triceps and calf
(subscapular)
skinfolds (mm)a

Males
10
11
12
13
14
15
16
17

10–25
10–25
10–25
10–25
10–25
10–25
10–25
10–25

12–33 (30)
12–33 (30)
12–33 (30)
12–33 (30)
12–33 (30)
12–33 (30)
12–33 (30)
12–33 (30)

7–19
7–19
7–19
7–18
7–18
7–17
7–17
7–16

15.3–21.0
15.8–21.0
16.0–22.0
16.6–23.0
17.5–24.5
18.1–25.0
18.5–26.5
18.8–27.0

Females
10
11
12
13
14
15
16
17

17–32
17–32
17–32
17–32
17–32
17–32
17–32
17–32

20–44 (38)
20–44 (38)
20–44 (38)
20–44 (38)
20–44 (38)
20–44 (38)
20–44 (38)
20–44 (38)

10–24
10–24
10–24
10–23
10–23
10–23
10–22
10–22

16.6–23.5
16.9–25.0
16.9–24.5
17.5–24.5
17.5–25.0
17.5–25.0
17.5–25.0
17.5–26.0

Triceps skinfold
(mm)

BMI

a. Values in parentheses are the sum of triceps and subscapular skinfolds.

A potential limitation of this approach is the dependence of percent fat on FFM, the requirement of an accurate method for estimating fat or FFM, and uncertainty
in cutoff points for different racial or ethnic groups.
Four-compartment models are ideal for estimating
composition in very heterogeneous samples but may
not be practical for the present purpose. Conversion
factors representing the average hydration of FFM
are reasonably well established, and estimation of
FFM from TBW across groups is probably accurate, if
application of dilution methods proves feasible. DXA is
based on a three-component model that adjusts for variation in the mineral fraction of FFM and is relatively
unaffected by the typical variation in body water. DXA
also has the important advantage of giving regional
as well as whole-body estimates of composition. The
FMI (fat, kg/ht2) may avoid some of the limitations
of percent fat and deserves to be explored. However,
we know of no studies linking FMI with disease risk
factors in children and adolescents, and therefore we
cannot recommend cutoff points for screening at this
time. In contrast, in the analysis by Williams et al. [73],
associations between composition and risk factors were
similar (within sexes) in black and white boys and girls
across a broad age range (6 to 18 years) when composition was defined as percent fat.
Recommendations for screening out obese children

We have shown that boys with percent body fat above
25% and girls with percent body fat above 32% are more

likely to have elevated (relative to their peers) cardiovascular risk factors. We recommend that percent body
fat values above 30% for boys and 35% for girls be used
as the cutoff points for obesity. Boys with an estimated
triceps skinfold thickness of 22 mm and girls with an
estimated thickness of 27 mm would be screened out
of the survey. BMI cutoff points for age corresponding
to 30% fat (boys) and 35% fat (girls) can also be used,
although the triceps skinfolds approach is preferred.
The BMI will be slightly higher than those used in the
Fitnessgram standards (table 4) and those proposed by
various norms if 30% and 35% fat are the final cutoff
points selected for boys and girls, respectively.
Recommendations for screening out underweight
children

Girls with less than 15% fat and boys with less than 7%
fat are at greater risk for being underweight. We recommend that all children whose height is below the third
percentile (CDC norms for age and sex) and with estimated body fat below 15% for girls and 7% for boys be
excluded from the survey. For girls, 15% fat corresponds
to a triceps skinfold of 9 mm, and for boys 7% fat corresponds to a triceps skinfold of 5 mm. BMI cutoff
points for age and sex corresponding to 15% and 7%
fat can also be used to screen out underweight children,
although triceps skinfold measurements are preferred.
There are no published studies comparing the sensitivity and specificity of these proposed cutoff points
with those of more direct indicators of underweight.
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