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ABSTRACT

Pediatric obesity continues to be a major public health concern in the United
States, with well-known short-term and long-term consequences. In efforts to combat
pediatric obesity and identify children at high-risk for potential health problems,
physicians and health professionals widely practice screening and classifying weight
status using age-and-sex-specific body mass index (BMI) percentiles. However, some
studies suggest the use of BMI for establishing weight status in relation to health risk in
youth is problematic, especially during the period of the adolescent growth spurt. More
importantly, maturation-related misclassification may result in overestimations of
overweight prevalence among early-maturing youth, and underestimations of overweight
prevalence among later-maturing youth.

Longitudinal data from 646 youth whose body mass and stature were measured
from ages 8-14 during school health screenings were used for analysis. Age-and-sex
specific BMI percentiles were calculated, and weight status was determined based on
CDC growth charts. Height velocities (i.e. growth rates) were calculated to determine
somatic maturity (biological age) based on age at peak height velocity. Overall, growth in
stature, body mass, and BMI was described amongst weight status categories, while
weight categorization was compared using standard procedures versus an approach
adjusted for maturation.

As expected, children get taller and heavier with age, and significant differences
in growth rate exist according to weight classification. Overall, 8.5% of children were re-

classified into a lower weight category, with 22 (30.6%) overweight or obese boys and 14



(20.3%) overweight or obese girls reclassified into a lower weight category when
adjusting for maturation.

Children grow and mature at different rates, and while the overall effects of
maturational adjustment are relatively small, it should be considered when assessing
adolescents in particular. Weight status assessments should be modified during the age

range when maturational events occur.
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CHAPTER 1

Introduction
Obesity continues to be a major public health issue in the United States [1], given

that it increases chronic disease morbidity [2] and mortality [3], including cardiovascular
disease [4], type 2 diabetes [5], and certain cancers [6]. The recent estimate of the adult
obesity prevalence was 42.4% in 2018 [7]. Obesity now accounts for 18% of deaths
among Americans ages 40-85 years [8], which means it is comparable in severity to
cigarette smoking as a public health hazard [9]. In addition to the serious health
consequences, there are also substantial economic losses associated with obesity [10].
Economic losses arise from direct costs (e.g., increased medical spending per capita
through outpatient and inpatient health services), as well as indirect costs (e.g.,
absenteeism, presenteeism, and higher insurance premiums) [11, 12]. In 2008, annual
obesity-related medical costs totaled an estimated $147 billion [13]. The magnitude of
this economic and societal burden, alongside the huge toll that excess weight takes on
health and well-being have raised awareness that individuals, communities, and states
must increase efforts to reverse the current trends in obesity.

Obesity not only affects adults, but children are also significantly impacted. Since
1990, the incidence of pediatric obesity has increased by 85% [14], with a current
prevalence rate of 19.3% for 2-19 year-old children and adolescents [15]. Childhood
obesity tracks into adulthood [16-20] and is associated with the premature development
of chronic diseases (i.e., cardiovascular disease, diabetes) [21-24]. For most chronic

diseases resulting from obesity, the risks depend partly on the age of onset and the



duration. Thus, obese children are more likely to remain obese into adulthood [17, 19, 25,
26], which increases the risk of premature death and disability [27]. Clearly, obese
children and adolescents suffer from both short-term and long-term health consequences.

The American Academy of Pediatrics emphasizes the importance of routine
assessment and recognition of excessive weight gain relative to linear growth in stature
throughout childhood [28]. To prevent pediatric obesity and identify children at increased
risk, many physicians and health professionals practice screening and classifying weight
status [29]. Weight status classification is determined through simple anthropometry,
which is the assessment of stature (i.e., standing height), and body mass (i.e., weight).
These measures are then used to calculate the body mass index (BMI) by dividing body
mass in kilograms by the square of stature in meters (kg/m?) [30]. A child’s weight status
is then determined according to age-and-sex specific percentiles for BMI.

However, it is important to note that the BMI is not a diagnostic tool [31] and
some experts acknowledge that the BMI is not a perfect measure of excess adiposity [32].
Due to age-related growth patterns and sex differences in body fat, there are precautions
associated with using the BMI in children and adolescents [31, 33, 34]. BMI may not
have the same relationship with body fatness in all demographics, and maturation-related
misclassification may result in overestimations of overweight prevalence rates among
early maturing youth, and underestimations among later maturing youth [35, 36].
Research suggests the use of BMI for establishing weight status in relation to health risk
in youth is problematic, especially during the period of adolescence, and specifically,

peak height velocity when stature changes dynamically [37]. The problems associated



with using BMI during adolescence were recently highlighted in a study by Gillison et
al., [38] where weight classification was adjusted based on maturity status. The results
indicated 32% and 15% of overweight girls and boys, respectively, were classified as
overweight based on chronological age, but normal weight based on biological age. In
addition, 11% of girls and 8% of boys classified as obese by BMI percentile were
reclassified as overweight when maturity status was accounted for. Overall, this study
found early maturing youth were almost five times more likely to be reclassified from
overweight to normal weight than the ‘on-time’ maturers [38].

The pattern of anthropometric changes with age is generally similar in all
children, but the size attained at a given age and the timing of maturational events vary
considerably from child to child due to various factors. As a result, BMI changes
substantially as children age due to stature and body mass changes during growth,
development, and maturation [39-43]. There are normal age-and-maturity related
increases in body fat during puberty; thus, it is likely that early maturing youth can be a
normal weight at a higher BMI than their later maturing peers [38]. Since early-maturing
youth may be at an increased risk of being misclassified for overweight, which in turn
could be detrimental to their social and emotional well-being, they represent a susceptible
group with whom health professionals should be particularly careful to minimize the
potential unintended consequences of misclassifying weight status.

The purpose of the current investigation is to describe growth and maturity

characteristics of 8-14 year-old boys and girls in a longitudinal study from a Midwestern



Nebraska community, with special attention on the role of biological maturity in the
classification of weight status.

Primary Aim:

The primary aim of this investigation is to compare the weight categorization of a cohort
of children using standard procedures (i.e., comparing BMI to age-and-sex specific CDC
reference data) versus an approach adjusted for maturation status (i.e., relative to
biological age instead of chronological age).

Secondary Aim:

The secondary aim of this investigation is to determine the growth rate of stature
(cml/year), the growth rate of body mass (kg/year), and the growth rate of BMI
(kg/m2/year) among children classified as normal weight, overweight, or obese at age 12
years. Specifically, yearly anthropometric changes for ages 8 to 14 years were calculated

and compared between weight classifications.



CHAPTER 11

Review of Literature

Obesity Prevalence
Due to the significant increase in adult obesity rates over the last few decades

[44], obesity has grown to epidemic levels and has emerged rapidly as a serious public
health challenge [1, 45]. Obesity is a complex disease [46] involving an excessive
amount of body fat, is largely preventable, and greatly increases the risk of chronic
disease morbidity [2] —namely depression [47], cardiovascular disease [4], type two
diabetes [5], certain cancers [6], and overall mortality [3, 48]. Globally, overweight and
obesity currently affect over a third of the world’s population [49, 50]. If trends in obesity
remain consistent, by 2030 it is estimated 38% of the world’s adult population will be
overweight, and another 20% will be obese [51]. Specifically within the United States,
projections based on secular trends also indicate over 85% of adults will be overweight or
obese by 2030 [52]. More importantly, obesity rates have shown to continually climb
among youth [14], as the percentage of children and adolescents affected by obesity has
more than tripled in the United States since the 1970°’s [53]. Furthermore, since 1990,
childhood obesity incidence has increased by 85%, with the current prevalence at 19.3%,
which translates to 14.4 million 2-19 year-old youths [15]. A closer evaluation of age
groupings demonstrates obesity prevalence is approximately 13.4% among 2-5 years,
20.3% among 9-11 years, and 21.2% among youth 12-19 years old [15].

Studies identifying the health risks associated with childhood obesity indicate that

many bodily systems are negatively impacted [47, 54-60]. Childhood obesity can result in



hypertension and high cholesterol, which are risk factors for cardiovascular disease [61].
Childhood obesity may result in increased risk of impaired glucose tolerance and insulin
resistance, which can progress into type two diabetes [22, 62]. Lastly, childhood obesity
also creates risk for a variety of conditions, such as sleep apnea [63], asthma [64, 65],
orthopedic complications (e.g., joint problems, musculoskeletal discomfort, mobility
impairment) [55], non-alcoholic fatty-liver disease [66], gallstones [67], and gastro-
esophageal reflux [68]. It even presents risk for psychological conditions such as
depression and low self-esteem, behavioral problems, issues in school, and an overall low
self-reported quality of life [47, 59, 69].

An important question to address about obesity in childhood is whether it is a
fleeting or persistent health problem. It is acknowledged that children grow and mature at
different rates [39-42], and a brief period of obesity may be no reason to worry; however,
if obesity does become persistent, that is, firmly established and difficult to reverse, it can
lead to the health concerns that manifest in adulthood [70, 71]. Findings from several
studies have indicated weight status is established at early ages [72-74]. This means
obesity in childhood can be difficult to reverse [20, 75], and children with obesity do not
always reach a normal weight status [76]. In three U.S. metropolitan areas, it was found
65% of fifth graders with obesity retained their weight status through tenth grade [77].
Among children with an early onset of obesity, the majority were affected by persistent
obesity regardless of sex, race, ethnicity, and socioeconomic status [70]. Obesity with
onset during preschool or elementary school years is generally not a transient

phenomenon, but one that can be a warning sign for long-term obesity, at least into



adolescence [70]. Evidence suggests a child’s growth and maturation play a key role in

their body composition and weight status [35, 78-91].

Anthropometry
To prevent pediatric obesity and identify children at increased risk, many

physicians practice screening and classifying weight status [29]. Anthropometry is set of
standardized techniques for methodically collecting measurements of the body, which
involves carefully identifying bodily landmarks, specific subject positioning, and using
appropriate instrumentation [37]. Through anthropometry health professionals are able to
assess weight status, body composition, and follow growth. Stature and body mass are the
two most often used measurements to assess growth. Stature, or standing height, is a
linear measurement of the distance from the floor or standing surface to the top of the
skull, and is measured in an upright posture without footwear. Body mass is a compound
measurement of independently varying tissues like bone, muscle, and adipose, and is
measured by a weight scale.

In addition to providing specific information, stature and body mass
measurements can be related to one another to form a ratio. Ratios are influenced by two
dimensions of the body, and the two dimensions are assumed to change in a linear
manner [37]. The ratio between stature and body mass is most often expressed in the
form of the body mass index (BMI). Body mass index is calculated by body mass in
kilograms, divided by the square of stature in meters (kg/m?) [30]. BMI is the most
commonly accepted index for classifying adiposity in adults [31]. It is important to

remember that BMI is a screening tool, and not a diagnostic tool [31], because it is only a



proxy measure of body fatness. Yet, it relates reasonably well to total-body fatness and
lean tissue mass of the body measured by skinfold thickness and hydrostatic weighing
[92-94].

For children, BMI is age-and-sex specific. BMI changes substantially as children
age due to stature and body mass changes during growth, development, and maturation
[39-43]. Weight status is determined using age-and-sex specific percentiles for BMI, to
express anthropometry relative to other children of the same age and sex. Classifications
according to BMI percentiles are determined as underweight (<5™ percentile), normal
weight (5"-84.9™ percentile), overweight (851-94.9" percentile), and obese (>95™
percentile) [31, 95, 96]. BMI-for-age allows health professionals to plot a measure of
stature and body mass with age on the same chart, and is consistent with the index used
for adult classification. BMI-for-age can be used continuously from 2 years of age into
adulthood and to track body size throughout the life cycle. This is important because
BMaI-for-age in childhood is a determinant of adulthood BMI [18, 97, 98]. Finally, BMI-
for-age compares reasonably well with both weight-for-stature measurements and
correlates with subcutaneous and total body fatness in youth [31, 99]. Overall, BMI is a
useful but imperfect proxy indicator of fat mass and subsequent health risk [100, 101];
still, its wide use among health professionals stems from its cost effectiveness and
practicality.

Growth Charts (CDC)
Through the scientific study of anthropometry, the present day growth charts for

the United States were developed with data collected by the National Center for Health



Statistics using five cross-sectional, nationally representative health examination surveys
spanning from 1963-1994 [102]. These surveys are known as the National Health and
Nutrition Examination Survey (NHANES) conducted by the Centers for Disease Control
and Prevention. Supplemental data was also incorporated from various scholarly sources
such as the Fels Longitudinal Study, which is the longest running study of growth,
maturation, and body composition in a sample of youth [103]. Complex, multistage, and
stratified sampling procedures were used in selection to compile a sample which
represented the noninstitutionalized civilian population of the United States [102]. A
large number of children were included so the extreme percentiles (i.e., 5™ and 95)
could be obtained by observation rather than estimation. All surveys consisted of a home
interview and a physical examination of stature and body mass. The measurement
procedures were consistent with the published recommendations for standardized
anthropometric techniques [104], and age was recorded at the time of examination [102].
The data collected from these examinations are referred to as reference data. It is
presented in the form of several curves representing different percentiles to fit the range
of normal variability among children of the same age and sex. [37]. Data in the form of
growth curves are solely a comparison for screening individuals or groups. These data are
collected from a representative sample of clinically normal children and adolescents free
from overt disease at the time of measurement. From this, the values are not necessarily
ideal, normal, desirable, optimal, or the standard. Reference data indicate the statures,
body masses, BMI’s, and respective percentiles of children at different ages as they

currently are, rather than what they should be. Although, while in use, the percentiles are



generally accepted as indicating the normal range of variation. For body mass, the
circumstances are somewhat different due to the concern of increasing obesity prevalence
in American youth [37]. Stature-for-age, weight-for-age, and BMI-for-age are all useful
in evaluating the growth status of individual children, as well as in a sample of children.
If a child is followed over time, their position on the growth charts can be noted. In using
distance curves, the size attained by a child is evaluated relative to the growth data

collected.

Childhood Growth and Maturation
The process of ‘growing up’ is the major event of young people in the first two

decades of life. Growing up includes both physical growth and maturation, alongside
cognitive and socio-cultural development. Specifically, biological growth is defined as a
multi-factorial process that occurs due to a combination of hyperplasia (i.e., increase in
number of cells), hypertrophy (i.e., increase in size of cells), and accretion (i.e., gradual
accumulation through hyperplasia and hypertrophy) [105]. Simply stated, growth is the
increase in size of the body or its parts. Growth during childhood and adolescence is
controlled by many factors like genes and hormones, with a main role of the growth
hormone, insulin-like growth factor-1 (IGF-1), thyroid hormones, and sex steroids [106,
107]. Several lines of evidence also support a major role of nutritional status in
influencing childhood growth, as clearly supported by the association between short
stature and malnutrition [108], as well as tall stature and overnutrition [109].

Maturation is defined as a series of biological events that progress toward and

eventually end in a state of full maturity. The concept of maturation is operational, due to

10



the physiological processes that occur within the body cannot be measured directly.
Growth and maturation are two terms that are often used synonymously and it is
important to note that they are related, but separate constructs. Every human varies in the
level of maturity attained at a given point in time (maturity status at a given age), in
timing (when maturational events occur), and in tempo (rate of maturation) [39, 40, 43,
110]. The biological processes of maturation relate chronological time to biological time.
Humans use chronological time to assess age, which is simply the number of years,
months, and days alive since birth. While biological age is how old the body seems based
on a number of physiological factors. A child’s rate of biological maturation does not
always proceed simultaneously with the calendar. Variation in biological age can be seen
within a group of youth of the same chronological age and sex, as some children are
biologically ahead of their chronological age, and some are biologically behind.
Measurements of maturity vary according to the biological system that is examined. The
most commonly used indicators of biological maturity in postnatal growth studies
examine the skeletal system, reproductive system, and anthropometric growth patterns
[37].

Examining the skeletal system (i.e., skeletal maturation) is suggested to be the
best method of assessment for biological maturity [111]. Prenatally all children begin
with a skeleton of cartilage, and fully develop a skeleton of bone by early adulthood. The
skeletal structure of all humans progresses from cartilage to bone, so both the beginning
and end points are known with this method. The skeleton is an ideal gauge of maturity

because its maturation spans the entire period of growth. The rate at which the skeleton

11



progresses from cartilage, to initial bone formation, to shaping of bone, and eventually
into adult structure varies among bones within an individual, as well as among
individuals [37, 112].

Sexual maturation begins with the sexual differentiation of an embryo, through
the end of puberty to full sexual maturity and fertility [37]. Assessing sexual maturity in
growth studies is based on secondary sex characteristics, which are external indicators of
sexual maturity at a given point in time [113]. These characteristics are breast
development and menarche in girls, genital development in boys, and pubic hair for both
sexes. Using secondary sex characteristics as indicators of maturity status and progress is
limited to the pubertal phase of growth and development; thus, these indicators have
limited applicability over the total course of growth [37, 114].

Both skeletal and sexual maturity are fairly invasive and impractical maturity
assessment techniques. Because of this, the majority of studies use indicators of visible
growth (i.e., somatic maturity/growth of the body). Somatic maturation can be measured
using longitudinal anthropometric data that span into adolescence. Growth curves contain
several parameters that provide information about maturity. There are two primary
parameters, being takeoff, or initiation of the adolescent growth spurt, and peak height
velocity, or maximum rate of growth during the spurt [37]. The inflection in the growth
curve that signifies the adolescent growth spurt can be used to derive indicators of
maturity such as age at onset of growth spurt, and age at peak height velocity (APHV)

[108]. APHV is the most commonly used indicator of somatic maturity. Similarly, if

12



adult height is accessible, or can be estimated, the percentage of adult size attained at
different ages throughout growth can also be used as a maturity indicator [115].

Longitudinal data are required to obtain precise information about growth and
maturation patterns [116]; therefore, if a child were to be tracked over time, it would be
noted the course of childhood growth in both stature and body mass from birth to 18
years of age follows a four-phase pattern. Growth begins with rapid gain in infancy and
early childhood, steady gain during middle childhood, another period of rapid gain during
adolescence, and finally slow gain until cessation with the attainment of adult size [37,
40, 43]. During infancy and early childhood, or the first three years of life, children tend
to change positions on growth charts [117, 118], as the greatest gains in stature and body
mass are seen. Crossing percentiles of stature and body mass is common in infancy and
early childhood, as it reflects individual differences as each child moves toward their
genetically determined growth percentiles.

During middle childhood around the ages of 6-12, growth becomes canalized,
meaning following the same trajectory [37]. Children during this time will typically grow
around 5-8 centimeters per year and will generally stay in the same percentile range
[119]. In addition to stature gains, children will also gain about 4-10 pounds per year,
increasing a little more every year from 6-10 years of age [119]. Conversely, steady
growth is not seen during adolescence, as a child’s position on growth charts often
changes because of individual differences in the timing, tempo, and magnitude of the
adolescent growth spurt and sexual maturation [37]. Once the spurt is complete, growth

gradually slows down until full maturity and adult stature has been reached.

13



As many know, puberty is the main physiological event in human growth and
maturation. Puberty is the transitional period between childhood and adulthood, and the
appearance of secondary sex characteristics and the adolescent growth spurt are its most
visible manifestations [120]. Puberty begins with the activation of the hypothalamic-
pituitary-gonadal axis and ends with the attainment of reproductive capability and the
acquisition of adult body composition [121, 122]. Usually there is a slowing of growth
rate in stature prior to initiation, or take off, of the adolescent growth spurt [43]. Once
youth enter their growth spurt, rates of growth in both stature and body mass accelerate.
Typically, pubertal growth consists of a phase of acceleration that will eventually reach a
maximum rate, followed by a phase of gradual deceleration, and then finally cessation of
growth with the closure of the bone epiphyses [120]. Boys on average tend to be slightly
taller and heavier than girls; however, during the early period of the growth spurt, girls
are temporarily taller and heavier because of their earlier onset. For girls, their spurt
begins around 9 or 10 years of age, peaks around 12, then ceases around 16. For boys,
their spurt begins around 10 or 11 years of age, peaks around 14, then ceases around 18
[37]. According to the Centers for Disease Control and Prevention, based on the 50t
percentile of youths, the onset of the adolescent growth spurt for girls occurs

approximately around 11 years of age, and for boys around 13 years of age [123].

Growth and Maturation of Obese Children
The rising problem of childhood obesity has stimulated a growing interest in the

relationship between body composition and the timing and tempo of puberty [124].

Although the biological mechanisms remain poorly understood [125], there is a growing

14



body of literature which seems to suggest a complex bidirectional causal relationship
between early onset of puberty and obesity in females. A number of studies have shown
that during pre-pubertal years, obese children present a higher growth velocity and
accelerated bone age compared to lean subjects [126, 127].

Specifically for girls, the “critical weight hypothesis’ developed by Frisch (1970)
states a certain amount or percentage of body fat is needed for the onset of menarche
[82]. Most recently, data from a longitudinal school-based nationally representative
sample in the United States found early maturing girls were almost twice as likely to be
overweight than average-maturing girls [78]. It is purported that subcutaneous fat tissue
acts as a secondary hormonal gland and adipose tissue influences the synthesis and
release of hormones [81, 82, 128]. Rapid early weight gain has been linked to elevated
insulin-like-growth factor-1 concentrations and insulin resistance, elevated adrenal
androgen concentrations, exaggerated adrenarche, obesity, and consequently elevated
concentration of hormones such as leptin [129]. It has been suggested that these factors
could promote the activity of the gonadotropin-releasing hormone pulse generator,
thereby influencing the timing of puberty, specifically menarche [130]. Other studies in
this field have described similar results showing the additive effects of pre- and postnatal
growth on timing of menarche [131-133].

In contrast, the relevance of early life risk factors for pubertal timing in boys in
unclear, mainly because there is no major pubertal milestone. Age at menarche is one of
the most significant pubertal milestones in a woman’s life, and in comparison there is no

corresponding event in boys. In fact, European studies have shown obesity is associated

15



with earlier puberty and voice break [134-138], while American studies have reported the
opposite in that obesity is associated with delayed puberty in boys [139-142]. However, a
large study following a birth cohort of approximately 7000 children from 1997, has
suggested that infant weight growth may be associated with earlier pubertal onset even in
boys [91, 143].
The Problem with Anthropometry

No objective measurement of anthropometry is perfect and most measures of a
child’s weight status fail to account for individual differences. Currently there are a
multitude of BMI surveillance and screening programs utilized worldwide and provide
data for monitoring population-level obesity; however, providing data as feedback has
resulted in little retainment of weight management support [144], and has even isolated
parents who were either angry or disbelieving of the information provided [144-146].
Research seeking the source of parental anger and rejection of objective anthropometry of
their children has found that parents fear the risk of harm to their child’s health and well-
being is greater from labelling them as overweight (e.g., in undermining self-esteem and
triggering eating disorder symptomology) than it is from physically being overweight
[144-148]. More importantly, parents have argued the validity of BMI percentile
assessments when children approach the stage of puberty [145]. The main argument
posed by parents is that judgements of weight status which do not account for relative
differences in pubertal development are not valid [145].

There is reliable evidence that an earlier onset of puberty is associated with

greater risk of obesity, and thus the two may be somewhat conflated. Researchers have
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also raised the question of whether it is appropriate to judge weight status based on BMI
during puberty, when some increase in body fat is normal and healthy [149, 150].
Additionally the use of BMI-for-age for establishing weight status in relation to health
risk in children has shown to be problematic, especially during the period of peak height
velocity [38]. Work with DXA (dual-energy x-ray absorptiometry) scans to provide
accurate measurements of body fat demonstrate a considerable normative increase in fat
mass around the trunk region in both boys and girls in the lead up to the period of peak
height velocity (i.e. the main event of puberty) regardless of physical activity and dietary
intake [151, 152]. In summary, BMI for-age does not account for maturational status,
which is a very critical shortcoming and should be considered when using BMI
percentiles to screen children’s weight status and possibly incorrectly label them as
overweight or obese.

In order to determine the impact of adjustment for maturity status on population
estimates of obesity, and the misclassification of risk for children who are advanced in
maturity, Gillison et al. examined a cohort of 9-11 year old youth [38]. Comparisons
were made of BMI against chronological age-matched and sex-matched reference charts,
versus when estimated using reference charts matched to their biological age [38].
Maturity status was calculated by non-invasive means using the Khamis-Roche method
[115]. The Khamis-Roche equation is based on the percentage of predicted adult stature
that a child had attained at time of measurement. This method showed that among youth
of the same age, those who were closer to their mature/adult stature were more advanced

in biological maturity. This equation predicted adult stature from a child’s age, stature,

17



body mass, and mid-stature of the biological parents [115]. Their results showed when
BMI percentile was adjusted for maturation, there was a decrease in the proportion of
youth classified as overweight (12.5% to 10.6%) and obese (12.5% to 11.8%). Overall,
11% of overweight or obese boys and 22% of overweight or obese girls were re-classified

into a lower weight category [38].

Purpose and Aims of the Study
Since early maturing youth may be at an increased risk of misclassified for

overweight, which in turn could be detrimental to a child’s social and emotional well-
being, they represent a susceptible group with whom health professionals should be
particularly careful to minimize the potential unintended consequences of misclassifying
weight status. Therefore, purpose of the current investigation is to describe growth and
maturity characteristics of 8-14 year-old boys and girls in a longitudinal study from a
Midwestern Nebraska community, with special attention on the role of biological
maturity in the classification of weight status.

Primary Aim:

The primary aim of this investigation is to compare the weight categorization of a cohort
of children using standard procedures (i.e., comparing BMI to age-and-sex specific CDC
reference data) versus an approach adjusted for maturation status (i.e., relative to
biological age instead of chronological age).

Secondary Aim:

The secondary aim of this investigation is to determine the growth rate of stature

(cml/year), the growth rate of body mass (kg/year), and the growth rate of BMI
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(kg/m?/year) among children classified as normal weight, overweight, or obese at age 12
years. Specifically, yearly anthropometric changes for ages 8 to 14 years were calculated

and compared between weight classifications.
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CHAPTER 111

Methodology

Participants and Study Sites
Youth in kindergarten through 8™ grade from ten public elementary and two

middle schools in Kearney, Nebraska (population ~33,000) participated in an annual
health screening of body mass and stature between 2006-2020. The child’s school
associated identification number, date of birth, and date of screening were also collected
and entered into a secure UNK BMI Reporter Web Application. Inclusion criteria for the
current analysis included longitudinal data from 8-9 years of age through 13-14 years of
age. De-identifiable data were exported from the web-based application for statistical
analysis. This project was approved by the University of Nebraska at Kearney’s

Institutional Review Board (IRB) prior to program initiation (IRB number: #090612-1.)

Anthropometry
Body mass and stature measurements took place in private rooms within each

school as part of the annual school health screenings. Body mass was measured to the
nearest 0.1 Ib. using a Befour Platform Scale (PS6600, Befour Inc., Saukville WI).
Stature was measured to the nearest 0.25 inch using a seca Portable Stadiometer (Model
213, seca North America Inc., Chino CA). Both measurements were obtained without
shoes and excess clothing and accessories. Upon measurement and data entry, the UNK
BMI Reporter Web Application calculated a chronological age (observation date — date
of birth) to the nearest 0.1 year, a BMI (kg/m?), and an age-and-sex-specific BMI

percentile for each child based on CDC growth charts [102]. Weight status was
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determined based on each child’s respective BMI percentile being either normal weight
(5-84.9 percentile), overweight (851-94.9™ percentile), or obese (>95" percentile)
[102]. The UNK BMI Reporter Web Application tracks students based on their school
associated identification number, which allowed for an export of participants with data
from ages 8-14 years. Yearly exported data included school identification number,
chronological age, sex, body mass, stature, BMI, BMI percentile, and date of screening.

The investigators then merged the yearly data by identification number.

Calculation of Growth Rates and Determination of Peak Height Velocity
The primary aim of this investigation was to compare the weight categorization of

a cohort of children using standard procedures (i.e., comparing BMI to age-and-sex
specific CDC reference data) versus an approach adjusted for maturation status (i.e.,
relative to biological age). In order to adjust BMI for maturity status, the biological age
of the individual child needed to be determined. This was a two-step processes: first
determining the age at peak height velocity (APHV), then calculating the biological age.
To determine the APHV, or the age at which maximal rate of growth occurs
during adolescence, annual growth rates of height velocities (cm/year) were calculated as
outlined in the Example Table and described here: To calculate height velocities,
approximate yearly stature increments were calculated by subtracting consecutive
measurements (e.9.164.0 cm — 162.9 cm = 1.1 cm increment). Then, the intervals (days)
between consecutive measurements were calculated using the same method (e.g. 6-12-09
minus 10-8-08 = 257 days). To derive a height velocity, stature increments were divided

by the intervals and multiplied by 365 days (e.g. 1.1 cm / 257 days *365 days/year = 1.56
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cm/year). It is important to mention all participants’ true chronological ages were
recorded at each measurement session, and mid-age (the midpoint between the age of
consecutive annual screenings) was also calculated to align with the height velocity given
that growth is a continuous, dynamic process between observation dates.

Using the calculated height velocities, growth curves were constructed for each
individual by graphing the mid-age on the x-axis (years), and height velocity on the y-
axis (cm/year). The growth velocity curves were fitted using a nonparametric cubic spline
interpolation to assess peak height velocity (PHV) and the corresponding APHV [153].
Given the age range of the subjects and that girls mature about two years in advance of
boys, investigators were able to derive these parameters in every girl, but not in every
boy. The spline interpolation was only able to ascertain APHV in the early maturing and
a small number of average maturing boys due to the later onset of pubertal events in
boys. The interpolation was not able to ascertain APHV in most average and all late
maturing male participant cases; therefore, only a select sample of early and average
maturing boys were included for analysis. The same growth velocity procedure was done

for body mass and BMI.
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Example of Height Velocity Calculations

Date | Chronological | Stature | Mid-age | Increment | Interval 1-yr
Age (years) (cm) (years) (cm) (days) height
velocity
(cml/year)

10-8-08 13.46 162.9 - - - -
6-12-09 14.17 164.0 13.8 1.1 257 1.56
7-26-10 15.29 1741 14.7 10.1 409 9.01
8-15-11 16.34 179.9 15.8 5.8 385 5.50
7-17-12 17.26 181.3 16.8 14 336 1.52

Calculation of Biological Age
To determine a biological age, the APHV was compared with nationally

representative reference standards [154], which indicated an average APHV of 11.49 +
1.17 years for girls and 13.57 + 1.11 years in boys. Using the participant APHV, an
estimated biological age was determined as: estimated biological age = chronological age
+ (average APHV — calculated APHV) [36]. This equation estimates each participant’s
biological age as their chronological age plus the differences between the mean APHV in
the nationally representative samples and the ascertained individual APHV.

Female participants in the current study that attained PHV prior to 10.32 years of
age (11.49 — 1.17 = 10.32 years) were deemed an early maturer, between 10.32-12.66

years an average maturer, and after 12.66 years a late maturer (11.49 + 1.17 = 12.66). For
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male participants, attaining a PHV prior to 12.46 years was deemed an early maturer and
between 12.46-14.68 years an average maturer, Again, because of the age range in the

current study, several average and all late maturing boys were not able to be classified.

Classification of Weight Status Based on Maturity
Based on the biological age for each participant, it was determined how many

participants were misclassified when their weight status is referenced using biological
age instead of chronological age. To exemplify this concept, a chronologically aged 12.0
year old, overweight girl has reached PHV at 10.3 years. From this, it is known that she is
an early maturer and roughly 1.19 years ahead (biologically) of her chronological age
based on the methodology described above [12.0 + (11.49 — 10.3) = 13.19]. The
biological age of this girl is 13.19 years and when her weight status is referenced by

biological age, it is found that she is normal weight status instead of overweight.

Describing Growth Characteristics
The secondary aim of this investigation was to determine both the growth status

and growth rates for stature, body mass, and BMI gain among children classified as
normal weight, overweight, or obese at age 12 years. Yearly stature, body mass, and BMI
velocities from ages 8 to 14 were calculated using the same procedure for the individual
height velocities required in the primary aim. Then, the anthropometric velocities were
averaged according to sex and weight classification. The yearly average velocities were
then compared between weight classifications. Growth curves illustrating the average
anthropometric velocities and the differences in rate of stature, body mass, and BMI gain

between weight classifications over time were constructed as a visual. Additionally, to
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gain a more comprehensive understanding of growth in the sample, distance curves
illustrating the means for stature, body mass, and BMI status over time were plotted for

each sex and weight class.

Statistical Analysis
Microsoft Excel (2016, Redmond WA) and Statistical Analysis Software for

Windows (SAS Version 9.4, 2021, Cary NC) were utilized mutually for all calculations,
graphing, and any subsequent analysis. Descriptive statistics were calculated by sex and
chronological age.
Primary Aim

BMI percentiles were calculated twice using coding from the Centers for Disease
Control and Prevention in SAS. They were calculated using chronological age and
biological age. Weight status was then determined based on BMI percentile categories
being either normal weight (51"-84.9" percentile), overweight (851-94.91 percentile), or
obese (=95™ percentile). Investigators assigned a value to indicate misclassification (i.e., -
1 indicated a lower weight category, 0 indicated same weight category, and +1 indicated
a higher weight category). It was examined whether the classification of weight status
differed significantly when using chronological versus biological age using a Chi Square
(x?) test. A p-value of <0.05 indicated statistical significance.

Secondary Aim

In order to evaluate the secondary aim; stature, body mass, and BMI velocities

were compared using a general linear regression model with post hoc analysis to
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determine statistical significance (p<0.05) in growth velocities among the different

weight categories and sex at each age.
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CHAPTER IV

Results
Descriptive statistics for anthropometric characteristics for the total sample

(N=646) of 8-14 year old children by age and sex (n=358 boys, n=288 girls) are shown in
Table 1. Nine children were classified as underweight (BMI <5t percentile) were omitted
from the sample due to underrepresentation, and also because they were not a main focus
for this study. As expected, boys and girls gain in height, body mass, and BMI with age.
The average height across all ages for boys approximates the 70™ percentile and weight
and BMI approximates the 80™ percentile. The average height across all ages for girls
approximates the 60" percentile and weight and BMI approximates the 75" percentile. In
general, the prevalence of combined overweight and obesity ranged from 26-36% across
ages for both sexes (Figure 1). Boys consistently had a higher total prevalence of
overweight and obesity compared to girls, with the highest prevalence (36%) at age 12
years. In girls, the prevalence of combined overweight and obesity was about 25-30%
with the highest prevalence occurring at age 14 years (31%). Small fluctuations of
overweight and obesity prevalence were observed through time with no clear patterns or
trends.

The age-specific means for stature, body mass, and BMI according to weight
status (normal weight, overweight, and obese) are plotted relative to selected CDC
reference values in Figures 2A & 2B. On average, obese children were slightly taller and
heavier than the overweight and normal weight children for both sexes, and they were

consistently above the age-specific 95™ percentile for body mass and BMI. Overweight
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children remained between the 75"-94t percentiles for all anthropometric measurements,
with the exception of stature for girls. The mean statures for obese and overweight girls
fell approximately to the 50™ percentile by age 14 years to match that of normal weight
girls. Whereas for boys, the mean statures maintained a steady trajectory, and remained
above 50" percentile by age 14 years for all weight categories. Normal weight children
approximated the 50™ percentile for height, body mass and BMI across the age range.
Average statures between weight classes for girls differed by 2 cm for girls, and 3 cm for
boys at age 14 years.

Mean growth rates for height, body mass, and BMI are shown in Figures 3A &
3B. Obese children experienced the greatest rate of weight gain, while normal weight
children experienced the smallest rate of weight gain. Obese children from ages 8-11
years experienced the greatest rate of gain in height; however, this gain decreased
through ages 12-14 years. All children experienced similar rates of growth for height,
weight, and BMI by age 14 years. There were significant differences (p<0.05) in growth
rates for height, body mass, and BMI, among the different weight categories for both
sexes. The significant differences between weight categories at different ages further
emphasize the variability in growth and maturation among children, especially during
puberty and the adolescent spurt (Figures 3A & 3B).

The primary aim of the current investigation is to compare the weight
categorization using standard procedures (i.e., comparing BMI to age-and-sex specific
CDC reference data) versus an approach adjusted for maturation status (i.e., matching

relative to biological age). In this analysis, 213 (33% of original sample) children (176
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boys, 37 girls) were further omitted from the sample for a multitude of reasons. A large
number of males (n=156, 24% of original sample) were discarded due to a later onset of
the adolescent growth spurt and the inability to ascertain APHV; thus not able to
calculate biological age. Other participants (n=57, 9% of original sample) were discarded
due to the inability to distinguish a clear PHV. Thus, the analytic sample for this aim
included 433 individuals (58% girls, mean age was 12.0 + 0.2 years, range 11.6-12.7).
The mean APHYV for girls was 11.4 + 1.0 years with 16.3% classified as early maturers,
74.1% average, and 9.6% as late. The mean APHYV for all boys cannot be reported based
on the limitations described above. For the early maturing boys, the average APHV was
11.6 + 0.7 years and for average maturing boys was 12.9 + 0.3 years. Table 2 represents
the frequency and means for somatic maturity parameters for early, average, and late
maturing girls and boys. For girls, the mean difference between chronological age and
biological age was 0.1 + 0.8 years with a range of -1.9 to 2.9. For boys, the mean
difference between chronological age and biological age was 1.3 + 0.6 years with a range
of -0.4 to 3.9.

At age 12 years for boys, according to CDC chronological age and-sex-specific
percentiles, 15.9% children were classified as overweight and 16.6% were obese with
more boys than girls being overweight or obese (36% vs 28%, respectively). Table 3
shows the comparison of weight classification according to standard CDC classification
based on chronological age and biological age. When BMI percentiles were referenced
using biological age versus chronological age, there was a small increase in the

proportion of 12 year old children classified as overweight (from 15.9% to 16.4%), and
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small decrease in the proportion of children classified as obese (from 16.6% to 13.2%).
This is related to a small difference in the mean BMI percentile within the sample;
chronological versus biological mean, BMI percentile=64.9 + 27.8 versus 61.7 + 28.7.
For those who shifted from the overweight category based on chronological age to the
normal weight category based on biological age, the mean BMI percentile decreased
from 87.9 + 2.0 to 81.3 + 2.7; and, for those who shifted from the obese category based
on chronological age to the normal weight category based on biological age the mean
BMI percentile decreased from 96.1 + 0.6 to 93.0 + 1.2. Overall, 22 (30.6%) overweight
or obese boys and 14 (20.3%) overweight or obese girls were reclassified into a lower
weight category (y?> =527.5, p<0.001). Underestimations of obesity were also seen with 8
total children reclassified into a higher weight category. The results of the ? test indicate
there were statistically significant differences in the number of children reclassified.

Of the 132 early maturers, 52.3% were normal weight using standard CDC
classification based on chronological age (18.2% overweight, 29.6% obese), compared
with 60.1% using biological age (19.7% overweight, 18.9% obese). This represents
misclassification of 19 overweight or obese boys and 7 overweight or obese girls. Of the
277 average maturers, 72.9% were classified as normal weight using standard CDC
classification based on chronological age (15.2% overweight, 11.9% obese), compared to
74.0% using biological age (14.4% overweight, 11.6% obese). Last, of the 24 late
maturing girls, 88% were classified as normal weight using standard CDC classification
based on chronological age (12% overweight, 0% obese), compared to 79.2% using

biological age (20.8% overweight, 0% obese).
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CHAPTER V

Discussion
The purpose of the current investigation was to describe growth and maturity

characteristics of 8-14 year-old boys and girls in a longitudinal study from a Midwestern
Nebraska community, with special attention on the role of biological maturity in the
classification of weight status. As expected, children get taller and heavier with age;
however, significant differences exist in growth according to weight classification.
Furthermore, biological maturity may impact the classification of adolescent children,
specifically those classified as overweight and obese.

Children grow and mature at different rates, and the three key determinants of
childhood and adolescent growth and maturation are genes, hormones, and nourishment
[37]. Although several childhood growth studies have documented the negative
consequences of undernutrition [155], there are very few longitudinal studies that have
examined the impact of overnutrition on the growth rates and maturation of overweight
and obese children [156, 157]. Excess adiposity during childhood can affect the process
of growth and puberty. Specific information related to the relationship between biological
maturation and adiposity are discussed later in this section.

In the current study, obese boys and girls were taller and heavier than the
overweight and normal weight boys and girls between the ages of 8-11 years. These
findings are concordant with other studies that show childhood obesity is related to an
acceleration in linear growth prior to puberty. Rapid weight gain during the pre-

pubertal/mid-to-late childhood years is often accompanied by a higher growth velocity
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and advanced bone age compared to lean subjects [126, 127, 158, 159]. Advanced
skeletal maturity (i.e., bone age) has been shown to precede linear growth acceleration in
overweight individuals, as well as subsequent growth velocity reduction due to a lesser
growth spurt during puberty [156, 158-160]. The temporary increase in height gain
during mid-to-late childhood is compensated by an earlier onset of puberty and
subnormal height gain during adolescence [156]. More specifically, He & Karlberg [156]
found that a higher childhood BMI was related to increased height gain during the same
period, an earlier onset of puberty, and reduced height gain during adolescence. It has
been concluded that overnutrition (e.g., obesity) in childhood may not result in a
difference in final adult stature as obese and non-obese children show similar adult
stature [134, 161].

In the current study, the mean stature for obese girls fell from approximately the
90™ percentile at age 11 years approximately to the 50" percentile by age 14 years, which
resulted in similar heights between weight classifications. Obese boys remained taller
than the overweight and normal weight boys, as the mean stature approximated the 75™
percentile at 14 years; however, this may not reflect the final stature given that boys do
not reach adult height until a later age than girls. Our findings suggest the obese girls
entered puberty earlier than average, resulting in a visible manifestation of a respective
early growth spurt. At age 12 years, 31% of the obese girls were classified as an early
maturer based on APHV. For boys, an inflection in height velocity was observed for the
normal weight and overweight categories, but not for the obese category. This inflection

signifies the initiation of the boys adolescent growth spurt, and on average occurred
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around 11.5 years of age in our sample, which is concordant with the established
literature. However, since no distinct inflection in height velocity was observed for the
obese boys, it is more difficult to conclude their maturity status. This finding seems to
further highlight the subnormal aspect of height gain among obese children during
adolescence.

The epidemic of pediatric obesity has stimulated an interest in the relationship
between body composition and the timing and tempo of puberty [124]. Although the
biological mechanisms remain poorly understood [125], there is a growing body of
literature which seems to suggest a complex bidirectional causal relationship between the
early onset of puberty and obesity in females. There are several studies which have
reported a prediction of age at pubertal onset in overweight and obese girls, and the
established observation is that overweight girls tend to mature earlier [162]. Although
there is an established relationship, the studies that show a relationship between early
puberty and obesity in girls do not answer the question of whether increased body fat
predisposes girls to earlier puberty, or if earlier puberty in some girls leads to estrogen-
mediated increase in body fat [163]. A review of the effects of gonadal steroids on body
composition in adults concluded that estrogens, and possibly progesterone, largely
account for the degree of body fatness in women as opposed to men [163]. This is
because these hormones seem to work together to favor the storage of excess calories as
fat, with estrogens promoting the accumulation of fat in peripheral adipose tissue depots

[164]. Therefore, it is possible that the early pubertal girl produces enough gonadal
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steroids to result in greater BMI and greater body fat than would be found in age-matched
pre-pubertal girls [164].

In contrast, two other longitudinal studies have a different physiological
explanation for the relationship between obesity and early maturation. One study [165]
found that girls with a higher percentage of body (as measured by skinfold thickness) or
higher BMI percentiles at age 7 years were significantly more likely to be classified as
having earlier pubertal development at or by age 9 years. Pubertal development was
measured by stage of breast development (i.e., Tanner Stages), serum estradiol levels,
and a parental assessed pubertal development scale [165]. The same research group also
found that an increased BMI as early as age 3 years, plus the increase of BMI between
the ages 3 to 6 years, were significant risk factors for whether a girl would be earlier than
average in entering puberty [166].

It is purported that subcutaneous fat tissue acts as a secondary hormonal gland
and adipose tissue influences the synthesis and release of hormones [81, 82, 128]. Several
cross sectional and longitudinal studies, have shown a marked rise in serum leptin
concentrations in young girls, beginning as early as age 7 years and continuing as they
progress through puberty at least until age 15 years [166-168]. These changes in leptin
are mirrored by increasing body fat during female puberty. In one study, the rise in leptin
was well established two years prior to clear increases in key pubertal hormones
(luteinizing hormone, estradiol) were observed [167]. This is consistent with the
hypothesis that higher leptin levels are one of the factors that are critical in allowing

puberty to progress, rather than a result of the hormonal increases of puberty.
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Contrary to girls, little is known about the possible relationships between obesity
and pubertal maturation in boys, as the evidence is less clear with conflicting results
[129]. To make this matter more complex, European studies have shown obesity is
associated with earlier puberty and voice break (an indirect marker of puberty) [134-138],
while American studies have reported the opposite in that obesity is associated with
delayed puberty in boys [139-142]. One potential explanation for the conflicting findings
between European and American studies is that a variety of maturity assessment methods
were used. For example, in one European study maturity was assessed by stages of
secondary sex characteristics (i.e., Tanner stages), while in one American study maturity
was assessed through APHV. In comparison to girls, where there is a major milestone of
puberty (i.e., age at menarche), there is no such corresponding event in boys, causing it to
be much more difficult to study the relationship. To fully assess maturity effectively, a
large sample of healthy boys with annual or semi-annual recorded statures and body
masses, alongside a physical examination with Tanner staging [169] done by experienced
personnel, or longitudinal growth records detailed enough to allow one to determine
accurately the time of the pubertal growth spurt are necessary. Very few growth studies
are suited for obtaining this information; thus, direct assessments of biological maturity
(i.e., sexual and skeletal) are limited and have only been performed in a few studies,
whereas others have been based on proxy markers of pubertal onset and progression (i.e.,
maturity offset or age at voice break).

Another key aspect when examining a potential relationship between adiposity

and pubertal maturation is the use of BMI. In boys, the BMI as a proxy of body fat may
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be misleading, because the correlation between BMI and body fat is much lower in boys
than in girls [80]. This may be because during male puberty, the increasing muscle mass
related to the anabolic effect of rising testosterone levels will cause an increase in total
body mass and BMI independent of any increase in body fat [163]. In the current study,
peak height velocity and the respective APHV was determined using longitudinal growth
records. Age at peak height velocity is the most commonly used indicator of maturity in
longitudinal studies of adolescence [37]. While it is possible that the obese boys were
experiencing delayed puberty, given the age range of the data, the findings in relation to
maturity status remain inconclusive. Moving forward, future growth and maturational
studies must ensure consistent pubertal assessment methodology, rigorous training to
ensure accuracy, and a data set that fully encompasses maturational events.

As mentioned previously, obese boys and girls for both sexes were taller and
heavier than their normal and overweight peers. In the current study, once a weight status
was established, many of the children remained in the same category through time. This
concept is referred to as tracking [170], which is the stability of a trait over time. Our
findings support the literature [20, 70, 72, 75] that once obesity is established, it can be
very difficult to reverse. At age 8, 179 participants were classified as either overweight or
obese, which 144 (80.5%) were classified as either overweight or obese by age 14 years.
This raises an important question about obesity in childhood. Childhood obesity has often
been discussed whether it is a transient or persistent health problem [70]. A brief period
of obesity may be no reason to worry; however, if obesity does become persistent,

meaning, firmly established and difficult to reverse, it can lead to health concerns that
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manifest in adulthood [55, 56] or even earlier. Findings from several studies have
indicated weight status is established at early ages [73-75], and children with obesity do
not always reach a normal weight [77]. Epidemiologic studies indicate the most
significant increase in overweight status occurs between preschool (ages 2-5 years) and
school age (ages 6-11 years) [171], which is highly predictive of progressing to obesity in
subsequent developmental periods [172]. Persistent obesity can be primarily attributed to
the adiposity rebound, which is the second rise in adiposity that occurs between ages 3-7
years [173]. The age at which the adiposity rebound occurs predicts greater fatness into
adolescence [174] and adulthood [175-177]. This increase in overweight/obesity
prevalence, alongside little fluctuation in weight status categories through time provides
insight that obesity can be hard to reverse.

In the current study, significant differences in yearly weight velocity from the
ages of 8-11 were observed. More specifically, obese children were gaining more than
two times the amount of weight compared to normal weight children during this period.
As an example, obese boys and girls at the age of 10 years were gaining 8.4 kg/year and
9.1 kglyear, respectively, while the normal weight boys and girls were gaining 3.7
kg/year and 4.5 kg/year, respectively. After 11 years of age, the significant differences in
weight velocity were no longer observed as children were gaining close to the same
amount of weight regardless of weight classification (i.e., 14 years obese boys and girls
were gaining 7.7 kg/year and 4.9 kg/year, respectively, while normal weight boys and
girls were gaining 6.7 kg/year and 4.7 kg/year, respectively. It is important to mention

that while weight gain was much greater among the obese children, the yearly height
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velocities were very similar. If weight gain would have been reduced through the earlier
ages of 8-11 years (or younger), it is likely the obese children would have grown out of
the condition. Given the findings that obesity can persist into adolescence and adulthood,
an emphasis must be placed on prevention at earlier ages. Indeed, there is agreement
among leading experts that obesity prevention programs should begin early in life and
involve the family to promote lifestyle behavioral change that leads to a healthy weight
across the lifespan [31, 178, 179].

The primary aim of the current investigation was to compare the weight
categorization of a cohort of children using the standard procedure of weight
classification using the age-and-sex specific CDC reference data versus an approach
adjusted for maturation status (i.e., relative to biological age). Although the BMI and the
respective age-and-sex specific percentiles have long been utilized in establishing weight
status in children, maturation-related misclassification may result in overestimations of
overweight prevalence in early maturing youth, and underestimations among later
maturing youth [35, 36] as shown here. Overall, 8.5% of children were misclassified into
a lesser category (e.g. from overweight to normal weight), and of these children who
were misclassified 73% were classified as early maturers. This represented about 31% of
overweight and obese boys, and 20% of overweight and obese girls. Only eight children
(1.9%) were reclassified into a higher weight category. To my knowledge, only one other
study has utilized a similar approach of examining the impact of biological maturity on
the accuracy of weight classifications [38]. Gillison et al. [38] found that 32% of

overweight girls and 15% of overweight boys (based on age-specific cut points) were
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reclassified as normal weight when the classification approach was adjusted for maturity
status. Additionally, 11% and 8% of obese girls and boys, respectively, were reclassified
as overweight when the classification approach was adjusted for maturity [38]. These
findings lend support to those of the current investigation.

To further highlight the impact of maturation on weight classification, a
sensitivity and specificity analysis of BMI in classifying obesity (as measured by body fat
mass via DXA scans) in New Zealand adolescents (maturity assessed by Tanner stages)
reported 6%-12% misclassification of weight status [180]. Nonetheless, the study
conducted by Gillison et al. and the current investigation demonstrate how weight
classification may account for children’s maturity status in addition to age and sex when
plotting BMI against growth reference charts, and report on the likely effects in terms of
changes to weight classifications. The findings of this study indicate that 22.9% of
overweight girls and 35.3% of overweight boys (standard CDC classification based on
chronological age) were reclassified as normal weight when the approach was adjusted
using biological age. Also, 17.7% and 22.2% of obese boys and girls, respectively, were
reclassified as overweight when the approach was adjusted using biological age. The
findings suggest that early-maturing children are particularly at risk for weight status
misclassification. While the overall effects of maturational adjustment are relatively
small (8.5% of total sample), it should be considered when assessing young adolescents
for weight status.

These results have implications for BMI surveillance and screening programs that

are widely utilized worldwide to provide data for monitoring population-level obesity.
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Providing BMI data as feedback has resulted in little retainment of weight management
support [144], and may even isolate parents who are either angry or disbelieving of the
information provided [144-146]. Research seeking the source of parental anger and
rejection of objective anthropometry has found parents argue the validity of BMI
percentile assessments when children approach puberty [145]. Also, parents pose the
argument that judgements of weight status that do not account for relative differences in
pubertal development are not valid [145]. Thus, accounting for maturity could alleviate
some of these issues.

More importantly, assessments of weight status based upon chronological age
may place children at harm. Although the physical ills of pediatric obesity are often
focused upon, the myriad of psychological and social conditions like depression, low
self-esteem, behavioral problems, issues in school, and an overall low self-reported
quality of life are not emphasized enough [47, 59, 69]. Obese youth are at greater risk of
poor mental health [181-183] and may be susceptible to the negative impact of an
objective weight assessment, as they generally hold more negative physical self-
perceptions (i.e., lower perceptions of attractiveness, sports competence, and fitness)
[184]. As such, early-maturing youth represent a vulnerable group with whom health
professionals should be particularly careful to minimize the potential unintended negative
consequences of misclassifying weight status.

The findings highlight two key implications for clinical practice and public health.
First, they raise the question of whether health professionals should adjust for maturity

when determining whether youth are overweight. Given the lack of evidence that weight
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monitoring results in positive effects on children’s health and health behaviors [144,
185], and even such screening could undermine their well-being and self-concept [145,
146], adjusting for biological maturity when classifying weight status will result in little
to no harm (i.e., children are not identified, and do not receive effective help).
Conversely, this practice could be of benefit if health professionals are better able to raise
awareness and engage with parents whose children remain classified as overweight or
obese following adjustment, as a result of showing that the classification has been
tailored to the child’s level of biological maturity. The maturity adjustment approach
using longitudinal data in the current study may be feasible, yet challenging for some
health professionals (i.e., physicians, school nurses) to adopt and implement when
assessing weight status. However, if obtaining and keeping record of longitudinal data is
not feasible, there are alternative methods to determine maturity such as 1) the Khamis-
Roche equation [115] to predict adult stature and derive a percentage of predicted adult
stature, and 2) the maturity offset equation to predict years from peak height velocity
[186].

Although this study primarily highlights the shortcomings of the BMI in using
chronological age-based BMI reference charts to classify weight status, it must be
acknowledged that it is sufficient for what it was originally created and intended to do,
which is measure rates of obesity in a population. The BMI is solely a screening tool and
not a diagnostic tool [31], because it is only a proxy measure of body fatness. Because it
is a general measure of obesity that works well in most people, looking at changes in

BMI allow health professionals to gauge how rates of overweight and obesity have
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changed through time. In summary, the BMI is a useful but imperfect proxy indicator of
fat mass and subsequent health risk [101, 102]; yet, its widespread use among health
professionals stems from its cost effectiveness and practicality.

A major strength of this study lies within collecting anthropometric data
longitudinally to gain a better understanding of the growth and maturational
characteristics, as few longitudinal growth studies are available. More specifically, a
unique aspect of this study was the comparison of growth across normal weight,
overweight, and obese youth. Obtaining longitudinal data permits the calculation of
growth rates, which further allows for the ascertainment of APHV. With longitudinal data
available, assessing APHYV is a very feasible gauge of somatic maturity. Using APHV to
calculate a subsequent biological age is also unique to maturational adjustment
approaches.

As with any study, there are limitations within this study that must be addressed.
First, a major limitation is that the age range was restricted from ages 8 to 14 and does
not encompass puberty to its entirety in some subjects. Many longitudinal growth studies
acquire data during the entire age range of childhood and adolescence (approximately 6
to 18 years of age). Some growth studies even acquire anthropometric/biological data
from birth, through childhood and puberty, with a period of follow-up in adulthood [187].
To enhance studies addressing maturity adjustment of weight status moving forward,
longitudinal data should be collected from ages 8-18 years to fully capture puberty and
the adolescent growth spurt. Additionally, it has been recommended the interval between

two measurements should not be less than 0.85 years (310 days) and not exceed 1.15
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years (420 days) for proper growth velocities [188]. Given the feasibility of working in a
school environment, many growth velocities were outside this range. Second, participants
were predominately white children from central Nebraska, which limits our ability to
generalize the results to children of other ethnicities [189, 190]. Third, a variety of
potential problems resulted in the discarding of inadequate growth velocities. These
problems included measurement error, lack of precision, data entry error, insufficient
training, and lack of interrater reliability. Staff trained on measurement protocols were
instructed to measure stature to the nearest 0.25 inch, whereas many growth studies
measure subjects to the nearest 0.1 of an inch. Finally, one last potential problem is

interrater reliability.
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CHAPTER VI

Conclusion
The goal of the current investigation was to describe growth characteristics of

central Nebraska youth, while attempting to quantify the difference that adjusting
classifications of weight status by a child’s level of maturity could have on both
population estimates of childhood overweight/obesity, as well as the treatment of
individual children. The results of this study further highlight the variability of growth
and maturation among children, especially during pubertal growth. It seems weight status
at an early age can also influence the processes of growth and maturation, as the findings
show obese youth are taller and heavier at younger ages, and furthermore experience a
lesser growth spurt compared to their peers. Yet, it is important to remember that there
are a variety of factors that influence the manner in which children grow, develop, and
mature.

While the overall effects of adjustment are small (8.5% of the total sample
reclassified into a lesser weight category), maturation status should be considered,
particularly when assessing young adolescents when maturational events are likely to
occur. Given that 31% of overweight and obese boys, and 20% of overweight and obese
girls were reclassified into a lower weight category, there are serious implications for
weight status being misclassified due to maturity. Moving forward, health professionals
throughout the world should seriously consider tailoring judgements of weight status for

maturity.
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Table 1. Dezeriptive Statiztics for Age, Stature, Body Maszz, and BN at each age.

Total (n=b44) Boy= (n=358) Girls (0=255)
Ape Age Stature Bady mas: BMI Age Stature Boady Rlass BMI Age Stature Boady Rlass EXI
Category | (vears) (cm) (k) (kgm’) | (vears) {m) (k) (kgm’) | (vears) {m) (k) (lez/m’)
] 8302 | 13042352 | 300245 | 17328 8502 | 13092350 | 304243 | 17620 8302 | 122438 | 2035=45 | 174228
g DIx0Y | 1362245 | 5344282 | 1846233 053203 | 137265 | 347281 | 184233 03202 | 1354645 | 330282 | 183234
10 103=03| 1419268 | 3848205 | 1902346 103 =03 1421247 | 380035 | 100237103202 | 1416240 | 383205 | 180238
11 113=02 477275 | 4362111 | 198230 | 11303 | 14746273 | 4372112 | 199240 | 1012202 | 14708273 | 4352110 | 197238
11 120=02 ] 131877 | 4762125 | 206241120203 1517278 | 478£125 | 06243 | 119202 [ 15320274 | 4742020 | 20341
13 130=03| 13B2280 | 5362154 | 213245 | 130203 15BE8 287 | 341£142 | 2132481209202 1574248 | 3312129 | 213244
14 140=03| 1640285 | 5062145 (220246 140203 | 1663287 | SLIE153 | 220247 130202 [ 161147 | 378152 | 222245

Value: indicate mean = standard devistion, A=z Catemory based on whole vear: E=8.0-899; 9 =00-099: afn.
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Table 2. Average age at peak height velocity, height velocity, and biological age by maturity status.

Boys (n=182) Girls (n=251)
Maturity n APHV PHV Bio Age n APHV PHV Bio Age
Status % (years) | (cmlyear) | (years) % (years) | (cm/year) (years)
Early 91, 50% | 11.6+0.7 | 10.7+2.1 | 139+08 | 41,16.3% | 99+04 | 9415 13.5+04
Average 91,50% | 129+03 | 99+18 | 128+0.3 | 186, 74.1% | 11.5+0.7 | 8.7+15 119+0.8
Late / / / / 24,96% |126+16| 81+19 10.8+£0.4

Values indicate n and (%) mean + standard deviation. APHV = Age at Peak Height Velocity; PHV = Peak Height
Velocity; Bio Age = Biological Age.

Maturity Status. For girls: Early = Peak height velocity was attained prior to 10.32 years. Average = Peak height velocity
was attained between 10.32 — 12.66 years. Late: Peak height velocity was attained after 12.66 years. For boys: Early: Peak
height velocity was attained prior to 12.46 years. Average: Peak height velocity was attained between 12.46 — 14.68 years.
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Table 3. Comparison of weight classification according to standard CDC classification based on chronological age and

biological age.

Standard Weight Classification
Using Chronological Age

Adjusted Weight Classification Using Biological Age

Normal Weight | Overweight | Obese (%) | Underweight Total n
(%) (%) (%)

Total y? (df=6)=527.50, p<0.0001
Normal Weight 284 (97.3) 7(2.4) 0 1 (0.3) 292
Overweight 20 (29.0) 48 (69.6) 1(1.5) 0 69
Obese 0 16 (22.2) 56 (77.8) 0 72

Boys y? (df=6)=218.52, p<0.0001
Normal Weight 109 (99.1) 0 0 1(0.9) 110
Overweight 12 (35.3) 22 (64.7) 0 0 34
Obese 0 10 (26.3) 28 (73.7) 0 38

Girls »? (df=4)=314.98, p<0.0001
Normal Weight 175 (96.2) 7(3.9) 0 0 182
Overweight 8 (22.9) 26 (74.3) 1(2.9) 0 35
Obese 0 6 (17.7) 28 (82.4) 0 34

Values indicate n(%0o).
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Figure 1. Prevalence of Overweight & Obesity by Age.
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Figure 2A. Stature, body mass, and body mass index
of Midwestern Nebraska boys 8-14 years of age
classified as normal weight, overweight, or obese at
age 12. Solid lines represent age-specific means are
plotted relative to the 25, 50t, 75t 85t and 95t
percentiles for reference values (P25, P50, P75, P85,
P95).
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2B. Girls
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Figure 2B. Stature, body mass, and body mass index of
Midwestern Nebraska girls 8-14 years of age classified
as normal weight, overweight, or obese at age 12. Solid
lines represent age-specific means are plotted relative
to the 25, 50, 751, 85™ and 95™ percentiles for
reference values (P25, P50, P75, P85, P95).
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3B. Girls
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Figure 3B. Height, weight, and BMI velocity of
Midwestern Nebraska girls 8-14 years of age
classified as normal weight, overweight, or obese at
age 12. Different letters indicate significant
differences (p<0.05) in growth rates at each age
interval.
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