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Secular Trends in Body Composition for Children and Young Adults:
The Fels Longitudinal Study
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Objectives: To determine secular trends by birth decade in body mass index (BMI), waist circumference/height (W/
Ht), percent body fat (PBF), and fat-free mass adjusted for height squared (FFM/Ht?) in children and adolescents aged
8-18 years.

Methods: Serial data were analyzed from 628 boys and 591 girls aged 8-18 years who participated in the Fels Longi-
tudinal Study. Subjects were stratified by birth decade from 1960 to 1999. Means and standard deviations were com-
puted for all measurements by birth decade, age, and sex. A repeated-measures analysis of variance was used data to
ascertain secular trends separately for boys and girls.

Results: Boys and girls born in the 1990s had significantly higher mean BMI, W/Ht, and PBF than did children born
in previous decades. Mean FFM/Ht? was significantly smaller in boys born in the 1990s than boys of the same age born
in earlier decades. No secular trend was noted in FFM/Ht? in girls by decade of birth.

Conclusion: Our analysis of serial data collected over 4 decades confirms the secular trend in childhood BMI previ-
ously observed in successive cross-sectional studies. Our analysis discloses significant positive secular trends in W/Ht
and PBF in both boys and girls and a significant negative secular trend in FFM/Ht? in boys over the last 4 decades of
the 20th century. The secular changes presage increases in the prevalence of conditions associated with childhood and
adolescent obesity—such as hypertension, glucose intolerance, and dyslipidemia—that may appear as early as the sec-

ond decade of life. Am. J. Hum. Biol. 24:506-514, 2012.

Overweight or obesity affects two of three American
adults and one in three of their children. Nearly 20 years
ago Kuczmarski et al., (1994) reported that obesity had
become the most common and costly nutritional problem
in the United States. Finkelstein et al., (2009) addressed
the issue of cost and found that the annual medical expen-
ditures in the US for obesity and its associated conditions
amounted to $148 million. In an effort to elucidate the epi-
demic of obesity in children and adolescents, Ogden et al.,
(2008) analyzed cross-sectional data from the National
Health and Nutrition Examination Surveys (NHANES)
and found that the prevalence of obesity [defined as a
body mass index (BMI) > 95th percentile for age and sex]
among US children and adolescents had more than
doubled between 1980 and 2004, and in 2006 had reached
a mean of 17%. Obesity frustrates health care providers
because, once established, it is difficult to reverse, and it
threatens the metabolic and cardiovascular health of both
adults and children.

It is an interesting question to ascertain when the epi-
demic of childhood obesity began in the US and if secular
trends in the prevalence of obesity can be determined by
analyzing longitudinal or serial cross-sectional data sets.
A secular trend is defined as differences between individu-
als or groups of the same age and sex that are associated
with year or decade of birth (Roche, 1979). Various criteria
have been used for determining secular trends (Bock
1978; Kuczmarski et al., 1994; Ogden et al., 2010; Troiano
et al., 1995). Bock described secular trends in height based
upon inter-generational differences between same-sex
parents and children at corresponding ages (Bock, 1978).
Cross-sectional data from repeated NHANES from 1971-
2006 disclose an increased prevalence of BMI > 95th per-
centile for all ages in boys and girls across ethnic groups
(Ogden et al., 2010).
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To date, studies of secular trends toward greater preva-
lence of overweight and obesity have been based on BMI
data in repeated cross-sectional studies. However, there
are limitations regarding the use of BMI as an index of
obesity. Although BMI is accepted as an index of adiposity
largely independent of stature in adults, this attribute of
BMI does not necessarily apply to children (Garn et al.,
1986). In children, the relationships between BMI and the
fat and fat-free mass of the body are complicated by vary-
ing rates of growth and levels of maturity (Daniels et al.,
1997). It has not been determined whether the secular
increase observed in the prevalence of BMI in children is
due to an increase in fat mass, fat-free mass, or both.

Visceral adiposity is the most metabolically active com-
partment of adipose tissue in the body (Ibrahim, 2010),
and waist circumference serves as a proxy for estimating
the size of this regional fat deposit (Romaguera et al.,
2010). Savva et al., (2000) reported that waist circumfer-
ence and waist-for-height ratios in children function bet-
ter as predictors of risk factors for cardiovascular disease
than BMI; and Hurt et al., (2010) noted that while BMI
alone is of limited utility for predicting adverse cardiovas-
cular outcomes, its predictive power is strengthened when
combined with waist circumference.
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SECULAR TREND, BODY COMPOSITION

In this study, we aim to ascertain whether there are sec-
ular trends in waist circumference/height (W/Ht), percent
body fat (PBF), height-adjusted fat-free mass (FFM/Ht?),
and BMI by using anthropometric and direct measure-
ments of body composition collected annually from the
1960s to the present. These measurements are obtained
from the Fels Longitudinal Study (FLS), in which secular
trends in height have been previously documented (Roche,
1992). These long-term serial data can be used to deter-
mine the temporal origins of the increase in prevalence of
overweight and obesity in children over the past 4 decades.

SAMPLE AND METHODS
Study sample

Data for this study were collected from 628 white boys
and 591 white girls between 8 and 18 years of age, all of
whom are participants in the FLS, an ongoing study that
began in 1929 and that has been described in detail by
Roche (1992). Participants were enrolled at birth and
were not selected with regard to factors known to be asso-
ciated with body composition. Participants are drawn
from a range of socioeconomic groups that reflect national
SES prevalences, except that the low end of the SES scale
is under-represented among those born after 1950. The
Institutional Review Boards at Wright State University
and Virginia Commonwealth University approved all pro-
cedures.

Measurements

Anthropometric measurements are taken following rec-
ommendations in the Anthropometric Standardization
Reference Manual (Lohman et al., 1988). Stature is meas-
ured to 0.1 cm on a Holtain stadiometer (Seritex, Carl-
stadt, NJ), weight is measured to 0.1 kg on a beam bal-
ance scale, and waist circumference (cm) is measured at
the suprailiac crest. All measurements are made twice,
and a third measurement is made if the difference
between the first two exceeds established tolerance (0.3 kg
for weight, 0.5 cm for height, and 0.1 cm for waist circum-
ference). BMI was expressed as kg/m?, while W/Ht was
expressed as cm/m.

Body composition comprises bone mass and soft tissue
mass. Soft tissue mass includes fat mass and lean mass.
PBF is calculated by dividing the fat mass by the total
body mass. Measures of PBF and FFM were obtained
from a multicomponent model of body composition derived
from data generated by hydrodensitometry and dual
energy X-ray absorptiometry (DXA). Body density was
determined from hydrostatic weighing, and residual vol-
ume was measured on a Gould 2100 computerized spirom-
eter (Guo et al., 1989). In the multicomponent model of
body composition, the density of the fat-free component
varied due to changes in body water and bone mineral
content (Guo et al., 1989; Sun et al., 2003). Therefore, we
smoothed the density of FFM by using a fixed-knot cubic
spline technique and calculated FFM from body density
using these smoothed values (Guo et al., 1989). Measure-
ments were also made of total body fat (TBF) and FFM by
a DXA Hologic® QDR 4500 Elite densitometer (Hologic,
Waltham, MA) and a Lunar LPX machine. The coefficient
of variation (CV) was 3.5% for soft tissue. Our DXA proce-
dures have been compared and calibrated with those of
underwater weighing (uww) (Guo et al., 1997). Conversion
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equations for each component are TBF ww = —2.1582 +
(1.1533 X TBFg4ya); FFMuww = 1.8449 + (0.9329 X
FFMgya); PBFww = —2.0337 + (1.1285 X PBFg4.,). In
regard to cross-calibrating the Hologic and Lunar DXA
machines, DXA data were collected from 78 FLS subjects
who were scanned on the same day with both the Hologic
4500 and Lunar LPX machines. The calibration equations
are Hologicpgr = 5.6397 + (0.7908 X Lunarpgp); R? =
0.98 and SE = 3.68; Hologicrgr = 3.0529 + (0.8439 X
Lunargy); R? = 0.98 and SE = 1.47; Hologicppy = 0.7917
+ (1.0349 X Lunarppw); R? = 0.94 and SE = 4.85. FFM/
Ht? was calculated from the consolidated measure of FFM
and height as FFM/stature? in kg/m?.

Statistical methods

Measurements of BMI, W/H, PBF, and FFM/Ht* col-
lected from 8 to 18 years were included in the analysis.
We divided subjects into four birth decades from 1960 to
1999: 1/1/1960-12/31/1969, 1/1/1970-12/31/1979, 1/1/1980-
12/31/1989, and 1/1/1990-12/31/1999. In 1974, direct
measurements of body composition (PBF and FFM/Ht?)
were initiated among participants 8 years of age and
older, so that children whose body composition was meas-
ured directly were born after 1965. Therefore, there were
fewer boys and girls with complete sets of body composi-
tion data than the total sample size. The actual sample
sizes available for summarization and analysis are
reported in Tables 1-4. The missing body composition
data did not affect the analysis of secular trends in BMI or
W/Ht over 4 decades, but did limit the analyses of secular
trends in PBF and FFM/Ht? to 3.5 decades instead of 4.

We used a mixed-effect repeated measure analysis of
variance (ANOVA) model to test for secular trends in
BMI, W/Ht, PBF, FFM/Ht? separately in boys and girls.
Childhood age, birth decade classification, and the inter-
action between childhood age and birth decade classifica-
tion were included as fixed effects, while a subject-specific
random effect was used to account for within-subject de-
pendence, which was modeled using an auto-regressive
correlation pattern (Laird and Ware, 1982). Childhood age
was included as a third-degree polynomial for BMI, W/Ht,
and FFM/Ht?, since the growth curves for those measures
were non-linear (Guo et al., 2000), while childhood age
was included as a two-degree polynomial for boys’ PBF
and as a one-degree polynomial for girls’ PBF. The polyno-
mial degree to which childhood age was modeled was cho-
sen by minimizing Akaike’s Information Criterion
(Akaike, 1974), which measures the adequacy of the model
fit to the data while penalizing for model complexity. We
used a 5% significance level for all comparisons. The val-
ues of BMI, W/Ht, PBF, and FFM/Ht? were summarized
with means and standard deviations for each childhood
age, birth decade, and sex. All analyses were performed
using the MIXED procedure in the SAS statistical soft-
ware (v. 9.2, Cary, NC). The computation was performed
using the mixed procedure in SAS (Statistical Analysis
Software Institute, 2008).

RESULTS

We uncovered significant secular trends among children
and adolescents in the FL.S who were born from 1960 to
1999. Cohorts born in the 1960s and 1970s were leaner
during late childhood and adolescence than cohorts born
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TABLE 1. Body mass index (BMI), kg/m?) by Age from 8 to 18 Years and Decades of Birth

Birth decade (BD)

1960 < BD < 1970

1970 < BD < 1980

1980 < BD < 1990 1990 < BD < 2000

Age \years) n Mean Std n Mean Std n Mean Std n Mean Std

Boys
8<age<9 68 16.18 1.99 57 15.94* 1.83 43 16.06 2.51 35 16.90 3.01
9 <age<10 65 16.73% 2.56 46 16.87% 2.56 43 17.00 3.24 30 17.61 4.31
10 <age <11 73 17.02° 2.44 62 16.94% 2.89 46 17.71 3.80 37 18.77 5.05
11 < age < 12 73 17.53% 2.61 59 17.77% 3.28 48 18.06 3.71 36 18.41 3.92
12 < age <13 70 18.15% 3.04 60 18.227 3.27 41 19.15 4.41 41 20.30 4.80
13 <age < 14 64 18.767 3.47 58 19.01* 3.46 44 19.73 4.53 30 20.65 4.66
14 <age< 15 64 19.647 3.56 59 20.06" 3.73 51 20.97 4.77 29 22.12 5.77
15 <age <16 61 20.19% 3.36 58 20.76% 4.10 41 21.05 4.38 29 22.72 5.22
16 < age < 17 52 21.38% 4.26 43 20.95% 4.20 40 22.20 5.01 20 22.70 4.75
17 < age < 18 48 21.73% 4.40 43 21.40% 4.29 44 22.26 4.45 15 22.18 3.79

Girls
8<age<9 72 16.39% 2.08 51 16.78% 2.14 57 16.527 2.48 34 18.35 6.65
9 <age < 10 81 16.93% 2.27 51 17.11* 2.49 54 16.83" 2.67 27 18.10 3.70
10 < age <11 73 17.54% 2.46 53 17.94% 2.59 55 17.84% 3.00 24 18.70 3.67
11 < age < 12 75 17.96* 2.45 55 18.38% 2.83 57 18.66* 3.42 19 18.81 3.14
12 <age <13 74 19.06% 2.84 52 19.59% 3.19 57 19.83% 3.64 18 19.83 3.44
13 <age< 14 73 20.13% 2.97 51 20.10% 2.90 46 20.69" 3.83 20 20.63 2.88
14 <age <15 55 21.05% 3.05 38 20.39% 3.35 46 21.88% 3.98 15 22.57 3.26
15 < age <16 45 21.32% 3.31 45 21.09% 3.03 28 22.30% 3.82 19 22.81 3.69
16 < age < 17 53 21.90% 2.99 42 21.37% 3.27 40 22.29% 3.77 11 22.54 4.51
17 < age < 18 55 21.63% 3.38 38 21.65" 2.67 48 23.87% 5.32 11 23.37 5.29

Mean BMI significantly less than mean BMI for 1990-2000 (P-value < 0.05).

in the 1980s and 1990s. This secular trend was significant
over a period of 4 decades in both boys and girls.

In our longitudinal model, we evaluated age-related lin-
ear and curvilinear trends and their interactions with dec-
ades of birth. BMI increased curvilinearly from 8 to 18
years of age in both boys and girls. In girls, a secular trend
of increasing values for weight was detected from 1960 to
1999, and the secular trend varied by age in that the most
pronounced differences were detected at older ages. In
both sexes mean W/H differed significantly between
cohorts born in the 1960s and the 1990s and between
cohorts born in the 1970s and the 1990s. Our observations
show that boys born from 1970 to 1999 exhibited a large
increase in mean body fat. We also found a significant sec-
ular increase in PBF by decade in girls. Girls born in the
1970s had greater PBF than those born in the 1960s, and
they were also heavier and taller.

Body mass index

The mean BMI and standard deviation for each birth
decade from the 1960s to the 1990s and age are presented
in Table 1 for boys and girls separately, and the estimated
BMI trajectories for each birth decade and gender are
shown in Figure 1. Girls born in the 1990s had signifi-
cantly greater mean BMI than girls born in the three prior
decades for ages 8-18 (P < 0.05). We found a sex differ-
ence in the secular trends. Boys born in the 1990s had sig-
nificantly greater mean BMI than boys born in the 1960s
and the 1970s at all ages. However, the mean BMIs did
not differ significantly between the cohort born in the
1980s and the cohort born in the 1990s. It thus appears
that a secular trend of increased BMI began in boys in the
1980s, one decade earlier than in girls.

Waist circumference/height

The means and standard deviations for W/Ht are pre-
sented in Table 2 for each birth decade in both genders,
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while the estimated W/Ht trajectories are provided in Fig-
ure 2. The mixed model results indicated a significant
increase in mean W/Ht in boys aged 8-18 born in the
1980s and 1990s compared to boys born in the 1960s and
1970s. Girls aged 8-18 born in the 1990s had significantly
greater mean W/Ht than girls born in the three prior deca-
des. We found a sex-associated difference in the mean W/
Ht growth trajectories, in that mean W/Ht in girls
increased with increasing age in all birth decades,
whereas boys showed no significant increase in slope with
increasing age in the W/Ht trajectories in any birth dec-
ade. This observation indicates that boys add abdominal
girth in constant proportion to their increasing height
from ages 8-18, while girls add abdominal girth at an
increased rate with increasing age as their growth in stat-
ure slows.

Percent of body fat

The means and standard deviations of PBF for boys and
girls from ages 8 to 18 by decade of birth from 1960 to
1999 are shown in Table 3. The mean PBF for both boys
and girls aged 8-18 born in the 1990s was significantly
larger than the corresponding mean PBF for boys born in
the three prior decades. The estimated PBF growth trajec-
tories seen in Figure 3 differed between boys and girls. In
boys, mean PBF increased with age to reach a maximum
at age 12 years and decreased thereafter, while in girls
mean PBF increased linearly with age. Girls had signifi-
cantly larger mean PBF than boys at all ages from 8 to 18
years in all four birth decades

Fat-free mass/height®

The means and standard deviations of FFM/Ht? for
ages 8-18 years by decade of birth are shown in Table 4
for boys and girls, and the trajectories for FFM/Ht? are
presented in Figure 4. FFM/Ht? did not differ significantly
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Fig. 1. Estimated mean body mass index (BMI, kg/m?) by childhood age and birth decade for boys and girls. Childhood age measured in years
(8-18), while birth decade categorized as 1960-1969, 1970-1979, 1980-1989, and 1990-1999.

TABLE 2. Waist circumference / height (cm/m) by age from 8 to 18 years and decades of birth

Birth decade (BD)

1960 < BD < 1970

1970 < BD < 1980

1980 < BD < 1990 1990 < BD < 2000

Lagu wyoars) n Mean Std n Mean Std n Mean Std n Mean Std

Boys
8<age<9 14 0.44° 0.03 57 0.45% 0.04 43 0.45 0.04 35 0.47 0.05
9 <age <10 19 0.44% 0.03 46 0.45% 0.05 43 0.46 0.06 30 0.47 0.07
10 <age< 11 32 0.44* 0.03 62 0.45% 0.06 46 0.46 0.07 37 0.48 0.08
11 <age< 12 38 0.44* 0.03 59 0.45% 0.06 48 0.46 0.06 36 0.46 0.06
12 < age < 13 43 0.447 0.03 60 0.45% 0.06 41 0.46 0.07 41 0.48 0.07
13 <age< 14 43 0.43% 0.03 58 0.44? 0.05 44 0.46 0.08 30 0.47 0.07
14 <age< 15 48 0.43% 0.03 59 0.44* 0.06 51 0.46 0.07 29 0.48 0.09
15 < age< 16 53 0.43% 0.03 58 0.44 0.06 41 0.45 0.07 29 0.48 0.08
16 < age < 17 50 0.44* 0.06 43 0.44* 0.06 40 0.45 0.08 20 0.47 0.07
17 < age < 18 48 0.44* 0.06 43 0.44* 0.06 44 0.45 0.06 15 0.46 0.05

Girls
8<age<9 13 0.46% 0.06 51 0.46* 0.03 57 0.46% 0.05 34 0.48 0.05
9 <age<10 23 0.45% 0.04 51 0.45% 0.04 54 0.46% 0.05 27 0.48 0.06
10 <age< 11 22 0.46% 0.05 53 0.45% 0.04 55 0.46% 0.05 24 0.48 0.06
11 < age < 12 31 0.44* 0.04 55 0.44* 0.04 57 0.46% 0.06 19 0.47 0.05
12 < age <13 41 0.45% 0.04 52 0.45% 0.04 57 0.47% 0.06 18 0.46 0.05
13<age< 14 49 0.45% 0.04 51 0.44 0.05 46 0.47% 0.06 20 0.47 0.05
14 <age< 15 46 0.46% 0.05 38 0.45% 0.05 46 0.48% 0.06 15 0.49 0.05
15 < age< 16 37 0.45% 0.05 45 0.45% 0.05 28 0.49% 0.07 19 0.49 0.06
16 < age < 17 50 0.46% 0.05 42 0.46% 0.05 40 0.49% 0.06 11 0.49 0.06
17 < age< 18 55 0.46% 0.05 38 0.46% 0.04 48 0.50% 0.07 11 0.50 0.09

“Mean BMI significantly less than mean BMI for 1990-2000 (P-value < 0.05).

among girls of any age in any birth decade, and their tra-
jectories are nearly identical over a period of 40 years.
Boys older than 13 years who were born between 1966
and 1970 had significantly higher mean FFM/Ht? than
boys of the same ages who were born in the 1990s, and
boys older than 15 years who were born in the 1980s had
significantly greater mean FFM/Ht? than did boys of the
same age who were born in the 1990s.

Sexual dimorphism

We found sex-associated differences in the secular
changes that we documented. The BMI and W/Ht of girls

born in the decade 1990-1999 differed significantly from
those of girls born in the decade 19801989, but in boys
there was no difference in these parameters over the same
period of time. The girls also had greater mean BMI and
mean W/H than boys at the same ages. We did not find sig-
nificant differences in mean FFM/Ht? in girls over differ-
ent birth decades, suggesting that the secular increase in
BMI and W/H noted in girls was due to an increase in fat
mass rather than to an increase in FFM. On the other
hand, boys clearly showed a secular decrease in FFM/Ht?
from the birth decade 1960-1969 to the birth decade
1990-1999.

American Journal of Human Biology
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Fig. 2. Estimated mean waist circumference/height (cm/m) by childhood age and birth decade for boys and girls. Childhood age measured in
years (8—18), while birth decade categorized as 1960-1969, 1970-1979, 1980-1989, and 1990-1999.

TABLE 3. Percent body fat (PBF) by age from 8 to 18 years and decades of birth

Birth decade (BD)

1960 < BD < 1970

1970 < BD < 1980

1980 < BD < 1990 1990 < BD < 2000

_ . ars) n Mean Std n Mean Std n Mean Std n Mean Std
Boys
8 <age<9 6 12.96 10.34 5 17.57% 12.46 34 15.20% 9.89 33 18.23% 11.21
9<age<10 9 12.65% 7.38 21 16.97* 9.26 40 17.25% 11.83 26 22.972 10.12
10 <age < 11 9 15.86% 7.64 31 18.22° 9.79 34 17.71* 12.17 35 23.05% 11.70
11 < age < 12 20 14.96 5.16 41 18.95% 9.21 45 19.45% 9.65 32 21.56% 9.54
12 < age <13 28 16.677 6.48 39 20.18% 7.86 36 20.00* 10.14 37 24.64* 10.39
13 < age < 14 24 14.15% 6.51 42 19.58* 7.77 34 18.82? 9.25 28 23.06% 9.57
14 <age <15 25 12.43% 5.35 37 18.42% 11.32 47 18.30% 9.41 28 23.49% 11.49
15 < age < 16 27 8.54% 4.69 44 15.54* 8.09 38 16.66" 10.31 23 18.77% 8.01
16 < age < 17 38 10.70% 7.77 40 14.52% 7.58 35 15.14% 7.95 19 19.48° 8.27
17 < age <18 26 10.11* 4.93 43 12.39% 7.75 42 13.19% 7.34 14 18.56% 5.87
Girls

8<age<9 5 16.45% 7.45 8 28.61% 4.78 36 18.91* 10.33 30 26.09" 12.21
9 <age < 10 4 22.32% 11.73 20 22.35% 9.69 38 21.22% 9.63 25 24.88% 10.20
10 <age <11 7 18.58? 11.58 30 23.55% 8.26 49 23.20% 8.54 21 26.36% 10.27
11 < age < 12 16 22.93% 7.27 33 23.80% 7.77 48 23.45% 8.83 15 28.24* 8.29
12 < age < 13 19 23.71% 4.90 34 24.71% 6.85 46 24.70% 7.69 17 27.87% 8.83
13 <age <14 26 22.3% 6.62 34 24.28% 8.01 41 24.06" 8.84 17 25.13% 6.8
14 <age <15 30 23.98% 7.72 32 22.77% 7.4 41 24.93% 8.23 15 30.91% 6.73
15 <age <16 22 27.25% 7.49 42 23.74% 6.3 28 26.35% 6.89 17 30.18% 9

16 < age < 17 27 25.74% 7.69 39 25.21% 7.64 40 27.79% 8.24 10 30.08% 7.83
17 < age < 18 30 25.58% 8.15 36 25.17% 7.07 46 30.08" 7.79 10 31.46" 7.78

Mean BMI significantly less than mean BMI for 1990-2000 (P-value < 0.05).

The patterns of change in PBF differed over time between
boys and girls. During puberty, body composition of both
boys and girls changes markedly (Guo et al., 1997). The FLS
data indicate that in girls PBF increases steadily from age
8, reaching 26% at age 18; whereas, in boys the PBF reaches
a peak of 17% at age 12 and declines thereafter to 13% at
age 18. FFM increases steadily in early puberty, rising from
a mean of 25 kg at age 9-35 kg at age 13 in both sexes.
Between ages 14-20 years, the rates of increase in FFM
show pronounced sexual dimorphism. FFM climbs steadily
in boys to reach a mean of 63 kg at age 18, but in girls FFM
increases more gradually to reach a mean of 40 kg at age 18.

DISCUSSION

Analysis of the FLS longitudinal data demonstrates a
secular increase in BMI from 1960 to 1999 in both sexes.
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In girls, this secular increase in BMI can be ascribed
solely to an increase in fat mass, since the mean fat-free
mass did not increase in girls of any age from 8 to 18 over
the 40-year period of this study. Our analysis discloses for
the first time, positive secular trends in W/Ht and PBF in
both boys and girls and a negative secular trend in FFM/
Ht? in boys over the last 4 decades of the 20th century.
The near identity of the girls’ four FFM/Ht? trajectories
from the 1960s to the 1990s (Fig. 4) demonstrates the pre-
cision of the measurement techniques used in the FLS
over a period of 40 years and lends confidence to the con-
clusion that the secular decrease seen in FFM/Ht? in boys
over the same 4 decades is a real phenomenon. The secu-
lar decrease in FFM/Ht? in boys may reflect a secular
decrease in physical activity from 1960 to 1999 owing to
the increase in sedentary behavior over these 4 decades.
There are no many available datasets that document a
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Fig. 3. Estimated mean PBF by childhood age and birth decade for boys and girls. Childhood age measured in years (8—18), while birth dec-

ade categorized as 1960-1969, 1970-1979, 1980-1989, and 1990-1999.

TABLE 4. Fat-free mass |/ height® (kg/m?) by annual age from 8 to 18 years and decades of birth

Birth decade (BD)

1960 < BD < 1970

1970 < BD < 1980

1980 < BD < 1990 1990 < BD < 2000

Ago \ycars) n Mean Std n Mean Std n Mean Std n Mean Std

Boys
8<age<9 6 14.09 1.05 6 14.53 2.00 35 13.46 1.33 35 14.01 1.58
9 < age <10 10 14.76 1.33 21 13.64 1.08 41 13.92 1.71 28 14.18 1.95
10 <age < 11 9 14.93 0.88 32 13.67 1.40 34 14.28 1.36 35 14.18 1.87
11 < age < 12 20 14.37 0.76 41 13.99 1.33 45 14.23 1.58 32 14.36 1.68
12 < age <13 28 15.28 1.40 39 14.66 1.82 37 15.03 1.74 37 15.04 1.94
13 <age< 14 24 15.59 1.94 42 15.20 2.04 34 15.49 1.97 28 15.65 1.98
14 <age< 15 25 16.69° 1.91 37 16.36 2.03 47 16.72 2.26 28 16.35 2.47
15 < age < 16 27 17.90% 2.07 44 17.56 2.18 38 17.28% 2.41 23 16.62 1.85
16 < age < 17 38 19.01% 2.10 40 17.76 2.51 36 18.41°% 2.37 19 17.61 2.24
17 < age < 18 26 18.95% 1.62 43 18.49 2.21 43 18.72% 2.11 14 17.71 2.29

Girls
8<age<9 5 12.59 1.48 8 11.97 1.97 38 13.63 1.50 30 13.21 1.54
9 <age<10 4 13.72 1.27 20 13.44 1.50 38 13.36 1.74 25 13.31 1.22
10 < age < 11 6 14.36 1.00 30 13.69 1.46 49 13.62 1.85 21 13.67 1.38
11 < age < 12 15 14.02 1.42 33 13.84 1.56 48 14.13 2.16 15 13.76 1.61
12 <age < 13 19 14.72 1.50 34 14.40 1.71 47 14.57 1.86 17 14.16 1.66
13 <age< 14 26 15.13 1.49 34 15.14 1.75 41 15.49 2.18 17 15.18 1.26
14 < age < 15 30 15.86 1.22 32 15.48 1.69 41 16.07 1.96 15 15.52 1.23
15 < age < 16 22 16.25 1.67 42 16.04 1.46 28 16.29 1.92 17 15.71 1.74
16 < age < 17 27 16.34 1.41 39 15.89 1.5 40 15.95 2.07 10 15.43 2
17 <age< 18 30 16.11 1.51 36 16.12 1.64 47 16.39 2.11 10 16.04 2.08

“Mean BMI significantly less than mean BMI for 1990-2000 (P-value < 0.05).

secular change in physical activity over these 4 decades.
However, McDonald (2007) analyzed data from six US
National Personal Transportation Surveys and found that
the percentage of students who walked or biked to school
declined from 40.7% in 1969 to 12.9% in 2001. The secular
increase in BMI in boys from 1960 to 1999 can also be
ascribed solely to a secular increase in fat mass, an
increase which more than compensated for the secular
decrease of FFM/Ht? that occurred over the same 4
decades. The FLS data controvert the supposition of
Eisenmann (2006) who noted that the secular increase in
children’s BMI is due to an increase in both FFM and FM.

In addition to a secular change in physical activity,
children’s and adolescents’ eating behavior has changed
over the same period of time, with an increase in con-
sumption of sugar-sweetened beverages (Brownell and

Frieden, 2009), an increase in portion size, and an
increase in intake of calorie-dense food of low nutritional
value at convenience stores and fast food restaurants
(Dietz et al., 2009).

These disturbing findings presage increases in the prev-
alence of metabolic and cardiovascular disorders known to
be associated with obesity, including the components of
the metabolic syndrome, Type 2 diabetes, acute coronary
syndrome, and congestive heart failure (Aprahamian and
Sam, 2011). Franks et al., (2010) recently performed a fol-
low-up study of American Indians whose height and
weight were measured in childhood. These authors
reported that the rate of death before age 55 years in sub-
jects who were in the highest quartile of BMI at age 11
years was 2.3 times that of those in the lowest quartile of
BMI at age 11 years, after adjusting for baseline levels of
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Fig. 4. Estimated mean fat-free mass/height? (kg/m?) by childhood age and birth decade for boys and girls. Childhood age measured in years
(8-18), while birth decade categorized as 1960-1969, 1970-1979, 1980-1989, and 1990-1999.

glucose, total cholesterol, and blood pressure. They found
childhood BMI to be a stronger risk factor for premature
death than childhood hypertension, glucose intolerance,
or hypercholesterolemia. In an attempt to gain a deeper
understanding of how pediatric obesity leads to inimical
cardiovascular consequences, Kim et al., (2010) performed
a metabolic study in 354 five-to-eight-year-old obese chil-
dren and 350 non-obese children matched for age, gender,
and ethnicity. These authors reported finding significantly
higher levels of insulin resistance, LDL-cholesterol, and
triglycerides in the obese children as well as significantly
higher levels of cardiovascular risk factors, including high
sensitivity C-reactive protein, interleukin-6, interleukin-
20, myeloid related protein, P-selectin, intercellular adhe-
sive molecule-1, retinol binding protein 4, macrophage in-
hibitory factor, and tumor-necrosis factor-a compared
with non-obese children. These factors contribute to a sys-
temic inflammatory state in obese children which may
explain their propensity to cardiovascular consequences
later in life, including premature death.

Din-Dzietham et al., (2007) analyzed NHANES data on
children’s blood pressure from 1963 to 2002. They found
that in 1988 the long-term downward trend in the preva-
lence of childhood hypertension (blood pressure > 95th
percentile for age, sex, and height percentile) and prehy-
pertension (blood pressure >90th < 95th percentile for
age, sex, and height percentile) reached a nadir and began
to rise over the subsequent decade in parallel to the
increase in prevalence of childhood obesity, especially ab-
dominal obesity. Sun et al., (2007, 2008) showed that BMI,
waist circumference, and hypertension track with fidelity
from childhood into adulthood and that both childhood
obesity and pediatric hypertension predict the onset of the
metabolic syndrome later in life. As these secondary epi-
demics of metabolic and cardiovascular disease ripple
through the US population of young adults, the annual
costs of medical care for obesity and obesity-related condi-
tions in the US will rise well above the $148 million
reported by Finkelstein et al., in 2009.

Ogden et al., (2010) documented a trend toward an
increasing prevalence of obesity in childhood in data gen-
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erated by successive cross-sectional population-based
NHANES. These authors found positive secular trends in
BMI in both boys and girls beginning in the 1970s. These
findings differ from ours in that we found a positive secu-
lar trend in BMI in boys beginning in 1980 and in girls be-
ginning in 1990. This discrepancy may be explained by
the different racial and ethnic composition of the FLS and
the NHANES.

The FLS is composed almost entirely of non-Hispanic
whites, whereas the NHANES are population-based sur-
veys that include blacks and Hispanic whites according to
their representation in the US population. Using
NHANES cross-sectional data, Din-Dzietham et al.,
(2007) compared the prevalence of obesity by race and eth-
nicity in 8-17-year-old children in 1988 to the prevalence
of obesity in children of the same ages in 2002 and found
striking discrepancies in the change in the prevalence of
obesity: non-Hispanic white children experienced a mod-
erate increase in prevalence, from 10% to 14%, while Afri-
can American children’s prevalence increased from 14% to
22%; and Hispanic children’s prevalence increased from
16% to 24%. The greater rate of increase in the prevalence
of obesity in minority children than in non-Hispanic white
children may account for the earlier appearance of a secu-
lar change in prevalence of obesity in serial NHANES
than in the FLS.

A recent report by Gupta et al., (2011) revealed that the
phenomenon of a secular increase in BMI over a relatively
short period of time is not limited to populations within the
US. These authors performed two cross-sectional studies of
urban Asian Indian adolescents, three years apart and
found that the prevalence of obesity increased significantly
in boys, from 8.9% in 2006 to 11.5% in 2009, and non-signif-
icantly in girls, from 11.4% to 12%, over the same period of
time. In another Asian study, Ying-Xiu and Shu-Rong (in
press) reported finding secular trends in data generated by
two cross-sectional examinations performed 25 years apart
in Chinese children and adolescents 7—18 years old. Obe-
sity prevalence increased by two orders of magnitude, from
0.04% in 1985 to 9.3% in 2010 in boys and from 0.03% to
2.4% in girls over the same period of time.
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The innovative approach we took in this study includes
the application of a longitudinal model to 40 years of serial
data that include indirect and direct measurements of
body composition. Our approach contrasts with studies
which compared BMI values in successive cross-sectional
analyses (Ali et al.,, 2000; Castilho and Lahr, 2001;
Danker-Hopfe and Roczen, 2000; Gupta et al., 2011;
Ogden et al., 2010; Ying-Xiu and Shu-Rong, in press).
These cross-sectional studies employed two analytic
approaches: (1) A regression approach to estimate rates of
change per birth decade of the cohorts, while ignoring the
age of the cohorts; (2) A comparison of average values
among subjects over several decades of birth or between
two periods of time. The first approach is suitable for
cross-sectional data but does not permit consideration of
the patterns of change in BMI during children’s growth.
Furthermore, with a regression approach, differential
changes from decade to decade are not revealed. The
advantage of the statistical modeling approach we used in
our investigation is that longitudinal models applied to se-
rial data can capture age-related growth trends and
simultaneously evaluate secular trends over decades of
birth.

Our findings in the FLS have corroborated findings
from serial cross-sectional studies in this country and
abroad, all of which have shown a positive secular trend
in children’s BMI. We have also provided evidence of con-
comitant positive secular trends in direct measures of
body fat and a worrisome negative secular trend in fat-
free mass in boys.

Limitations

Since the children in the FLS who were born in the first
decade of the 21st century are not old enough to provide
data from 10 to 18-year old, we are unable to determine
whether the secular trends we observed in children born
from 1960 to 1999 have continued unabated or have begun
to wane in children born in the past decade. Although we
were able to ascertain when secular changes began in var-
ious measures of adiposity, we were not able to determine
the causes of the secular changes that we detected
because the FLS, does not include the variables necessary
to determine such causation.

Factors such as birth weight, dietary behavior, physical
activity, and parental adiposity that could influence body
composition are not as well documented in FLS subjects
as body size and composition. Therefore, the analyses per-
formed in this study could not be appropriately adjusted
for such confounding variables. Another limitation of our
study is that since the FLS decadal birth cohorts consist
mainly of non-minority Caucasian subjects, our observa-
tions may not apply to other races or ethnicities.
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