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Abstract

Aim—This study aimed to distinguish between the roles of the two components of BMI, the fat
mass (FM) index and the fat-free mass (FFM) index, in BMI’s association with blood lipids in
children and adolescents.

Methods—A total of 678 children (49.1% female, 79.9% non-black), initially aged 8, 11 and 14
years, were followed at 4-month intervals for up to 4 years (1991-1995). Total cholesterol (TC),
LDL-C, HDL-C and triglycerides were determined in fasting blood samples. FFM index and FM
index were calculated as FFM (kg)/height (m)2 and FM (kg)/height (m)?2, respectively. Using a
multilevel linear model, repeated measurements of blood lipids were regressed on concurrent
measures of BMI or its components, adjusting for age, sex and race and, in a subsample, also for
physical activity, energy intake and sexual maturity.

Results—Estimated regression coefficients for the relations of TC with BMI, FFM index and
FM index were 1.539, —0.606 (p > 0.05) and 3.649, respectively. When FFM index and FM index
were entered into the TC model simultaneously, regression coefficients were —0.855 and 3.743,
respectively. An increase in BMI was related to an increase in TC; however, an equivalent
increase in FM index was related to a greater increase in TC and, when FFM index was tested
alone or with FM index, an increase in FFM index was related to a decrease in TC. Similar results
were observed for LDL-C. FFM index and FM index were both inversely related to HDL-C and
directly to triglycerides. Compared with FFM index, the equivalent increase in FM index showed
a greater decrease in HDL-C.
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Conclusion—Greater BMI was related to adverse levels of blood lipids in children and
adolescents, which was mainly attributable to BMI’s fat component. It is important to identify
weight management strategies to halt the childhood obesity epidemic and subsequently prevent
heart disease in adulthood.
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Methods

The association of cardiovascular disease (CVD) risk factors, such as adverse blood lipid
and lipoprotein cholesterol levels or hypertension, with obesity in children is well known
[1-3]. In children and adults, BMI continues to be the recommended index of adiposity for
epidemiological studies and for clinical practice [4]. As body mass is composed of both fat
mass (FM) and fat-free mass (FFM), the associations of CVD risk factors with BMI may not
be interpreted correctly as associations with adiposity only. When associations of some
CVD risk factors, such as blood pressure, with the two body mass components were
examined in children, the effects of FFM and FM on blood pressure were both significant
and equally important [5-7]. However, to our knowledge, the effect of FFM on the
relationship between BMI and blood lipids has not been accounted for. The roles that FFM
index, the fat-free component of BMI, play in BMI-lipid associations should be
distinguished from those of the FM index. The distinction is vital for understanding the
BMI-lipid relationship; it is also important for developing interventions to prevent adverse
blood lipid levels through body fat control or reduction and for monitoring the effects of
such interventions.

Body composition and blood lipid concentrations change dramatically during puberty;
height velocity, weight gain, FFM and bone mass increase significantly [8,9], whereas the
blood cholesterol level decreases [10]. The change in body mass and lipid levels also differs
between the sexes; for example, boys increase in FFM, whereas girls gain in FM [11,12],
and blood cholesterol decreases more rapidly in boys than in girls [13]. These dynamic
changes complicate the interpretation of findings on the relationship between BMI and
blood lipids. Close observation of the constant changes in body composition and blood
lipids, as well as other related factors, is required to understand their relationship. A report
from the Bogalusa Heart Study, in which children aged 8 years were followed for 6 years,
indicated that adiposity is associated with adverse levels of blood lipids and lipoproteins
[14]. However, most studies exploring the association of adiposity with blood lipids and
lipoproteins have been cross-sectional and thus unable to examine the associations of
concurrent changes in body composition and blood lipids. Furthermore, these studies have
not accounted for important factors that may influence these changes, such as stage of
maturation, energy intake or physical activity behaviors [15-18].

The aim of this study was to examine the associations of concurrent changes in blood lipids
and BMI and to compare the roles of the fat-free and fat components of BMI on these
relationships in children and adolescents while adjusting for the effects of age, sex, race,
energy intake, sedentary and physical activity habits and sexual maturation.

Project HeartBeat! is a longitudinal study of CVD risk factors and related measures in
childhood and adolescence. The complete design and methods were reported previously
[10]. Overall, 678 children in three cohorts, aged 8, 11 and 14 years, were enrolled between
October 1991 and July 1993 from The Woodlands and Conroe (TX, USA). The study
participants were 49.1% female, 74.6% white, 20.1% black and 5.3% other race/ethnicity.
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They were examined three times per year until August 1995 (mean of 8.3 examinations per
participant). The study protocol was approved by the institutional review committees of the
University of Texas Health Science Center at Houston (TX, USA) and Baylor College of
Medicine (TX, USA). For each participant, informed consent or assent and parental consent
were obtained.

Plasma lipid concentrations were determined in the Lipid Research Laboratory of the Baylor
College of Medicine. At each examination, the participant’s blood was drawn (after an
overnight fast) into powdered ethylene-diaminetetra-acetic acid-containing tubes by a
trained phlebotomist at the participant’s home. The blood was kept at 4°C and was separated
within 1 h of collection. Aliquots were held at —70°C until laboratory testing. Total
cholesterol (TC), HDL-C and triglycerides (TGs) were determined using a standard
enzymatic method [19,20] and the Cobas Fara Il analyzer. LDL-C was calculated using the
Friedewald equation (TC — [TG/5 + HDL-C]) [21]. It was not calculated when TG was 400
mg/dl or over.

Anthropometric measurements were obtained by two trained and certified technicians
working together [22]. Participants were barefoot and wore surgical scrub suits over
underwear while measurements were taken. Their weight was measured to the nearest 0.1 kg
and height to the nearest 0.1 cm. BMI was calculated as weight (kg)/height (m)2. Skinfolds
at six sites (triceps, subscapular, mid-axillary, abdominal, distal thigh and lateral calf) were
measured in triplicate to the nearest 0.1 mm. FFM and FM were calculated by the sex-
specific formula of Guo and colleagues based on a combination of bioelectrical impedance
and body measurements [23]. FFM index and FM index were calculated as FFM (kg)/height
(m)2 and FM (kg)/height (m)2, respectively.

Physical assessment of secondary sex characteristics involved a visual assessment of pubic
hair and breast or genitalia by the method of Tanner; the ratings ranged from 1
(prepubescent) to 5 (adult) for each characteristic [24,25]. The assessment was carried out
with the participant standing, either immediately before or after the anthropometry
assessment. Pubic hair stage was used in the current analysis.

Dietary energy intake (kilocalories/day) was estimated from a food frequency questionnaire
[26]. Trained interviewers questioned participants about the frequency and quantity of their
consumption of each of the 137 foods during the previous week. Nutrient amounts were
calculated and expressed in terms of average daily intake during the past week. Dietary
interviews were conducted annually in the home of the participant or at the field center.
Parents who were involved with the food preparation were asked to be available to help
participants under the age of 11 years.

Physical activity was assessed annually using a 24-h, interviewer-administered recall
questionnaire adapted from a 7-day recall instrument modified for use with preadolescent
children. This questionnaire had been validated previously [27]. Using a segmented-day
approach, trained interviewers asked participants to recall the physical activities and
sedentary behaviors in which they had participated in the previous 24 h. Times spent
actively participating in moderate-to-vigorous physical activities (MVPAS) were summed to
estimate the amount of MVPA (min/day) during the previous 24 h. Times spent in sedentary
behaviors, including television viewing, reading and computer use, were summed to indicate
the extent of sedentary physical activity (SePA; min/day).

Ethnicity was grouped into the following two categories — non-black and black. The exact
age was calculated for the day of data collection.

Clin Lipidol. Author manuscript; available in PMC 2012 February 1.
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Statistical analysis was performed with the SPSS statistical package [101] and the multilevel
modeling software MLwiN [102]. Descriptive statistics of baseline characteristics were
provided, and partial correlation coefficients were used to examine the correlations among
BMI and its two components and between them and blood lipid concentrations at baseline,
adjusting for age by sex. Multilevel statistical analysis was used to estimate the impact of
changes in BMI and its components on blood lipids [28]. Tests of statistical hypotheses were
carried out by use of the Wald test (ratio of the estimated parameter to its standard error) or
deviance tests (changes in —2In[likelihood]). The p-value of 0.05 was used as the criterion
for all statistical testing. No correction was made for repeated testing.

For each of the four lipid components, multilevel linear models were fitted on concurrent
measures of either BMI, FFM index or FM index, or on both FFM index and FM index. Sex
and race interactions of BMI and its two components were tested. The models were adjusted
for age (linear, quadratic and cubic terms of age), sex (male = 0 and female = 1) and race
(non-black = 0 and black = 1), including their two-way interaction terms. These models
were fitted based on 5029 valid measurements of lipids, BMI, BMI components and
covariates determined at all examinations of all 678 study participants. The estimated
models were further adjusted for dietary energy intake, sedentary behavior, physical activity
and sexual maturation by including dietary energy intake, SePA, MVPA and pubic hair
stage into the models. This part of the statistical analysis was based on 1142 observations.
The smaller number of observations resulted from the availability of only baseline and
annual assessments of dietary intake and physical activity, restriction of physical activity
assessment to participants aged 10 years old and over (based on reliability considerations)
and missing values for pubic hair stage. TC, as the sum of separate lipid components, was
analyzed as one of the dependent variables, because it was recommended as the initial test
for selective screening in children by the National Cholesterol Education Program Expert
Panel on Blood Cholesterol Levels in Children and Adolescents (1991) and was widely used
in assessment of risk in children [29].

Analysis of the Project HeartBeat! data has been an ongoing effort. Although the data were
collected only until 15 years ago, we believe that the biological relationships among the
collected variables would not change with time. Thus, the outcomes reported should still be
valid and meaningful.

Baseline characteristics of the study participants are presented according to age group in
Table 1. Mean TC and LDL-C decreased with increasing age from 8 to 14 years. These
values were lower in boys than in girls among the 14-year-olds. HDL-C also decreased
across age groups, especially in boys. TG levels were lower in boys than in girls among the
8-year-olds; however, TG levels increased across successive age groups more steeply in
boys than in girls. Mean BMI increased between the 8- and 14-year-old age groups and was
slightly higher in girls than in boys among 14-year-olds. The FFM index increased between
the 8- and 14-year-old age groups and was consistently, although only slightly, higher in
boys than in girls. The FM index was higher in girls than in boys, except at age 11 years.
The FM index increased with age in girls for the three age groups but peaked at age 11 years
in boys.

Partial correlation coefficients of BMI, FFM index and FM index with lipid components by
sex and adjusted for age are shown in Table 2. BMI, FFM index and FM index were
positively correlated with one another in both boys and girls, most strongly between BMI
and FM index (y = 0.87 in boys and y = 0.93 in girls) and least strongly between FFM index
and FM index (y = 0.27 in boys and y = 0.51 in girls). BMI and FM index were directly
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correlated with LDL-C and TGs and inversely with HDL-C in both boys and girls after
adjustment for age. They were also directly correlated with TC in boys. FFM index was
inversely correlated with HDL-C in both boys and girls.

Regression coefficients and standard errors of BMI, FFM index and FM index from lipid
models adjusted for age, sex and race are presented in Table 3. The regression coefficients
and standard errors from models further adjusted for energy intake, sedentary behavior,
physical activity and Tanner stage are presented in Table 4.

An increase in BMI was significantly associated with increases in TC, LDL-C, and TGs and
a decrease in HDL-C, after adjustment for sex, race and age (Table 3). The regression
coefficients for the main effects of BMI on these lipid components were 1.539, 1.472, 4.308
and —0.777, respectively. The estimated effect of BMI on TGs was 2.9 mg/dl lower in black
subjects than in non-black subjects.

The FFM index was not significantly associated with TC and LDL-C. However, it was
negatively associated with HDL-C (regression coefficient: —0.628) and positively associated
with TGs (regression coefficient: 2.575).

Similar to BMI, the FM index was positively related to TC, LDL-C and TGs, and negatively
related to HDL-C. The regression coefficients for the main effects of FM index were 3.649,
3.343, 5.885 and —0.936, respectively. Sex—FM index interactions indicated that the effects
were lower in girls than in boys by 1.606 mg/dl for TC and 1.387 mg/dl for LDL-C with
each 1 kg/m? change in FM index. The effect of FM index on TGs was lower in black
subjects than in non-black subjects (regression coefficient for interaction: —3.420).

When both FM index and FFM index were entered simultaneously into the lipid models, the
estimated effects on the four lipid components related to each unit difference in FM index
remained practically unchanged. However, FFM index became negatively associated with
TC (regression coefficient: —0.855) and LDL-C (regression coefficient: —0.574). This
finding indicates that an increase of 1 kg/m2 in FFM index was related to a 0.855-mg/dl
decrease in TC and a 0.574-mg/dl decrease in LDL-C. The estimated effects of FFM index
on HDL-C and TG remained similar to those estimated when FM index was not included in
the models.

No major changes were found in the observed relationships of lipid components with BMI
and its fat-free and fat components after further adjustment for energy intake, sedentary
behavior, physical activity and sexual maturation (Table 4). Differences in the results after
further adjustment mainly related to changes in statistical significance of interaction terms
(e.g., significant interaction terms of sex-BMI and sex—FM index in the TGs models and
insignificant interaction terms of sex—FM index in the TC and the LDL-C models) and to
slight changes in magnitude of regression coefficients. These minor differences could be
expected because of smaller sample sizes with fewer measurements of all variables included
in the lipid models adjusted for dietary energy intake, sedentary behavior, physical activity
and sexual maturation. In general, the results were in agreement with those observed without
these adjustments.

Discussion

This report described the concomitant association of BMI and its fat and fat-free
components with blood lipids and lipoproteins during adolescence. In general, both BMI
components were significantly associated with blood lipids and lipoproteins, and the
strongest associations were for FM index. Greater values for BMI and FM index were
associated with adverse levels of all measured blood lipids and lipoproteins, and the
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estimated change in TGs related to each unit change in either index was greater in non-black
children than in black children. Finally, higher FFM index was related to adverse levels of
HDL-C and TGs but favorable levels of TC and LDL-C.

Similar associations between BMI and blood lipids in children have been reported in other
studies [14-18,30]. In longitudinal analyses, results from the Bogalusa Heart Study also
showed positive associations of BMI with TGs and negative associations with HDL-C, and
the relationship between BMI and TGs was also weaker in black children than in white
children [30]. Another report of that study indicated that the rate of increase in adiposity
(based on BMI and the sum of subscapular and tricep skinfold measurements) was related to
adverse changes in blood lipids [14]. The changes were greater for TGs in males, and for
LDL-C and HDL-C in white participants.

Similar results have also been reported from cross-sectional studies. HDL-C levels in
Cherokee Indian children aged 5-19 years were shown to decrease across increasing BMI z-
quartiles in all age groups [15]. In another study, overweight males and females aged 9-17
years had lower HDL-C and higher LDL-C and TG levels than non-overweight children
(overweight defined as BMI >85th percentile for specific age and sex groups using BMI
distributions from the combined National Health and Nutrition Examination Survey
[NHANES] I and Il dataset) [17,18]. Furthermore, based on BMI and the sum of
subscapular and tricep skinfold measurements, body fat distribution was a stronger predictor
for blood lipids and lipoproteins than was body fat percentage in children [16].

BMI is a widely used indicator of adiposity. The relationships between BMI and blood lipids
and lipoproteins are well established in children and adults, even though BMI is a measure
of excess weight relative to height rather than a measure of excess body fat. It is well known
that bone, muscle and organs are reflected in BMI measurement in addition to body fat.
Reports on trajectories of adiposity measures showed distinct age-related patterns of BMI
compared with body fat percentage, FM index and skinfold measures [12,31,32]. A recent
study of children aged 8-18 years demonstrated that annual increases in BMI were mainly
accounted for by FFM index in both sexes until late adolescence, and that increases in FM
index contributed to a larger proportion of the BMI increases in girls than in boys [32]. The
insight on the relative contribution of the fat and fat-free components to variance of BMI at
different growth and maturation stages is important in understanding the role that each
component plays in the relationship of BMI with CVD risk factors. As BMI does not allow
differentiation between its fat and nonfat body components, changes in these components
should be considered when the effect of body fatness on blood lipids in children and
adolescents is measured.

None of the previous studies examining the effect of BMI on lipids and lipoproteins in
children reported the effect of each BMI component (i.e., FM index and FFM index)
separately. In the present study, FM index was significantly related to higher levels of LDL-
C, TC and TG and lower levels of HDL-C. Associations of lipids with FM index, the
adipose component of BMI, appeared generally stronger than those with BMI and more
similar to the associations with body fat percentage and skinfold measures than to the
associations with BMI [33]. Moreover, a 1-unit increase in FM index was associated with
greater increases in TC, LDL-C and TG and a greater decrease in HDL-C than the
equivalent increase in BMI, even among girls (difference not tested), where the effects of
changes in FM index on TC and LDL-C were smaller than those in boys. The strong effect
of FM index may be explained by the adipose tissue role. Adipose tissue is now recognized
as an endocrine organ that controls levels of plasma free fatty acid and contributes to
systemic metabolic homeostasis by producing various proteins (adipocyto-kines). In obesity,
the infiltration of immune cells, such as T cells and macrophages, into adipose tissue causes
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inflammation, which is thought to contribute to loss of insulin sensitivity. Insulin resistance
in adipose tissue can lead to increased release of fatty acids, secretion of inflammatory
cytokines, and alterations in the balance of adipocytokines, which ultimately impact
lipoprotein metabolism, especially TGs and HDL-C [34,35].

On the other hand, FFM index was negatively associated with HDL-C and positively
associated with TGs, and was not significantly associated with TC and LDL-C when
analyzed alone. When analyzed simultaneously with FM index, FFM index was inversely
associated with TC and LDL-C. Compared with FM index, FFM index had a smaller effect
on TGs and HDL-C. All of the associations were significant after adjustment for age, sex,
race, energy intake, physical activity and sexual maturation.

Similarly, a recent report from a longitudinal study conducted in adults demonstrated that
FM index was negatively associated with HDL-C and positively associated with TC, LDL-C
and TGs, whereas FFM index had a positive association with TGs, a negative association
with HDL-C and no significant association with TC or LDL-C [36]. These associations were
found for both men and women and were stronger for FM index than for FFM index. The
association of FFM index with adverse levels of HDL-C and TG concentrations may be
explained by skeletal muscle insulin resistance. Insulin resistance in skeletal muscle diverts
ingested carbohydrate away from muscle glycogen synthesis and storage into hepatic
lipogenesis resulting in adverse levels of serum TGs and HDL-C [37].

Partitioning BMI into FFM index and FM index clearly shows that the relationships between
BMI and blood lipids and lipoproteins, especially for TC and LDL-C, in children and
adolescents are mainly attributable to its fat component, the FM index. The findings reported
here, especially the inverse association between FFM index and TC and LDL-C, should be
confirmed by further studies using dual energy x-ray absorptiometry (DXA) or MRI body
composition methods. One of the limitations of this study includes the bioelectrical
impedance method to assess FM and FFM compared with DXA, for example. Although
DXA measures of body composition may be more precise than bioelectric impedance,
bioelectrical impedance is practical in large-scale epidemiological studies, given the cost
and time. Another limitation was the self-reported dietary intake and physical activity, an
approach that may result in imprecise estimates, especially in young children. Moreover, the
time period of the impact of behaviors on body composition and lipids was not accounted
for in the current analysis. Nonetheless, the food frequency questionnaire was reported as a
good group measure for ranking youth intakes, and the physical activity questionnaire was
validated in a previous study. Both measures were intended as indicators of patterns of
behavior. To further limit the potential error of measurements, children under 10 years of
age were excluded when diet and physical activity measures were included in the analysis.
The major strength of the present study for the purpose of this analysis was the frequency of
examinations throughout adolescence, which allowed for repeated measurements of lipids
along with concurrent measures of body composition as well as potential confounding
factors (physical activity, sedentary behavior, energy intake and sexual maturity). Although
lipid measures were related to body composition and covariates were collected at the same
time in the current analysis, within each individual, the repeated measures varied over time,
resulting in longitudinal changes in lipids, body composition and covariates from baseline to
follow-up assessments. Variance of dependent variables (e.g., LDL-C) was separated into
two levels: within individuals and between individuals. Within individuals, changes from
earlier measures in dependent variables were explained by the changes in predictors/
independent variables. This feature is not possible with cross-sectional data and the
associations found in this kind of data analysis are much stronger indicators for real
biological relationships than those in traditional cross-sectional studies. The time period for
this study occurred at an age when BMI increases and cholesterol decreases; however, the
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design is critical for determining the relationships of FM and FFM with lipids when these
variables are undergoing dynamic changes. Future studies are needed to examine similar
questions in younger children aged 27 years.

Conclusion

Using BMI as a measure of adiposity underestimates the strength of the associations
between adiposity and blood lipids and lipoproteins. High FM index is related to adverse
levels of all four blood lipid components, whereas high FFM index is related to adverse
levels of HDL-C and TGs but favorable levels of TC and LDL-C. Adiposity is known to
contribute to adverse changes in blood lipid and lipoprotein levels, and most intervention
measures for preventing and controlling adverse levels of lipids are primarily based on
control of adiposity. Understanding the impact of adiposity and lean body mass on blood
lipids and other cardiovascular risk factors is important in designing and monitoring
intervention strategies to lower cardiovascular risk for young people.

Executive summary

. An increase in BMI was signifcantly associated with increases in total
cholesterol (TC), LDL-C and triglycerides (TGs) and a decrease in HDL-C,
after adjustment for sex, race and age.

. Changes in TGs concurrent with changes in BMI were found to be smaller in
black patients than in non-black patients.

. When tested alone, the fat-free mass (FFM) index was not signifcantly
associated with TC and LDL-C; it was inversely associated with HDL-C and
positively associated with TGs.

. Comparing multilevel models on BMI, FFM index or fat mass (FM) index, a
unit increase in the FM index was associated with greater increases in TC,
LDL-C and TGs and a greater decrease in HDL-C than that of BMI or the
FFM index (difference not tested).

. When analyzed simultaneously, the FM index was positively, while the FFM
index was inversely, associated with TC and LDL-C; a unit increase in FM
index was associated with greater increases in TGs and a greater decrease in
HDL-C than that of FFM index (difference not tested).

. Overall, an increase in BMI among children and adolescents is associated
with adverse changes in all four blood lipid components.

. While an increase in the fat component of BMI is related to adverse changes
in all four lipid components, an increase in the fat-free component of BMI is
related to beneficial changes in TC and LDL-C.

. Distinctions need to be made when evaluating changes in BMI in children
and adolescents; an increase in FM index is consistently related to adverse
changes in lipid measures, whereas the effect of an increase in FFM index is
inconsistent across lipid measures.
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