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ABSTRACT 

The goal of this dissertation research was to better understand relationships 

among physical activity (PA), cardiorespiratory fitness, adiposity, and cardiovascular 

(CV) health in children and adolescents. The aim of the first paper was to examine 

whether fitness and adiposity are independently associated with CV risk factors during 

puberty. Study participants were 126 prepubertal Caucasian children participating in a 

longitudinal four-year follow-up study. Fitness level was determined by VO2 max 

(L/min) obtained from maximal graded exercise testing and adiposity level was 

determined by the sum of skinfolds. Gender-specific individual growth curve models, 

including both VO2 max and the sum of skinfolds simultaneously, were fit to predict CV 

risk factor variables. Models also included covariates such as age, height, weight, and 

pubertal stage by the Tanner criteria. In both boys and girls, total cholesterol, triglyceride, 

LDL-C, and systolic blood pressure percentile were positively associated with the sum of 

skinfolds (P < 0.05), but not with VO2 max (P > 0.05). In conclusion, fitness was not 

associated with CV risk factors, after adjusting for adiposity, among healthy adolescents. 

This study suggests that adiposity may play a role in the mechanism underlying the effect 

of fitness on CV health during puberty. The aim of the second paper was to examine 

whether early adiposity level is inversely associated with subsequent PA behaviors in 

childhood. Study participants were 326 children participating in the Iowa Bone 

Development Study. PA and fat mass were measured using accelerometers and dual 

energy X-ray absorptiometry (DXA) at approximately 5, 8, and 11 years of age. Gender-

specific generalized linear models were fit to examine the association between percent 

body fat (BF%) at age 8 and intensity-weighted moderate- to vigorous-intensity PA (IW-

MVPA) at age 11. After adjusting for IW-MVPA at age 8, an interval between the age 5 

and 8 examinations, residualized change scores of BF% and IW-MVPA from age 5 to 8 

and mother’s education level, BF% at age 8 was inversely associated with IW-MVPA at 

age 11 among boys (P < 0.05). After adjusting for IW-MVPA at age 8, physical maturity, 
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and family income, BF% at age 8 was inversely associated with IW-MVPA at age 11 

among girls (P < 0.05). Categorical analysis also showed that the odd of being in the 

lowest quartile relative to the highest quartile of IW-MVPA at three-year follow-up for 

boys and girls with high BF% was approximately four times higher than the odd for those 

with low BF% (P < 0.05). This study suggests that adiposity levels may be a determinant 

of PA behavior. Specific intervention strategies for overweight children may be needed to 

promote PA. The aim of the third paper was to examine whether accelerometer-measured 

daily light-intensity PA is inversely associated with DXA-derived body fat mass during 

childhood. The study sample was 577 children participating in the longitudinal Iowa 

Bone Development Study. Fat mass and PA were measured at about 5, 8, and 11 years of 

age. Two PA indicators were used, applying two accelerometer count cut-points: the 

daily sum of accelerometer counts during light-intensity PA (IW-LPA) and the daily 

sums of accelerometer counts during high-light-intensity PA (IW-HLPA). Measurement 

time point- and gender-specific multivariable linear regression models were fit to predict 

fat mass based on IW-LPA and IW-HLPA, including covariates, such as age, birth 

weight, fat-free mass, height, IW-MVPA and maturity (only for girls). Among boys, both 

IW-LPA and IW-HLPA were inversely associated with fat mass at age 11 (P < 0.05), but 

not at ages 5 and 8. Among girls, both LPA variables were inversely associated with fat 

mass at ages 8 and 11 (P < 0.10 for LPA at age 11, P < 0.05 for others), but not at age 5. 

In conclusion, this study suggests that light-intensity PA may have a preventive effect 

against adiposity among older children. 
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CHAPTER 1 

 INTRODUCTION 

1.1 Research Hypotheses and Aims 

The goal of this dissertation was to better understand relationships among 

physical activity (PA), cardiorespiratory fitness, adiposity, and cardiovascular (CV) 

health in children and adolescents. There has been an increase in the prevalence of a 

cluster of CV risk factors and type 2 diabetes mellitus among children and adolescents, 

along with an increase of obesity among these age groups. A low PA level has been 

widely assumed to be one contributor to obesity. Based on a literature review, a 

hypothetical model was proposed to postulate causal relationships among PA, 

cardiorespiratory fitness, adiposity, and CV health (Figure 1.1). The following three 

hypotheses were derived from the hypothetical model:  

Hypothesis 1: Cardiorespiratory fitness has a beneficial impact on cardiovascular health, 

after accounting for adiposity, in children and adolescents (pathway A in Figure 1.1). 

Hypothesis 2: A high level of adiposity negatively influences physical activity 

participation in children (pathway B in Figure 1.1).   

Hypothesis 3: Daily light-intensity physical activity has a preventive effect against 

adiposity in children (pathway C in Figure 1.1).   

 
 
 

 

 
 
Figure 1.1 Hypothetical model of relationships among physical activity, cardiorespiratory 
fitness, adiposity, and cardiovascular health 
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This dissertation includes three research papers designed to achieve the following 

three aims which were specified to test the aforementioned hypotheses: 

Aim 1: To determine whether cardiorespiratory fitness is associated with cardiovascular 

risk factors during puberty after accounting for adiposity, using data from a sub-study of 

the Muscatine Heart Study. 

Aim 2: To determine whether early adiposity level is inversely associated with 

subsequent physical activity behaviors during childhood, using the longitudinal Iowa 

Bone Development Study data. 

Aim 3: To determine whether daily light-intensity physical activity is inversely 

associated with adiposity during childhood, using the longitudinal Iowa Bone 

Development Study data. 

1.2 Brief Introduction of Research Methods 

The first paper (chapter 2) was designed to achieve Aim 1. Existing datasets from 

a four-year follow-up sub-study of the Muscatine Heart Study were used to achieve the 

study aim. The Muscatine Heart Study is one of the first studies to examine CV risk in 

children. A four-year follow-up sub-study within the Muscatine Heart Study was 

conducted from 1991 to 1995 in order to characterize the growth of the heart related to 

changes in blood pressure, body size, physical fitness, and PA through puberty. In the 

sub-study, 126 prepubertal Caucasian children were enrolled in the study at baseline. 

Maximal oxygen consumption (VO2 max) was measured once a study year. Skinfold 

thickness and blood pressure were measured quarterly. A blood sample was drawn at 

study years 1, 2, and 5. Total cholesterol, triglyceride, and high-density lipoprotein 

cholesterol (HDL-C) plasma levels were analyzed; low-density lipoprotein cholesterol 

(LDL-C) level was calculated. In statistical analysis, gender-specific individual growth 

curve models were estimated to predict CV risk factors using mixed model approaches. 

The intercept and centered age were fit as random effects. VO2 max (L/min), the sum of 

skinfolds, centered age, height, weight, and pubertal stage were fit as fixed effects. 
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For the second and third papers, the Iowa Bone Development Study data were 

used. The Iowa Bone Development Study is an ongoing prospective cohort study of bone 

health during childhood. The study participants are a sub-set of Midwestern children 

recruited during 1998 to 2001 from a cohort of 890 families participating in the Iowa 

Fluoride Study. Serial examinations have been conducted at child’s ages approximately 5, 

8, 11, 13, 15, and 17. Data collected at child’s ages 5, 8, and 11 were used for these two 

papers. The second paper (chapter 3) was designed to achieve Aim 2. In the Iowa Bone 

Development Study data, 326 children who completed accelerometer and dual energy X-

ray absorptiometry (DXA) measurements at all of three examinations (child’s ages 5, 8, 

and 11) were included for data analysis. Gender-specific generalized linear models were 

fit to examine a temporal association between percent body fat (BF%) at age 8 and 

intensity-weighted moderate- to vigorous-intensity PA (IW-MVPA) at age 11. 

Measurement data at child’s age 5 were used to account for the preceding change of BF% 

and IW-MVPA from the age 5 to 8 examinations. In addition, potential covariates such as 

age, an interval between the age 5 and 8 examinations, physical maturity, IW-MVPA at 

age 8, parents’ physical activity levels, parents’ education levels, and family income were 

considered.   

The third paper (chapter 4) was designed to achieve Aim 3. Five hundred seventy-

seven Iowa Bone Development Study participants who completed accelerometer and 

DXA measurements at least one of three examinations (child’s ages 5, 8, and 11) were 

included for data analysis. Gender- and examination time point-specific multivariable 

linear models were fit to examine the cross-sectional associaition between intensity-

weighted light-intensity PA (IW-LPA) and fat mass. Birth weight, IW-MVPA, physical 

maturity, energy intake, height, and fat-free mass were considered as potential covariates.    
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1.3 Childhood Obesity and Its Health Consequences 

In the last three decades, the prevalence of obesity (body mass index (BMI) ≥ 95th 

percentile) among U.S. children and adolescents has dramatically increased (Figure 

1.2).1,2 In the U.S. population, it is estimated that 18.5 million, or 24%, of all children 2 

to 19 years of age will be considered obese by the year 2020.3 The increase represents an 

important public health problem, because obesity in childhood tends to persist into 

adulthood,4 and obesity in adults increases the risk of many chronic diseases and health 

conditions, including hypertension, dyslipidemia, type 2 diabetes mellitus, coronary heart 

disease, and stroke.5 Therefore, the population attributable risk of obesity for chronic 

disease is expected to continue to increase. Furthermore, conditions such as type 2 

diabetes mellitus, hypertension, and hypercholesterolemia, which were previously seen 

primarily in adults, have become more common among children and adolescents, along 

with an increase of childhood obesity.4,6,7 Childhood obesity also influences quality of 

life, impacting psychological and social functioning,8,9 presumably through perceived 

negative self- and peer-attitudes about body shape. For example, Schwimmer et al.
10 

reported that children and adolescents with severe obesity have a lower health-related 

quality of life than their counterparts with cancer.  
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Figure 1.2 Prevalence of obesity in U.S. children, National Health and Nutrition 
Examination Survey (NHANES) 
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1.4 Determinants of Adiposity 

Adiposity status is largely determined by genetics and an environment that 

encourages an adverse balance between energy intake and energy expenditure.11 A 

relationship between energy expenditure and adiposity is further discussed in chapter 

1.12. Differences in genetic susceptibility explains variation in the predisposition to 

obesity.12 Many twin, adoption and family studies have indicated a significant 

contribution of genetic factors to obesity pathogenesis.13 In addition, the prenatal period 

is important for the development of obesity and environmental conditions experienced in 

utero may have a life-long effect on later body composition and the propensity to become 

obese.14 Birth weight is frequently used as an indicator of the conditions experienced 

prenatally.15 A systemic review of the effect of birth weight on adiposity and fat 

distribution later in childhood and early adulthood suggested a positive association 

between increased birth weight and overweight in childhood.15 More recently, Rogers et 

al.16 reported that birth weight was positively associated with both lean body mass and 

total body fat measured by DXA among 3,006 boys and 3,080 girls 9 to 10 years of age 

(a 2 to 3% increase in total body fat per 1-standard deviation increase in birth weight, P < 

0.05). In summary, genetic predisposition to body composition, birth weight, energy 

intake, and energy expenditure should be considered to predict adiposity.  

1.5 Measurement of Adiposity 

Dual energy X-ray absorptiometry (DXA) is one of the most accurate measures 

of adiposity in children. DXA was developed to measure bone mineral density with 

minimal x-ray exposure. But, DXA scans have been adopted to assess adiposity, because 

they allow one to obtain accurate assessment of fat mass. A DXA scan procedure is 

painless and non-invasive, and its radiation exposure is minimal. DXA machines are 

increasingly available throughout hospitals and clinics, and scans are easily performed on 

children of all ages. DXA has been proven to be an excellent measure of fat mass against 



 

 

6 

the gold standard, four-compartment model in children and adolescents (R2 = 0.85, Figure 

1.3).17,18   

 
 

 

 
Figure 1.3 Linear regression analysis to compare percent body fat (%BF) by DXA with 
percent body fat (%BF) by the four-compartment (4-CM) model 

Source: Sopher AB, Thornton JC, Wang J, Pierson RN,Jr, Heymsfield SB, Horlick M. 
Measurement of percentage of body fat in 411 children and adolescents: a comparison of 
dual-energy X-ray absorptiometry with a four-compartment model. Pediatrics. 
2004;113(5):1285-1290. 

 
 

 

The skinfold thickness is another measure of adiposity. The measurement can 

use from 3 to 9 different standard anatomical sites around the body. The right side is 

usually measured for consistency. The tester pinches the skin at the appropriate site to 

raise a double layer of skin and the underlying adipose tissue, but not the muscle. The 

skinfold caliper is then applied 1 cm below and at a right angle to the pinch, and a 

reading in millimeters (mm) is taken a few seconds later. The mean of two measurements 

should be taken. If the two measurements differ greatly, a third should then be taken, and 

the median value should be used. Fat mass can be estimated using prediction equations 

from skinfolds. However, because the standard error of estimation (SEE) of fat mass 

estimated based on skinfolds is considerable (3 to 5%),19 the sum of skinfolds may be a 
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better measure than fat mass estimated based on skinfolds for ranking adiposity level 

within a population. 

Body mass index (BMI) is defined as body weight divided by height squared 

(kg/m2). Fat mass index (FMI) is defined as fat mass divided by height squared (kg/m2). 

Fat-free mass index (FFMI) is defined as fat-free mass divided by height squared (kg/m2). 

Standardized for height2, FMI and FFMI indicate the contribution of fat mass and fat-free 

mass, respectively, to BMI (Figure 1.4). BMI is widely used as a surrogate measure of 

adiposity, particularly in large-scale epidemiologic studies, because of its ease of use. 

However, it is a measure of excess weight relative to height, rather than excess 

adiposity.20 In contrast to the association in adults, the association between BMI and 

adiposity is variable and relatively weak among children (r < 0.6),21-24 although BMI can 

be a good measure to categorize adiposity levels if an appropriate cut-point is applied.23 

The weak association among children and adolescents may be attributable to the 

asynchronous changes that occur in the levels of fat mass and fat-free mass during 

growth.23 Freedman et al.
23 showed that the same absolute BMI value can result from 

various combinations of FMI and FFMI. BMI performs well as an adiposity indicator 

among relatively heavy children (e.g., BMI ≥ 85th percentile), but not among thinner 

children. The magnitude of the association between BMI and adiposity has also been 

reported to differ by gender and age. The associations of adiposity with BMI have been 

shown to be weaker among boys (r ≈ 0.5) than among girls (r ≈ 0.8).21,25,26 The 

association between body density (as an inverse indicator of adiposity level) and BMI 

was weaker as well among 14- to 16-year-old boys (r = -0.59) than among 7- to 10-year-

old boys (r = -0.80).27 In addition, BMI tends to explain less of the variance in CV risk 

factors than do other adiposity indicators, such as FMI or BF% (fat mass divided by body 

weight).28  
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Figure 1.4 Predicted levels of fat mass index (FMI) and fat-free mass index (FFMI) at 6 
years (left) and 17 years (right) of age according to body mass index (BMI)-for-age z 
score in the Pediatric Rosetta Study 

Source: Freedman DS, Sherry B. The validity of BMI as an indicator of body fatness and 
risk among children. Pediatrics. 2009;124 Suppl 1:S23-34. 
 
Note: The solid lines represent boys, and the dashed lines represent girls. 
 
 
 

1.6 Physical Activity Levels in Children and Adolescents 

Physical inactivity is widely assumed to be one contributor to obesity. 

Furthermore, physical inactivity has been reported to increase CV disease (CVD) risk.29 

PA guidelines have been suggested for disease prevention and health-related physical 

fitness and health promotion. Most recently, the Department of Health and Human 

Services (HHS) released the 2008 Physical Activity Guidelines for Americans.30 The new 

recommendations indicate that children should engage in 60 or more minutes per day of 

moderate- to vigorous-intensity PA (MVPA), including 1) vigorous-intensity PA (VPA) 

at least 3 days per week, 2) muscle-strengthening PA at least 3 days per week, and 3) 

bone-strengthening PA at least 3 days per week.  

Accelerometer-measured PA data from the National Health and Nutrition 

Examination Survey (NHANES) 2003-2004 showed that among children 6 to11 years of 
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age, 49% of boys and 35% of girls achieved the recommended amount of MVPA (Table 

1.1).31 The prevalence of the adherence to PA recommendations dramatically dropped 

among adolescents. For 12 to 15 year olds, only 12% of boys and 3% of girls adhered to 

the recommendation. The magnitude of the gender difference also increased during 

adolescence.  

 
 
 
 
Table 1.1 Prevalence of adherence to physical activity recommendations: NHANES 
2003-2004 
 

Age range Boys (n=611) Girls (n=570) 
6-11 years 48.9% 34.7% 

12-15 years 11.9% 3.4% 
 
Source: Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical 
activity in the United States measured by accelerometer. Med Sci Sports Exerc. 
2008;40(1):181-188. 
 
Note: Adherence to physical activity recommendations was defined as 60 or more 
minutes of at least moderate-intensity activity on 5 of 7 days per week. 
 
 
 

1.7 Determinants of Physical Activity 

Potential determinants of PA can be categorized into the following five 

categories:32 1) demographic and biological variables (e.g., age and parental overweight), 

2) psychological, cognitive, and emotional variables (e.g., self-esteem, attitude, and 

perceived benefits), 3) behavioral attributes and skills (e.g., previous PA participation), 4) 

social and cultural variables (e.g., parental encouragement), and 5) physical environment 

variables (e.g., access to facilities). In the 1996 Surgeon General’s Report on PA,33 the 

most consistent modifiable correlates, as opposed to demographic and biological factors, 

were identified as self-efficacy, physical or sports competence, perceived benefits, 

perceived barriers, intention, enjoyment, physical education attitudes, parental 

encouragement, direct help from parents, peer and sibling support, access to play spaces 
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and equipment, and time spent outdoors. In another review of 54 studies of correlates of 

PA of adolescents,32 9 of the 12 variables identified in the Surgeon General’s Report 

were confirmed as consistently associated with PA of children or adolescents: perceived 

physical competence, intention, barriers, parent support, direct help from parents, support 

from significant others, program/facility access, opportunities to be active, and time spent 

outdoors. A more recent review34 suggested that gender (boy), socio-economic status, 

parents’ PA participation, and peers’ PA participation are positively, and age is 

negatively, associated with PA levels. In this research, family income, parent’s education 

levels, parents’ PA participation, gender, age, previous PA participation, and adiposity 

status were considered to predict PA level.    

1.8 Measurement of Physical Activity  

An accurate and reliable measurement of PA has been a challenge. Traditionally, 

studies have used self-report PA questionnaires to assess PA levels. However, self-

reported PA data are subject to measurement error due to recall bias and social 

desirability effects.35 Self-reported PA data have shown a lack of accuracy, particularly in 

children.36-38 In the NHANES 2003-2004, MVPA levels estimated by an objective 

measure (accelerometer) were significantly lower than those by a subjective measure 

(self-report PA questionnaire) among children and adolescents.31 If one assumes that 

accelerometry data are closer to the truth, these results demonstrate that children tend to 

overestimate their PA.31 It appears that using an objective measure such as 

accelerometers, rather than a subjective measure such as self-report PA questionnaires, is 

critical to minimize measurement error.     

Accelerometers have become popular as an objective PA measure not only 

because of their accuracy and reliability, but also because of their practical benefits, such 

as their small size, light weight, minimum discomfort for subjects, large memory storage, 

and easy application (Figure 1.5). While less than 10 original research articles using 

accelerometers in children were published each year before 1996, approximately 90 were 
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published in each year during 2003 and 2004.39 In 2009, more than 100 original research 

articles were published (simple subject search in the PubMed with search terms, “2009”, 

“accelerometer”, and “children”). Accelerometers provide real-time (time-stamped) data 

so that frequency, intensity, and duration of free-living PA can be estimated by 

integrating movement signals over a given time interval, which is known as an epoch. For 

example, the Actigraph (Pensacola, FL) is a uniaxial accelerometer designed to detect 

vertical accelerations ranging from 0.05 to 2.00 Gs with a frequency response of 0.25 to 

2.50 Hertz. These parameters allow for the measurement of normal human movement 

with the rejection of the high frequency vibrations from other sources. The accelerations 

are filtered and digitized with the magnitude summed over a specific interval of time. The 

summed value of the movement count is stored in memory. The stored data can be 

downloaded to a personal computer (PC). An example of accelerometer data is presented 

in Appendix A.    

 
 
 

   
Figure 1.5 Actigraph uniaxial accelerometer (model number 7164, Pensacola, FL)  
 

 
 

1.8.1 Accelerometry Data Reduction 

1.8.1.1 Accelerometer Count Cut-point for  

Physical Activity Intensity Categorization 

Energy expenditure during PA is often expressed as metabolic equivalent (MET). 

One MET is considered as the resting metabolic rate obtained during quiet sitting. PA 
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intensity categories can be defined using METs as follows: light intensity is defined as 

1.1 to 2.9 METs, moderate intensity as 3.0 to 5.9 METs, and vigorous intensity as 6.0 

METs or greater. According to a study by Treuth et al.,40 in 14-year-old girls, walking at 

2.5 mph and 3.5 mph correspond to 3.2 METs and 4.3 METs, respectively. Running at 

5.0 mph corresponds to 7.8 METs.  

 

 

 

Figure 1.6 Regression line and 95% confidence interval for metabolic equivalent (MET) 
score versus accelerometer counts  

Source: Treuth MS, Schmitz K, Catellier DJ, et al. Defining accelerometer thresholds for 
activity intensities in adolescent girls. Med Sci Sports Exerc. 2004;36(7):1259-1266. 

 
 

 

Several studies have shown a linear, positive relationship between accelerometer 

movement counts per minute (ct.min−1) and activity intensity, as defined by energy 

expenditure (MET score) measured using the gold standard, indirect calorimetry (Figure 

1.6).41-43 Accelerometer movement counts can be used to categorize PA intensity and 

quantify the duration of activity. The 3,000 ct.min−1 point is commonly used as a lower 

threshold to define MVPA in children.40,44 However, accelerometer count cut-points 

suggested to define inactivity or light-intensity PA (LPA) vary across different studies, 

Actigraph accelerometer counts per half minute 

M
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the kind of accelerometer device used, and subjects’ ages.40,44-49 Table A1 provides a 

summary of studies suggesting the cut-points to define inactivity or LPA. To define 

inactivity, for example, Treuth et al.40 suggested less than 100 Actigraph ct.min−1 among 

adolescents 13 to 14 years of age, while Reilly et al.
46 suggested less than 1,100 

Actigraph ct.min−1 among children 3 to 4 years of age. In the current research, I applied 

two different accelerometer count ranges to define LPA: (1) 110 to 2,999 ct.min−1 and (2) 

1,100 and 2,999 ct.min−1. The latter LPA range was labeled high-LPA (Figure 1.7).    

 
 
 

 

 

 

<Actigraph accelerometer movement counts per minute> 

Figure 1.7 Categorization of physical activity intensity using accelerometer counts  

Note: LPA = light-intensity physical activity, MVPA = moderate- to vigorous- intensity 
physical activity. 
 
 
 

1.8.1.2 The Number of Minutes per Day  

and Days of Measurement 

Studies have used a monitor-wearing time of 8 to 10 waking hours per day and 3 

to 4 days (including at least one weekend day) as inclusion criteria of accelerometry data. 

Mattocks’ examination found that the use of various monitor-wearing hours per day (7, 8, 

9, and 10 hours) showed little difference in reliability among 7,159 children 11 years of 

age.50 The study also revealed that 3 days of monitor-wearing was needed for an 

intraclass correlation coefficient (ICC) of 0.7 in estimating total activity counts per day, 

where ICC was defined as the ratio of between individual variance to the sum of the 

between- and within-individual variance.  

 

Sedentary MVPA Low-LPA 

100 3,000 

High-LPA 

1,100 

LPA 
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1.9 Measurement of Cardiorespiratory Fitness 

Cardiorespiratory fitness refers to the ability of the circulatory and respiratory 

systems to supply oxygen to skeletal muscles during PA. VO2 max is the maximum 

amount of oxygen that one can use in one minute. It is considered as the standard 

indicator of cardiorespiratory fitness. VO2 max can be estimated using a gas analyzer 

during maximal or submaximal graded exercise testing. A gas analyzer provides real-time 

oxygen uptake by analyzing expired air from a subject. Usually, VO2 at the moment of 

max heart rate, max VO2 plateau (or over peak), respiratory exchange ratio of 1.15 (or 

greater) or voluntary exhaustion is considered as VO2 max. Although in adults a tapering 

or plateau of VO2 max is utilized as an indicator of a true maximal value, it is not 

common for children to demonstrate a tapering or plateau during exercise testing.51 When 

children achieve a certain heart rate or respiratory exchange ratio criteria, a maximal 

value can be assumed.  

VO2 max is often expressed as an absolute rate in liters of oxygen per minute 

(L/min) or as a relative rate in milliliters of oxygen per kilogram of body weight per 

minute (body weight-adjusted VO2 max, mL/kg/min). Body weight-adjusted VO2 max is 

to estimate cardiorespiratory fitness level accounting for body size. In adults, VO2 max is 

typically expressed relative to body weight. Among some children, however, heaviness 

may simply mean rapid growth. Furthermore, a lean child will have a greater body 

weight-adjusted VO2 max than an obese child who has an identical oxygen delivery 

capacity, because body fat is largely metabolically inert.51 Armstrong and Welsman52 

argued that normalization of VO2 max by body weight may “overcorrect” for differences 

in body size between individuals and test duration for indirect cardiorespiratory fitness 

tests involving weight-bearing activity, and it may underestimate VO2 max in heavier 

children. Therefore, some investigators have expressed VO2 max relative to fat-free mass 

(mL/kg fat-free mass/min) or allometrically-derived body weight exponents such as 

weight0.67 or weight0.75.51 Statistical methods can be introduced to handle this issue. For 
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example, an absolute rate of VO2 max (mL/min) can be used, adjusted for body size such 

as height and body weight in statistical modeling. In this research, an absolute rate of 

VO2 max (L/min) was used as an indicator of cardiorespiratory fitness level in examining 

the effects of cardiorespiratory fitness and adiposity simultaneously on CV risk factors, 

because all of these three variables of interest (cardiorespiratory fitness, adiposity, and a 

particular CV risk factor) are interrelated with body size.    

1.10 Growth and Development during Puberty 

Endocrine changes during puberty bring secondary sexual development, cognitive 

change, increases in growth velocity, and dramatic change in body composition.53 There 

is significant sexual dimorphism in puberty, not only in the timing of the pubertal event, 

but also in body composition. Girls are, on average, advanced in maturity status 

compared to boys.54 For boys, puberty takes about 3 years to complete, but may range 

from 2 to 5 years, and the typical sequence of pubertal events is adrenarche, beginning of 

the growth spurt, genital development, beginning of pubic hair, and peak height 

velocity.55 Completion of puberty in girls averages 4 years but may range from 1.5 to 8 

years. In the average girls, the growth spurt starts about one year before breast 

development and this is followed by an average of 1.1 years until peak height velocity, 

and then followed in an average of one year by menarche.55 Boys gain greater amounts of 

fat-free mass and skeletal mass during puberty, whereas females acquire significantly 

more fat mass. Fat distribution also changes, with boys being a more android body shape 

and girls being a more gynecoid shape. To estimate adiposity level during puberty, 

therefore, maturity status should be taken into account. Genital and pubic hair 

development for boys and breast and pubic hair development for girls are often used as a 

sexual maturity indicator. Peak height velocity is a measure of the maximum rate of 

growth in stature during a growth spurt. Year (distance) from peak height velocity is used 

as a non-invasive measure of physical maturity. Mirwald and colleagues56 have 

developed the equations to calculate year from peak height velocity including three 
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somatic dimensions (height, sitting height, and leg length), age, and their interaction. 

Such change during puberty influences cardiorespiratory fitness level estimated 

by graded exercise tests. Particularly, when cardiorespiratory fitness level is expressed in 

body weight-related value, one should be cautious in that the estimate may not represent 

a true cardiorespiratory fitness level due to body composition change during puberty. 

Mota et al.57 showed that within a given chronological age group, sexual maturity status 

accounts for a small, but significant (adjusted R2 = 0.07), portion of the variance in 

cardiorespiratory fitness level; however, there was no (positive or negative) consistent 

trend in change of fitness level with advance in pubertal stage. There is some evidence 

supporting that maturity status influences PA. It has been hypothesized that sex-related 

differences in PA behavior during adolescence are largely explained by maturity status. 

Several studies54,58 reported that, although boys were more physically active than girls at 

each age among adolescents, the sex difference in PA level was eliminated when 

biological maturity status was controlled for. Sexual maturity has also been shown to 

influence the patterns of CV risk factor development.59-61 For example, as sexual 

maturation progresses during puberty, total cholesterol decreases, with the decrease being 

greater in boys than in girls.59 Sex hormone profiles most probably account for the 

maturity effect.60 In summary, maturity status should be considered in establishing 

relationships between PA, cardiorespiratory fitness, adiposity, and CV risk factors in 

adolescents.   

1.11 Relationship between Physical Activity  

and Cardiorespiratory Fitness 

Cardiorespiratory fitness is determined by a modifiable factor, such as PA, and 

several non-modifiable factors, such as age, gender, ethnicity, and genetics. Therefore, 

cardiorespiratory fitness levels can vary among those with the same PA level due to 

heterogeneity of other determinants. Particularly in children, a cross-sectional 

relationship between PA and cardiorespiratory fitness has been demonstrated to be weak 
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(r = 0.16 to 0.17).52,62 Nonetheless, because cardiorespiratory fitness can be measured 

more objectively by cardiorespiratory fitness tests than PA by self-report, and because 

PA is the principal modifiable determinant of cardiorespiratory fitness, cardiorespiratory 

fitness has often been used as a proxy of PA level in research studies.  

1.12 Relationship between Physical  

Activity and Adiposity 

1.12.1 Physical Activity and Energy Expenditure 

Energy expenditure during PA is a major component of total energy expenditure. 

Amount of energy expenditure during PA is positively linearly associated to total volume 

of PA. PA energy expenditure per minute is positively linearly associated to intensity of 

PA. Therefore, PA is assumed to influence obesity via the effect of PA on energy 

expenditure. In this energy expenditure perspective, it is critical to consider not only PA 

duration, but also its intensity in investigating a relationship between PA and adiposity. 

Although many studies have considered only PA duration, (e.g., daily minutes spent in 

MVPA (Time MVPA)), intensity-weighted PA may be a better indicator of PA level.  

1.12.2 The Effect of Light-Intensity  

Physical Activity in Adiposity 

MVPA involves high energy expenditure and research studies63,64 have shown 

that MVPA has a preventive effect on obesity. Although the beneficial effect of regular 

MVPA on preventing obesity is well acknowledged by the public, the majority of 

Americans do not meet MVPA recommendations.31 Given low participation in MVPA, 

LPA may play a role in obesity prevention, because LPA involves more energy 

expenditure than being sedentary, although less energy expenditure than MVPA. Levine 

and colleagues have argued that exercise activity thermogenesis is negligible for the 

majority of Americans,65 while non-exercise activity thermogenesis (NEAT), such as 

fidgeting and slow walking, is a predominant constituent of activity thermogenesis and 

total energy expenditure.66 Montgomery et al.67 reported that time spent being sedentary 
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and time spent in LPA (Time LPA), but not Time MVPA, were associated with daily PA 

energy expenditure among 104 children (median of 5.4 year of age). This result may 

imply that the proportion of time distributed between sedentary behaviors and LPA 

determines daily PA energy expenditure, given a minor contribution of MVPA to daily 

PA energy expenditure: this study sample spent much less time in MVPA (4% of waking 

hours) than in LPA (20% of waking hours). Considering such a contribution of LPA to 

daily PA energy expenditure, LPA should be considered in PA research to better 

understand comprehensive PA effects on adiposity.68-73 

Because LPA tends to be performed frequently in daily life, it is a challenge to 

accurately quantify LPA using PA questionnaires.74 The development of accelerometry 

as an objective measure of PA provides new possibilities for objectively assessing the full 

range of intensity of PA, from sedentary to vigorous, in free-living subjects over a 

number of days,73 and for studying the health effects of all intensity levels of PA. Table 

A2 summarizes descriptive studies of accelerometer-measured LPA in children and 

adolescents. Butte’s75 and Treuth’s76 studies suggest that Time LPA may decrease with 

age during childhood and adolescence. Time LPA difference by gender varied across the 

studies, probably because of applications of different accelerometer cut-points for 

defining LPA. Table A3 provides a summary of studies on associations between LPA and 

health outcomes.  

In research examining the effect of LPA on adiposity, two cross-sectional 

studies75,76 demonstrated an inverse association between Time LPA and adiposity. Treuth 

et al.76 examined a cross-sectional relationship between several adiposity indicators (BMI, 

fat mass, and BF%) and accelerometer-measured Time LPA in 229 elementary, middle, 

and high school boys and girls in rural Maryland. Participants were asked to wear 

Actiwatch accelerometers during the entire day for 6 complete days (4 school days and 2 

weekend days). Accelerometer data were considered to be complete if 70% or more of 

the day (1,000 minutes) was recorded for at least 4 of the 6 days, with 2 of the days on 
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the weekend. Fat mass was measured using a bioelectrical impedance analysis (BIA). 

They found that Time LPA was inversely associated with adiposity in all three school 

levels among girls (Spearman correlation coefficients between fat mass and Time LPA = 

-0.41 for elementary students, -0.51 for middle school students, and -0.42 for high school 

students, P < 0.05), but not among boys (Spearman correlation coefficients between fat 

mass and Time LPA = -0.12 for elementary students, -0.08 for middle school students, 

and -0.17 for high school students, P > 0.05). In this sample, time spent in moderate-

intensity PA (MPA) and VPA were not associated with adiposity.  

Butte et al.75 examined a cross-sectional relationship between adiposity and 

accelerometer-measured Time LPA among 473 overweight and 424 non-overweight 

children (mean of 10.9 years of age) participating in the VIVA LA FAMILIA Study in 

Houston, TX. Participants were asked to wear Actiwatch accelerometers for 24 hours for 

3 consecutive days. To be valid and useable data, a 24-hour day was required to have 

1,000 minutes or more out of the 1,440 minutes per day. Fat mass was measured using 

DXA. Overweight boys spent about 50 minutes less per day in LPA than non-overweight 

boys. Overweight girls spent about 30 minutes less per day in LPA than non-overweight 

girls. Time LPA was inversely associated with BF%, adjusted for gender and age 

(gender- and age-adjusted partial correlation coefficients = -0.30, P < 0.001). 

Furthermore, the correlation was stronger than a correlation between time spent in MPA 

and BF% (gender- and age-adjusted partial correlation coefficients = -0.07, P < 0.05).  

However, four other cross-sectional studies77-80 have shown no association 

between Time LPA and BMI level. At this time, too little research exists on LPA effects 

on health to draw any conclusions. More research is required to examine health effects of 

objectively measured LPA. If daily LPA is proved to have a preventive effect against 

excess body fat accumulation, promoting LPA would be a realistic and practical strategy 

for inactive children to gradually increase PA and to prevent excess fat accumulation. 
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1.12.3 The Role of Adiposity in Determining  

Physical Activity 

Although PA has been shown to contribute to obesity, it is also possible that 

obesity may be a determinant of PA behavior. The reverse causation81,82 hypothesis 

(adiposity status influences PA behaviors) is raised on the assumption that children who 

are gaining excessive body fat may reduce PA over time. Godin et al.
83 suggested a 

theoretical model of the reverse causation hypothesis based on Ajzen’s Theory of 

Planned Behavior (TPB).84 The theory assumes that behavioral intention is the most 

important determinant of behavior. Behavioral intention is influenced by a person’s 

attitude toward performing certain behaviors, and by beliefs about whether individuals 

who are important to the person approve or disapprove of the behaviors. According to 

this model, adiposity may impact PA behaviors by influencing cognition, such as 

intention (motivation) and perceived behavioral control (ease or difficulty in engaging in 

the behavior, e.g., social barriers). Must and Tybor81 suggested that, given the fact that 

PA in children often occurs as part of organized sport, overweight children may be less 

likely to want to participate, either due to fears of being teased or because they are “less 

athletic.” In a review of exercise interventions in obese youth, Henderson et al.
85 

concluded that overweight youth have a lower compliance rate with PA programs than 

non-overweight youth. This study conclusion supports the reverse causation hypothesis.  

There are several adult population-based, prospective cohort studies86-90 which 

explicitly addressed the reverse causation hypothesis. Of them, Petersen’s study is the 

most significant in that it included a large sample and used data measured at three-time 

points over 15 years. Petersen et al.
86 examined the effect of BMI on subsequent PA 

behaviors in a representative sample of the Copenhagen adult population (3,653 women 

and 2,626 men) participating in the Copenhagen City Heart Study. Survey data were 

collected three times: the first survey, the second survey after 5 years, and the third 

survey after 10 years. Leisure-time PA was divided into three levels: low (< 2 hours per 



 

 

21 

week of PA, such as walking, cycling, or light gardening), medium (2-4 hours per week), 

and high (> 4 hours per week). This study examined if high BMI at the second survey is 

associated with a low level of leisure-time PA at the third survey. Data from the first 

survey were used to take into account the preceding changes in BMI and leisure-time PA 

levels from the first to the second survey. Potential confounding factors, such as gender, 

age, smoking status, education level, alcohol consumption, familiar predisposition to 

obesity, and occupational PA, were considered. Using logistic regression models, they 

showed that high BMI at the second survey significantly increased the odd of low PA at 

the third survey (odds ratio (OR) and 95% confidence interval (CI) of low PA at the third 

survey in a fully adjusted model = 1.87 (1.35, 2.59) for the first highest quintile of BMI at 

the second survey, and 1.12 (0.79, 1.59) for the second highest quintile, reference group: 

middle quintile of BMI). 

In addition, Bak et al.
87 reported that being obese was inversely associated with 

leisure-time PA level at two-year follow-up among 1,143 obese and 1,278 non-obese men 

in Copenhagen and adjacent regions (OR of being inactive at the follow-up for those with 

obesity at baseline = 3.07, 95% CI = 0.96, 9.88, reference group = those with 15 to 21 

kg/m2 of BMI). Similarly, Mortensen et al.
88 found that a high BMI had an effect on 

becoming sedentary among 4,998 middle-aged men and women participating in the 

University of North Carolina Alumni Heart Study: OR and 95% CI of being inactive at 

age 46 per 1 kg/m2 of BMI at age 44 =1.10 (1.07, 1.14); and those of becoming inactive 

at age 54 per 1 kg/m2 of BMI at age 46 =1.12 (1.08, 1.17). Weiss et al.
89 showed that 

high BMI at baseline was associated with becoming inactive during a five-year follow-up 

among 527 Canadian adults in low-income communities (OR and 95% CI of becoming 

inactive at follow-up for overweight and obese participants at baseline = 1.57 (1.03, 2.40), 

reference group = normal-weight participants at baseline). Ekelund et al.
90 also 

demonstrated that BMI, fat mass, and waist circumference at baseline were significant 

predictors of heart rate monitor-measured time spent being sedentary at a 5.6 year follow-
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up among 393 middle-aged whites (regression parameter coefficient of BMI at baseline 

to predict the amount of time spent being sedentary (% of daytime hour) at follow-up = 

1.10, 95% CI = 0.58, 1.63). In summary, these five prospective cohort studies in adults 

have consistently demonstrated that obesity is inversely associated with subsequent PA 

level.  

No study to date has explicitly addressed the reverse causation hypothesis for 

children. Sallis et al.
91 investigated numerous potential correlates of PA in children and 

reported no effect of skinfold-measured adiposity at baseline on one-day accelerometer-

measured PA level at a two-year follow-up in a social-cognitive model for investigating 

determinants of PA behavior. Their null finding may be partially due to measurement 

error of adiposity estimated by skinfold thickness. In addition, only one-day PA may not 

represent child’s typical PA level. The role of adiposity in determining PA among 

children should be investigated more.   

1.13 Relationship between Cardiorespiratory  

Fitness and Cardiovascular Risk 

Hypertension, hypercholesterolemia, type 2 diabetes mellitus, and a cluster of CV 

risk factors (called the metabolic syndrome) have increased in the adolescent 

population.92-95 Because the clustering of CV risk factors in childhood has been 

demonstrated to predict not only development of pediatric type 2 diabetes mellitus,96 but 

also metabolic syndrome, type 2 diabetes mellitus, and CVD later in adulthood,97,98 it is 

important to identify determinants of CV risk factors in adolescents for interventions to 

reduce childhood type 2 diabetes mellitus and the risk of chronic diseases later in life.  

The detrimental effects of obesity on CV health in children and adolescents are 

well documented.4,6,7,99 Cardiorespiratory fitness has also been suggested to influence CV 

health in children and adolescents.100-108 Considering the adiposity effect in an association 

between cardiorespiratory fitness and CV health would help understand the pathway by 

which cardiorespiratory fitness influences CV health. Some investigators have examined 
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the effects of cardiorespiratory fitness on CV risk in adolescents, controlling for adiposity 

and the results are inconsistent. The cross-sectional studies of Eisenmann and 

colleagues109-112 and the European Youth Heart Study113,114 have showed that 

cardiorespiratory fitness was associated with the metabolic syndrome or a CV risk score, 

adjusting for adiposity. Kwon et al.
115 have also demonstrated that a cardiorespiratory 

fitness effect on CV risk factors was significant after controlling for weight status, 

particularly among boys, in a representative sample of U.S. adolescents (NHANES 1999-

2002). However, other cross-sectional studies116-120 have reported that significant 

associations between cardiorespiratory fitness and CV risk factors were not retained after 

adjustment for adiposity.  

A longitudinal study design has an advantage over a cross-sectional design to 

examine a causal relationship because it establishes a temporal relationship between the 

exposure and outcome. Only a few longitudinal studies have been conducted to examine 

the independent effects of adiposity and cardiorespiratory fitness on CV health. Of them, 

McMurray’s study is one of the most significant longitudinal studies. McMurray et al.121 

examined a temporal relationship between cardiorespiratory fitness in childhood and the 

metabolic syndrome in adolescence among 389 participants, using data from the 

Cardiovascular Health in Children and Youth Study (CHIC).122 Measurements at baseline 

(7 to 10 years of age) and at seven-year follow-up (14 to 17 years of age) were taken. 

Cariorespiratory fitness level was determined by predicted VO2 max obtained during a 

multi-stage submaximal cycle ergometry test. Predicted VO2 max was categorized into 

tertiles. BMI level as an adiposity indicator was dichotomized into two groups (BMI ≥ 

95th percentile vs. < 95th percentile). In a logistic model, the outcome variable was the 

presence or absence of the metabolic syndrome at follow-up, and the exposure variables 

were VO2 max category and BMI category. Gender, elevated blood pressure, and 

elevated total cholesterol at baseline were included as covariates. The study found that 

adolescents with the metabolic syndrome were six times more likely to be in the lowest 
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tertile of VO2 max at 7 to 10 years of age (reference group: the highest tertile) than those 

without the metabolic syndrome. In addition, a nested case-control study123 showed that 

young adults with the metabolic syndrome at 32 and 36 years of age had a lower 

cardiorespiratory fitness level at age 13 than counterparts without the metabolic 

syndrome, after controlling for skinfold-measured adiposity, among 364 men and women 

from the Amsterdam Growth and Health Longitudinal Study. However, Eisenmann et 

al.
124 found that high-fit adolescents had no better CVD risk profiles in their young 

adulthood than low-fit adolescents within an identical adiposity category among 48 

participants¸ using data from the Aerobics Center Longitudinal Study. In summary, 

longitudinal studies have also shown conflicting results on an association between 

cardiorespiratory fitness and CV risk in youth, after accounting for adiposity. More 

longitudinal studies are required to clarify whether the effect of cardiorespiratory fitness 

on CV health is independent of the adiposity effect in children and adolescents. 

1.14 Significance of Research 

Obesity is one of the most significant public health issues worldwide. Childhood 

obesity particularly raises a public-health concern because of the increased social burden 

in that obesity leads to a wide range of co-morbidities later in life. This research focused 

on understanding the roles of adiposity and cardiorespiratory fitness in determining CV 

health risk and a bi-directional relationship between PA and adiposity. Although the link 

between cardiorespiratory fitness and PA and health has been established in adults, much 

less scientific documentation for such a relationship exists in youth. A better 

understanding of the relationship during childhood may provide evidence to implement 

more aggressive PA interventions for preventing obesity and reducing CV risk among 

children and adolescents, and further reducing CVD risk later in life and the social 

burden of the disease. Testing the reverse causation hypothesis may provide the evidence 

for PA promotion interventions from an early age, before excess body fat is accumulated. 

It would also suggest the necessity of specific intervention strategies for overweight 



 

 

25 

children to promote PA. In the contemporary epidemic of childhood obesity and low 

MVPA participation, daily LPA may play a role in childhood obesity prevention. If daily 

LPA is proved to have a preventive effect against adiposity, promoting LPA would be an 

alternative strategy for preventing obesity in children. It may be a realistic and practical 

strategy for inactive children to gradually increase PA, by moving from sedentary state to 

LPA and to MVPA. This research is expected to provide evidence to support 

interventions and suggest specific intervention strategies for promoting PA, preventing 

obesity, and improving CV health among children and adolescents.   
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CHAPTER 2 

ASSOCIATIONS OF CARDIORESPIRATORY FITNESS AND ADIPOSITY 

WITH CARDIOVASCULAR RISK FACTORS DURING PUBERTY: THE 

MUSCATINE HEART STUDY 

2.1 Introduction 

Puberty is a stage of life during which there are tremendous biological changes, 

including sexual maturation, growth spurts, and significant changes in body composition. 

For example, BF% increases in both boys and girls during childhood, but boys develop 

muscle mass and girls increase and redistribute body fat during puberty;19 therefore, the 

magnitude of the gender differences in fat mass and fat-free mass increases. In particular, 

girls are more likely to decrease cardiorespiratory fitness (hereafter ‘fitness’)125 and 

become overweight during puberty.126 

Although both adiposity and fitness are independently associated with 

cardiovascular (CV) disease, CV disease mortality, and all-cause mortality risk in 

adults,127-129 the strength of associations between adiposity and fitness and CV risk may 

differ during puberty. Chronological age, gender, and sexual maturity status may be 

modifiers and/or confounders in the associations between adiposity and fitness and CV 

risk factors among adolescents.  

Although age and sexual maturity status are positively correlated, individuals 

experience puberty at various chronological ages. Ondrak et al.
118 reported that, among 

three age groups (8 to 10, 11 to 13, and 14 to16 years of age), the variance in the CV risk 

score (a composite CV risk factor index including high-density lipoprotein cholesterol 

(HDL-C), total cholesterol (TC), triglyceride (TG), systolic blood pressure (SBP), 

diastolic blood pressure (DBP), and fasting insulin) attributed to adiposity was greatest in 

the youngest group and declined in older age groups, whereas the variance in the CV risk 

score attributed to fitness was greater in the 11 to 13 and 14 to16 year-old groups than in 

the 8 to10 year-old group. Boreham et al.116 found that the adiposity effect on CV risk 



 

 

27 

factors was greater in boys at 12 years of age than at 15 years of age, while the fitness 

effect was not observed in participants of any age group. Mota et al.57 showed that sexual 

maturity status accounted for approximately 55% of variation for boys and 40% for girls 

in a multivariable regression model including sexual maturity status, percent body fat, 

height, and age to predict fitness level estimated by the 20-m shuttle run test; however, 

there was no (positive or negative) consistent trend in change of fitness level with 

advance in pubertal stage. Sexual maturity status has also been shown to influence the 

patterns of CV risk factor development.59-61 For example, as sexual maturation progresses 

during puberty, TC decreases, with the decrease being greater in boys than in girls.59 Sex 

hormone profiles most probably account for the maturity effect.60 However, the direction 

of the influence of maturity depending on CV risk factors is not constant with maturity 

and may differ by gender.  

Difference in the magnitude of the associations between fitness and CV risk by 

gender may be not only because of different biological changes in sex hormone levels 

during puberty, but also because of different societal experiences and expectations for 

boys vs. girls. Kwon et al.115 reported a gender difference in the fitness effect on CV risk; 

fitness had a beneficial effect on CV risk factors, particularly in boys, after controlling for 

weight status in a representative sample of U.S. adolescents 12 to 19 years of age 

(National Health and Nutrition Examination Survey (NHANES) 1999-2002).  

A few studies have investigated the independent effect of fitness and adiposity on 

CV risk during puberty, accounting for age, sexual maturity status, and gender. Ekelund 

et al.114 examined an independent cross-sectional association between fitness and 

metabolic risk among 1,092 children 9 to 10 years of age and 829 adolescents 15 to 16 

years of age participating in the European Youth Heart Study (EYHS). Fitness was 

assessed during an incremental ergometer cycle test to exhaustion and expressed as watts 

per kilogram fat-free mass per min (W kg FFM−1 min−1). Sexual maturity was assessed 

using the five-stage Tanner scale130 for breast development in girls and pubic hair in boys. 
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They found that fitness was inversely associated with metabolic risk, adjusted for 

adiposity, age, and gender. The magnitude of the association did not change after further 

adjustment for maturity.  

The Muscatine Heart Study is one of the first studies to examine CV risk in 

children. A four-year follow-up sub-study within the Muscatine Heart Study was 

conducted from 1991 to 1995 in order to characterize the growth of the heart related to 

changes in blood pressure (BP), body size, physical fitness, and physical activity through 

puberty. Using data from the sub-study, Janz et al.
131 previously demonstrated that 

change in fitness over four years (from approximately 10 to 14 years of age) was 

inversely associated with the ratio of TC to HDL-C, low-density lipoprotein cholesterol 

(LDL-C), and waist circumference, after adjustment for age, gender, fat-free mass, and 

pubertal stage. However, the potential effect of adiposity was not accounted for in this 

analysis. Here, we aimed to examine whether fitness is associated with CV risk factors 

during puberty, after accounting for adiposity. Identifying the independent effects of 

adiposity and fitness on CV risk would help establish their causal relationships and 

inform intervention strategies for CV risk reduction in children and adolescents.  

2.2 Methods 

2.2.1 Participants 

Existing datasets from a four-year follow-up sub-study of the Muscatine Heart 

Study were used to achieve the study aim. More details for the sub-study can be found 

elsewhere.131-133 But briefly, 150 potential participants who were likely to be prepubertal 

based on age were first identified from 925 school survey participants and contacted for 

this four-year follow-up sub-study. Informed consent was obtained from 130 participants. 

Based on a parent’s report on pubertal development or a physician’s physical 

examination, 126 children were confirmed as prepubertal or in early puberty (stage 1 or 2 

in the Tanner scale).130 Thus, 126 prepubertal Caucasian children were enrolled in the 
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study. The study was approved by the University of Iowa Institutional Review Board 

(Human Subjects).   

2.2.2 Exposure Measurements 

Maximal oxygen uptake (VO2 max) was obtained from maximal graded exercise 

testing with direct determination of VO2. Maximal graded exercise tests were conducted 

yearly using a cycle ergometer and the Medgraphics System CPX metabolic cart 

(Medical Graphics Corp., St. Paul, MN). The protocol for the graded exercise test 

consisted of a 1-minute warm up and three 3-minute submaximal stages followed by a 

series of 30-second stages until participants reached exhaustion. Pedal frequency 

throughout the test was 60 revolutions (rev)/min. The test was terminated when a 

participant could no longer maintain a pedal cadence of at least 40 rev/min and had a 

respiratory exchange ratio (RER) of more than 1.0 or was within 95% of his/her predicted 

maximal heart rate. VO2 was collected breath-by-breath. VO2 max was calculated by 

averaging all breath-by-breath VO2 during the last 30-second stage. VO2 max measured 

using this protocol was reported to have high reliability in this study sample (r = 0.96).134  

Skinfold thickness was measured quarterly by Muscatine Heart Study field staff 

members who attended yearly formal training sessions. Skinfold thickness was taken on 

the right side of the body at six sites (tricep, bicep, subscapular, abdominal, suprailiac, 

and calf). Two measures were obtained at each site and averaged. If the measurements 

varied more than 1 mm, additional measurements were taken until the difference was less 

than 1 mm.  

2.2.3 Outcome Measurements 

Blood pressure (BP) was measured quarterly using a random-zero 

sphygmomanometer (Hawksley Gelman, Copiague, NY). Three resting BPs were 

recorded for each participant by the field staff, following a five-minute seated rest. The 

mean of the three measures of the first and the fourth Korotkoff sounds were recorded as 

SBP and DBP, respectively. The fifth Karotkoff sound was not recorded. After a 12-hour 
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fast, 15 mL of blood was drawn from the antecubital vein using a venipuncture technique 

at study years 1 (baseline), 2 (first-year follow-up), and 5 (fourth-year follow-up). Plasma 

TC, TG, and HDL-C levels were measured using standard protocols; LDL-C levels were 

calculated (LDL = TC - HDL - TG/5).135 

2.2.4 Covariates 

Height and weight were measured quarterly by the field staff. Height without 

shoes was measured to the nearest 0.1 cm using the IOWA anthropometric plane and 

square (University of Iowa Department of Medical Engineering, Iowa City, IA). Weight 

was measured to the nearest 0.1 kg using a Seca 770 digital metric scale (Seca, Columbia, 

MD) calibrated daily with standardized weights. Pubertal stage was estimated yearly by 

trained pediatricians using the five-stage Tanner scale (genital development in boys and 

breast development in girls).130 Age, height, weight, and pubertal stage were considered 

as covariates. 

2.2.5 Statistical Analysis 

Gender-specific analysis was conducted using SAS version 9.2 (Cary, NC). For 

the quarterly-measured variables, BP and skinfold thickness, the mean value of the four 

measurements taken each year was used for analysis. Descriptive analyses, including 

estimation of summary descriptive measures and distributions, were conducted. An 

absolute rate in liter of VO2 max per minute (L/min) was used as a measure of fitness. 

The sum of six skinfold measurements (cm) represented adiposity level. Pearson 

correlation coefficients of the sum of skinfolds measures and VO2 max measures between 

baseline and follow-ups were calculated to test stability of adiposity and fitness levels 

over time. Age-adjusted least-squares means of the sum of skinfolds and VO2 max were 

calculated according to pubertal stage in the SAS MIXED procedures. Gender-, age-, and 

height-specific SBP and DBP percentiles were calculated for each participant based on 

the U.S. national standard (by National High Blood Pressure Education Program 

Working Group on High Blood Pressure in Children and Adolescents).136 Because of 
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non-normal distributions of CV risk factor variables, these variables were transformed 

using the Box-Cox transformation method.  

Individual growth curve models were estimated to predict CV risk factor variables 

using mixed model approaches. Both the exposure and outcome variables were treated as 

continuous variables. Age was centered at the grand mean of age. The intercept and 

centered age were fit as random effects so that an intercept and a slope (the degree of 

linear change over time) for an individual were accounted for. VO2 max (L/min), the sum 

of skinfolds (cm), centered age (yr), height (cm), weight (kg), and pubertal stage (stages 1 

to 4) were fit as fixed effects. Because BP percentile variables were age- and height-

adjusted variables, BP percentile prediction models did not include centered age and 

height as fixed effects. Interactions among fitness, adiposity, age, and maturity were 

considered. An interaction effect with a P-value of less than 0.20 was included in a final 

model. The pattern of growth (linear or quadratic models, or models which grouped the 

variance-covariance matrix on Tanner stage subgroup) and the variance of the individual 

growth estimates (intercept and slope) were appropriately identified based on Akaike’s 

Information Criterion (AIC) for goodness of fit. The structure of the working correlation 

matrix was also determined based on AIC. An unstructured variance-covariance matrix 

was chosen because it allowed for an assumption of higher variance for measures at study 

year 5 with the within-person covariance. When the within-person error covariance 

matrix specification was combined with the model where the intercept and slope were 

considered as random effects, if the new model did not converge, the specification of the 

within-person error matrix was not included for a final model fitting. The significance 

level was set at 0.05. 

2.3 Results 

Sixty-one boys and 62 girls completed assessments at study year 1; 57 boys 

(93%) and 57 girls (92%) at study year 2; and 47 boys (77%) and 52 girls (84%) at study 

year 5. Those who dropped out were not significantly different from those who 
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completed the fourth-year follow-up (study year 5) assessment in terms of age, the sum 

of skinfolds, VO2 max, TC, TG, HDL-C, LDL-C, SBP, or DBP at baseline.  

Table 2.1 presents the characteristics of participants by study year and gender. 

This study sample had a relatively low HDL-C level (Table 2.2). Girls had higher TC, TG, 

and LDL-C than boys. No participants were identified as being in Tanner stage 5 until 

study year 5. The stability of VO2 max (L/min) levels from baseline to follow-ups was 

moderate to high (r = 0.71 to 0.58 in boys and r = 0.83 to 0.46 in girls, P < 0.05). The 

sum of skinfolds from baseline to follow-ups were highly stable (r = 0.98 to 0.85 in boys 

and r = 0.96 to 0.80 in girls, P < 0.05). The age-adjusted mean of VO2 max (L/min) 

tended to increase with increasing Tanner stage in both boys and girls (Table 2.3). The 

age-adjusted mean of the sum of skinfolds did not change with advance in Tanner stage 

among girls, while it was the highest in Tanner stage 2 and tended to decrease afterwards 

among boys.  

Table 2.4 summarizes the mixed model analysis results describing the 

associations of the sum of skinfolds and VO2 max with transformed CV risk factor 

outcomes, adjusted for age, height, weight, and pubertal stage, among boys and girls over 

the four-year follow-up period. Among boys, when a model included both the sum of 

skinfolds and VO2 max simultaneously, SBP percentile, TC, TG, and LDL-C levels were 

positively associated with the sum of skinfolds (P < 0.05), but not with VO2 max. DBP 

percentile and HDL-C level were not significantly associated with either the sum of 

skinfold or VO2 max. No significant sum of skinfolds × VO2 max interaction effect was 

observed for any CV risk factor variables. Among girls, when a model included both the 

sum of skinfolds and VO2 max simultaneously, SBP percentile, DBP percentile, TC, TG, 

and LDL-C levels were positively associated with the sum of skinfolds (P < 0.05), but 

not with VO2 max. HDL-C level was not significantly associated with either the sum of 

skinfold or VO2 max. No interaction effects of fitness and adiposity were identified.  
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2.4 Discussion 

This study examined whether fitness is associated with CV risk factors during 

puberty after accounting for adiposity, chronological age, gender, and pubertal stage. It 

confirmed that adiposity is positively associated with CV risk factors, such as plasma 

lipids and blood pressure, during puberty, after accounting for fitness, age, and pubertal 

stage in both boys and girls. However, the fitness effect on CV risk factors was mostly 

attenuated after accounting for adiposity, age, and pubertal stage in both boys and girls.    

Several studies have demonstrated that, to some degree, the association between 

fitness and a favorable CV risk profile is retained even after controlling for the possible 

mediating effect of adiposity in children and adolescents.109-115,118 However, other studies 

have shown no effect of fitness after controlling for adiposity.116-118 Such inconsistent 

results may be explained partially by the distribution of CV risk factors in the study 

sample. For example, lack of association between SBP and fitness in the current study 

may be due to the study sample being relatively healthy; only two boys and two girls had 

elevated SBP (gender-, age-, and height-specific SBP percentile ≥ 90th percentile)136 at 

least once. Nielsen et al.
137 reported that only the lowest quintile of fitness level had a 

higher mean SBP as compared to the other four quintiles, and the mean SBP was not 

different among the other four quintiles in a group of adolescents. In exploratory work, 

we dichotomized four components of the metabolic syndrome; the cut-points of the 

components were gender- and age-specific waist circumference ≥ 90th percentile,138 TG ≥ 

150 mg/L, HDL-C < 40 mg/L, and gender-, age-, and height-specific SBP ≥ 90th 

percentile.136 A glucose or insulin component was not examined because these measures 

were not available. The analysis revealed that only approximately 4% of observations (10 

observations from 10 girls and 13 observations from 12 boys) had two or more risk 

factors. No association was observed between VO2 max (L/min) and having two or more 

risk factors after adjusting for the sum of skinfolds, age, height, weight, and pubertal 

stage. A low prevalence of two or more risk factors in this sample may have limited the 
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ability to detect a significant association between VO2 max and having two or more risk 

factors. We also examined the relationship between VO2 max and a composite CV risk 

score using a continuous CV risk Z-score method,139 where Z-scores were calculated 

based on gender- and age-specific means and standard deviations for waist circumference, 

TG, and HDL-C from the NHANES III (1988-1994), and were based on the national 

standard for SBP.140 This analysis showed no significant association between VO2 max 

and the composite CV risk score, after adjusting for the sum of skinfolds, height, weight, 

and pubertal stage (P > 0.30 for both boys and girls).  

The inconsistent results on the relationship of fitness and adiposity with CV risk 

are also possibly due to the differences of measures used to describe fitness and adiposity 

across studies. In this study, we used an absolute rate of VO2 max as a fitness indicator. 

One may argue that body weighted-adjusted VO2 max (mL/kg/min) is more commonly 

used; however, because high correlations between the sum of skinfolds and body weight-

adjusted VO2 max (mL/kg/min) were observed in this sample (r = -0.59 to -0.82), we 

chose an absolute rate of VO2 max (mL/min) to avoid over-adjustment by body weight. 

At the same time, we included body weight as a covariate in statistical models to avoid 

overestimation of fitness level in heavy participants. When we examined associations 

between body weight-adjusted VO2 max and CV risk factors in exploratory work, similar 

results to those of the current report were produced (data not shown). We chose the sum 

of skinfolds over body mass index (BMI) as an adiposity indicator, because BMI is not a 

good indicator of adiposity for normal-weight children (gender- and age-specific BMI < 

85th percentile).20,23,141 Fat mass can be estimated using prediction equations from 

skinfolds, but the standard error of estimation (SEE) of fat mass estimated based on 

skinfolds is considerable (3-5%).19 Therefore, the sum of skinfolds was thought to be a 

better measure than fat mass estimated based on skinfolds for ranking adiposity level in 

this sample.  
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This study supports interventions aimed at obesity prevention to improve CV 

health among healthy adolescents during puberty. Body fat can be used as an appropriate 

outcome to evaluate the effectiveness of interventions for CV health improvement. A 

high fitness level was negatively associated with a low adiposity level, and fitness was 

not associated with CV risk factors after accounting for adiposity. This may suggest that 

adiposity plays a role in the mechanism underlying the effect of fitness on CV health. In 

addition, we observed some confounding effects of sexual maturity status in associations 

of adiposity and fitness with TC, LDL-C, and HDL-C levels; however, there was no 

(positive or negative) consistent trend in change of CV risk factors with advance in 

pubertal stage (data not shown). Considering sexual maturity status appears to be 

significant in understanding the roles of adiposity and fitness in determining CV health 

for adolescents.  

 One limitation of this study is a relatively small sample size. All participants were 

white, which is a lower risk population for childhood obesity than the Hispanic or 

African American populations. However, homogeneity of ethnicity and living-

environment can be an advantage because unknown confounders are less likely to exist. 

Skinfold measurement is known to be vulnerable to measurement error; however, by 

using the mean of four sums of skinfold thicknesses, which were quarterly assessed, 

variability should have been reduced and reliability increased. Unmeasured potential 

confounding factors, such as genetic predisposition, were not considered. The fourth 

Korotkoff sound was recorded as DBP because, at the time of data collection, this was 

the standard procedure, although the fifth Korotkoff sound is currently accepted to 

predict DBP more accurately in children.142 

Nonetheless, this study is one of few longitudinal studies that have examined the 

effects of fitness on CV risk factors during puberty, while considering significant factors 

such as adiposity, sexual maturity, and individual growth difference. The use of 

individual growth curve models allowed us to take into account change in CV risk factors 
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over time not only at a sample level, but also at an individual level. A low attrition rate 

(approximately 20% over four years) should have helped reduce selection bias. In 

conclusion, we found that adiposity, but not fitness, is independently associated with CV 

risk factors during puberty among healthy adolescents. Adiposity may more strongly 

influence CV risk factors than fitness during puberty. Adiposity may play a role in the 

mechanism underlying the effect of fitness on CV health during puberty. Adolescents 

experience dramatic biological changes during puberty. The fitness effect may become 

manifest after puberty, particularly among boys who experience an increase of muscle 

mass and fitness levels during puberty. Investigations of change of fitness effects on CV 

health throughout adolescence should follow.    

 2.5 Summary of Findings 

 The aim of this study was to examine whether fitness is associated with 

cardiovascular (CV) risk factors during puberty after accounting for adiposity. Study 

participants were 126 prepubertal Caucasian children participating in a longitudinal four-

year follow-up study. Fitness level was determined by VO2 max (L/min) obtained from 

maximal graded exercise testing and adiposity level was determined by the sum of 

skinfolds. Pubertal stage was estimated using the Tanner criteria. Gender-specific 

individual growth curve models, including both VO2 max and the sum of skinfolds 

simultaneously, were fit to predict CV risk factor variables. Models also included 

covariates such as age, height, weight, and pubertal stage. In boys, systolic blood pressure 

percentile, total cholesterol, triglyceride, and LDL-C levels were positively associated 

with the sum of skinfolds (P < 0.05), but not with VO2 max. Similary in girls, systolic 

and diastolic blood pressure percentiles, total cholesterol, triglyceride, and LDL-C levels 

were positively associated with the sum of skinfolds (P < 0.05), but not with VO2 max. In 

conclusion, cardiorespiratory fitness was not associated with CV risk factors, after 

adjusting for adiposity, among healthy adolescents. This study suggests that 

cardiorespiratory fitness may influence CV health mostly through adiposity effects. 
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Table 2.1 Participant characteristics according to study year and gender 
 
 Year 1 Year 2 Year 3 Year 4 Year 5 

No. of participants     
Boys 61 57 56 56 47 
Girls 62 57 59 56 52 

Age (years)      
Boys 10.8 ± 1.0 11.8 ± 1.0 12.9 ± 0.9 13.8 ± 1.0 14.4 ± 0.9 
Girls 10.3 ± 1.0 11.3 ± 1.0 12.4 ± 1.0 13.3 ± 1.0 14.1 ± 1.0 

Height (cm)     
Boys 143.8 ± 7.3 149.5 ± 7.9 157.4 ± 9.5 164.1 ± 9.5 168.3 ± 8.2 
Girls 140.7 ± 8.4 146.8 ± 8.7 153.3 ± 7.1 157.3 ± 6.3 160.0 ± 6.0 

Weight (kg)     
Boys 39.3 ± 10.8 44.2 ± 12.8 50.9 ± 15.6 56.0 ± 14.0 60.6 ± 15.7 
Girls 37.9 ± 9.5 44.2 ± 11.8 49.9 ± 12.3 55.0 ± 13.5 58.3 ± 12.5 

Tanner stagea      

Boys 
G1  

(87%) 
G1  

(61%) 
G1 & G2 

(76%) 
G3 & G4 

(60%) 
G4  

(85%) 

Girls 
B1  

(61%) 
B1 & B2 

(81%) 
B2 & B3 

(68%) 
B3 & B4 

(68%) 
B4  

(72%) 
VO2 max (L/min)     

Boys 1.86 ± 3.00 2.03 ± 3.52 2.18 ± 0.43 2.58 ± 0.53 2.73 ± 4.90 
Girls 1.48 ± 3.45 1.67 ± 3.44 1.81 ± 0.34 2.02 ± 0.37 1.91 ± 2.93 

VO2 max (mL/kg/min)     
Boys 48.9 ± 8.2 47.4 ± 8.0 44.3 ± 7.3 46.9 ± 6.5 46.2 ± 7.5 
Girls 39.7 ± 6.7 38.7 ± 5.9 37.2 ± 6.5 37.8 ± 6.6 33.5 ± 5.4 

Sum of skinfolds (cm)b      
Boys 7.3 ± 4.2 8.3 ± 4.8 8.8 ± 5.1 8.2 ± 4.6 7.5 ± 4.5 
Girls 8.8 ± 3.4 10.2 ± 4.3 10.6 ± 4.4 11.2 ± 4.9 11.0 ± 4.2 

 
Note: G1 to G4 represent Tanner stages of genital development in boys. B1 to B4 
represent Tanner stages of breast development in girls.  
 
Mean ± SD. 
 
aThe distributions of Tanner stage are presented in Appendix C.  
 
bMean of measurements obtained quarterly during the year.  
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Table 2.2 Descriptive analyses of cardiovascular risk factors according to study year and 
gender 
 
 Year 1 Year 2 Year 3 Year 4 Year 5 

No. of participants     
Boys 61 57 56 56 47 
Girls 62 57 59 56 52 

SBP (mmHg) a     
Boys 98 ± 8 97 ± 7 101 ± 9 103 ± 11 106 ± 11 
Girls 98 ± 7 99 ± 7 102 ± 7 103 ± 8 105 ± 8 

DBP (mmHg) a     
Boys 61 ± 7 62 ± 6 61 ± 6 62 ± 6 63 ± 6 
Girls 63 ± 7 63 ± 6 64 ± 5 64 ± 6 63 ± 6 

TC (mg/dL)     
Boys 159 ± 23 160 ± 22 -- -- 138 ± 18 
Girls 165 ± 24 169 ± 26 -- -- 153 ± 22 

TG (mg/dL)     
Boys 73 ± 32 63 ± 25 -- -- 75 ± 23 
Girls 80 ± 37 89 ± 50 -- -- 86 ± 37 

HDL-C (mg/dL)     
Boys 46 ± 11 38 ± 10 -- -- 48 ± 13 
Girls 42 ± 8 33 ± 8 -- -- 48 ± 9 

LDL-C (mg/dL)     
Boys 97 ± 8 107 ± 21 -- -- 73 ± 18 
Girls 107 ± 21 119 ± 24 -- -- 87 ± 21 

 
Note: DBP = diastolic blood pressure, HDL-C = high-density lipoprotein cholesterol, 
LDL-C = low-density lipoprotein cholesterol, SBP = systolic blood pressure, TC = total 
cholesterol, TG = triglyceride.  
 
Mean ± SD. 
 
aMean of measurements obtained quarterly during the year.  
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Table 2.3 Age-adjusted least-squares means of VO2 max and the sum of skinfolds according to gender and pubertal stage 
 

 Boys (n=61)  Girls (n=62) 

Pubertal 
stage 

G1 
(Ob=111) 

G2 
(Ob=60) 

G3 
(Ob=30) 

G4  
(Ob=57) 

 B1 
(Ob=67) 

B2 
(Ob=83) 

B3 
(Ob=61) 

B4 
(Ob=60) 

VO2 max 
(L/min) 

2.08 ± 0.04 2.13 ± 0.04 2.34 ± 0.05 2.56 ± 0.05  1.66 ± 0.05 1.75 ± 0.04 1.83 ± 0.04 1.84 ± 0.05 

VO2 max 
(mL/kg/min) 

45.0 ± 1.0 45.6 ± 1.0 48.0 ± 1.2 50.78 ± 1.3  38.2 ± 1.0 39.0 ± 0.8 37.4 ± 0.9 36.0 ± 1.0 

Sum of 
skinfolds 
(cm) 

8.1 ± 0.6 8.4 ± 0.6 7.8 ± 0.6 7.2 ± 0.6  10.3 ± 0.6 10.1 ± 0.5 10.3 ± 0.6 10.3 ± 0.6 

 
Note: Ob = the number of observations (each participants represents one or more observations). 
 
G1 to G4 represent Tanner stages of genital development in boys. B1 to B4 represent Tanner stages of breast development in girls. 
 
Least-squares mean ± SE. 
 
Least-squares means of VO2 max and the sum of skinfolds were calculated according to Tanner stage in mixed models, accounting for 
repeated measures.  
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Table 2.4 Associations of the sum of skinfolds and VO2 max with cardiovascular risk factors in boys and girls 
 

 Boys (n=61)  Girls (n=62) 

 Sum of skinfolds (cm) VO2 max (L/min)  Sum of skinfolds (cm) VO2 max (L/min) 

 β SE P-value β SE P-value  β SE P-value β SE P-value 

SBP 
(pct) 

1.28 0.45 <0.01 2.68 2.77 0.33  1.88 0.61 <0.01 0.18 3.91 0.96 

DBP  
(pct) 

0.80 0.64 0.21 -0.55 4.06 0.89  3.03 0.66 <0.0001 6.27 4.34 0.15 

TC 
(mg/dl) 

1.57 0.48 <0.01 0.30 2.77 0.91  1.73 0.48 <0.001 -1.57 2.97 0.60 

TG 
(mg/dl) 

0.57 0.24 <0.05 -2.21 1.34 0.10  4.16 0.91 <0.0001 1.22 6.00 0.84 

 HDL-C 
(mg/dl) 

-0.08 0.05 0.12 0.18 0.32 0.58  -0.27 0.17 0.13 0.10 1.19 0.40 

 LDL-C 
(mg/dl) 

0.26 0.08 <0.01 -0.31 0.48 0.53  1.83 0.54 <0.01 0.02 3.34 0.99 

 
Note: β = parameter coefficient, DBP = diastolic blood pressure, HDL-C = high-density lipoprotein cholesterol, LDL-C = low-density 
lipoprotein cholesterol, pct = percentile, SBP = systolic blood pressure, SE = standard error, TC = total cholesterol, TG = triglyceride.  
 
Individual growth curve models were fit, including both VO2 max and the sum of skinfolds simultaneously, adjusted for the fixed 
effects, centered age, height, weight, and pubertal stage, as well as the random effects, centered age and the intercept. Transformed TC, 
TG, HDL-C, and LDL-C variables were used as outcome variables.  
 
Complete mixed models are provided in Appendix C.  
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CHAPTER 3  

THE EFFECT OF ADIPOSITY ON PHYSICAL ACTIVITY  

DURING CHILDHOOD: THE IOWA BONE DEVELOPMENT STUDY 

3.1 Introduction 

Physical inactivity is known to increase adiposity level in children. However, a 

relationship between physical activity (PA) and adiposity may be bi-directional. That is, 

not only may physical inactivity be a contributor to body fat gain, but also adiposity 

status may influence PA behaviors (reverse causation81,82 hypothesis). Although cross-

sectional studies have demonstrated an inverse association between PA and adiposity 

levels in children,143 a review of prospective studies144 concluded that low levels of 

baseline PA were only weakly or not associated with body fat gain. It is conceivable that 

the reported inverse cross-sectional relation may be due to a reduction of PA as a 

consequence of a high level of adiposity.  

A high level of adiposity may negatively influence PA participation by children, 

presumably through psychological, societal, and physical functioning, such as low self-

efficacy, poor body image, fear of being teased by peers, low athletic proficiency, and 

discomfort from heaviness (Figure 3.1). There is some evidence that obese youth are 

likely to be less active because of weight stigma.145 Storch et al.
146 showed that peer 

victimization among overweight youth are linked to lower levels of PA. Faith et al.
147 

also showed that weight criticism during sports and PA is associated with negative 

attitudes about sports and lower participation in PA among overweight students. Must 

and Tybor81 have suggested that, given the fact that PA in children often occurs as part of 

organized sport, overweight children may be less likely to want to participate in PA, 

either due to fears of being teased or because they are “less athletic.”  

Five prospective, adult population-based cohort studies86-90 have consistently 

demonstrated that obesity is inversely associated with PA level later in life. To our 

knowledge, no study to date has explicitly addressed the reverse causation hypothesis in 
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children. Testing this reverse causation hypothesis may provide evidence to promote PA 

at an early age before excess body fat is accumulated. If obesity leads to a reduction of 

PA later in life, specific intervention strategies for overweight children to promote PA 

would be warranted. The aim of this study was to examine whether early adiposity level 

is inversely associated with subsequent PA behaviors during childhood.  

 
 
 

 
Figure 3.1 Conceptual model of the reverse causation hypothesis between early adiposity 
and subsequent physical activity  

Note: MVPA = moderate- to vigorous-intensity physical activity. 

 
 
 

3.2 Methods 

3.2.1 Participants 

Study participants were a cohort of children participating in the Iowa Bone 

Development Study which is an ongoing longitudinal study of bone health during 

childhood. The study participants are a sub-set of Midwestern children recruited during 

1998 to 2001 from a cohort of 890 families participating in the Iowa Fluoride Study. 

Detailed information about the study design and demographic characteristics of 

participants can be found elsewhere.64,148,149 Accelerometer and dual energy X-ray 

absorptiometry (DXA) measurements were conducted three times per child at 

approximately 5, 8, and 11 years of age (4.3 to 6.8 years of age range at the first 

examination, 7.6 to 10.8 years at the second examination, and 10.5 to 12.4 years at the 

third examination). Even if a cohort member did not participate in the age 5 examination, 

s/he was invited to participate in the age 8 and 11 examinations. If a time interval 

MVPA at age 11 Fat mass at age 8 

Possible mediators:  
physical and  

psycho-social factors 
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between accelerometer measurement and DXA scanning was larger than 1.5 years for 

each age examination, the data were excluded. Four hundred thirty-six children 

completed both accelerometer and DXA examinations at the age 5 examination from Feb. 

1998 to Nov. 2000; 502 at the age 8 examination from Sep. 2000 to Dec. 2004; and 454 

at the age 11 examination from Oct. 2003 to Sep. 2006. Five hundred seventy-seven 

children (51% girls) completed at least one examination and 326 (56% girls) completed 

all three examinations. Those 326 children (95% white) served as the study sample for 

this report. We examined an association between adiposity at age 8 and PA at age 11 for 

the aim (Figure 3.1), so that data obtained at the age 5 examination could be used to 

account for the preceding change of PA and adiposity. The study was approved by the 

University of Iowa Institutional Review Board (Human Subjects). Written informed 

consent was provided by the parents of the children and assent was obtained from the 

children.  

3.2.2 Adiposity Measurements 

At the age 5 and 8 examinations, whole body scans using a Hologic QDR 2000 DXA 

(Hologic, Waltham, MA) were conducted with software version 7.20B in the fan-beam 

mode. At the age 11 examination, the Hologic QDR 4500 DXA (Delphi upgrade) with 

software version 12.3 and fan-beam mode was used for scan acquisition. Quality control 

scans were performed daily using the Hologic phantom. To adjust for the difference of 

the two DXA machines, translational equations from 4500 DXA measures to 2000 DXA 

measures for age 11 records were used. The translational equations (linear regression 

equations) were developed specifically for the two scanners in a pilot study where 60 of 

the children (32 boys, 28 girls) aged 9.9 to12.4 years (mean = 11.4 years, SD = 0.4 years) 

were scanned on each machine in random order during one clinic visit.64 Fat mass (kg) 

was derived from the DXA scan images. Percent body fat (BF%) was calculated as fat 

mass (kg) divided by body weight (kg).  
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3.2.3 Physical Activity Measurements 

Actigraph uniaxial accelerometers (model number 7164, Pensacola, FL) were 

used to measure PA level. The procedure for PA measurement has been described 

elsewhere.150,151 Accelerometer movement counts were collected in a one-minute interval 

(one-minute epoch). At the time of the age 5 and 8 examinations, children were asked to 

wear the monitors during waking hours for 4 consecutive days, including one weekend 

day, during the fall season (Sep. through Nov.). At the time of the age 11 examination, 

they were asked to wear the monitors during waking hours for 5 consecutive days, 

including both weekend days during the fall season. In the accelerometer data reduction 

process, an interval of 20 or more consecutive minutes of zero accelerometer counts was 

considered as not wearing the monitor and invalid data.152 The two inclusion criteria for 

accelerometer data were having valid data for more than 8 hours per day and wearing the 

monitor for 3 or more of the days. Intensity-weighted moderate- to vigorous-intensity PA 

(IW-MVPA) was defined as the daily sum of accelerometer counts derived during 

moderate- to vigorous-PA (MVPA) determined by 3,000 or greater accelerometer 

movement counts per minute (ct.min−1).40,44   

3.2.4 Covariate Measurements 

At each DXA visit, research nurses trained in anthropometry measured the child's 

height and weight. Sitting height was measured at age 11 to calculate maturity offset 

(year from peak height velocity) using predictive equations established by Mirwald and 

colleagues.56 The equations have been developed in white Canadian children and 

adolescents and cross-validated in a different Canadian and a Flemish sample.56 To 

estimate physical maturity status, the maturity offset variable was dichotomized as pre-

peak height velocity (pre-mature) or post-peak height velocity (mature).  

Family income and parental education level data were obtained from a mailed 

family demographic questionnaire completed by each child’s parents in 2007. Family 

income level was dichotomized into less than $40,000/year and $40,000/year or more for 
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data analysis. Education levels of mothers and fathers were also dichotomized into some 

college or lower and college graduate or higher. The modified Baecke Physical Activity 

Questionnaire153 is administered to the child’s mother and father at the child’s age 8 

examination. The questionnaire was one of the most widely used tools for assessing PA 

in adults at the time of data collection.154,155 It was developed to evaluate a person's PA in 

three domains: work activity, sports activity, and leisure activity. PA levels of parents 

were estimated using the active living index (leisure activity) and the simple sport score 

(sports activity) from the questionnaire.  

3.2.5 Statistical Analysis 

Gender-specific analyses were conducted using SAS version 9.2 (Cary, NC). 

Descriptive analyses, including frequency distributions and estimation of summary 

descriptive measures, were conducted. If the IW-MVPA variable at age 11 was not 

normally distributed, a Box-Cox power transformation of the IW-MVPA variable 

(labeled ‘transformed IW-MVPA’) at age 11 was performed using the SAS TRANSREG 

procedures. Bivariate analyses were performed to identify a set of covariates included 

during the model development process; Pearson correlation analyses between 

transformed IW-MVPA at age 11 and continuous covariates and two-sample t-tests for 

IW-MVPA at age 11 and categorical covarites were performed. Potential covariates 

considered are presented in Tables 3.2 and 3.3. If the P-value was less than 0.10, the 

variable was considered to be included in a final model. The BF% and IW-MVPA data 

from the age 5 examination were used to account for the changes in BF% and IW-MVPA 

between the first two examinations (ages 5 and 8). Because the error terms of BF% at 

ages 5 and 8 were not independent (autocorrelated), the BF% residualized change score 

variable, which was defined as the residual of regression of yearly change of the measure 

from age 5 to age 8 on the measure at age 8, was created using the SAS AUTOREG 

procedure. The IW-MVPA residualized change score variable was also created in the 

same method.  
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Gender-specific generalized linear models were fit in the SAS GENMOD 

procedures. The main exposure variable was BF% at age 8 and the main outcome 

variable was transformed IW-MVPA at age 11. Models included covariates which could 

possibly confound a relationship between IW-MVPA and BF% based on bivariate 

analysis results. Several nested models were fit to examine how a parameter estimate for 

the exposure variable behaved when an additional covariate was included one by one. 

The likelihood ratio test was performed to compare the fit of the nested models. After 

model fitting, model diagnostics were conducted. For categorical data analysis, BF% 

level at age 8 was dichotomized into low BF% (< 25% for boys and < 32% for girls) or 

high BF% (≥ 25% for boys and ≥ 32% for girls).156,157 IW-MVPA levels at 11 were 

divided into tertiles. Odds ratios and their 95% confidence intervals (CIs) were calculated 

to examine associations between BF% levels at age 8 and IW-MVPA levels at age 11, 

using logistic regressions. The significance level was set at 0.05. 

3.3 Results 

Table 3.1 presents means and 95% CIs of study variables. Fat mass increased 

approximately 5.1 kg for boys and 5.3 kg for girls from age 8 to 11. Participants, on 

average, wore accelerometers for more than 12 hours per day. IW-MVPA was higher in 

boys than in girls. IW-MVPA tended to increase with age among boys, but not among 

girls. Table 3.2 shows results of descriptive analyses of potential categorical covariates 

and t-tests for the significance of the mean difference of IW-MVPA at age 11 between 

categories of those potential covariates. Less than a fifth of the study sample reported 

lower than $40,000/year of family income. Approximately two-thirds of parents reported 

college graduate or higher education levels. At age 11, all boys were classified as pre-

peak height velocity (pre-mature), whereas 20% of girls were classified as post-peak 

height velocity (mature). In t-test results, IW-MVPA at age 11 was positively associated 

with mother’s education level and father’s education level for boys (P < 0.10). IW-
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MVPA at age 11 was positively associated with family income and negatively associated 

with maturity for girls (P < 0.10).  

Based on the Box-Cox transformation, the IW-MVPA variable at age 11 was 

square root-transformed for boys (λ = 0.5) and log-transformed for girls (λ = 0). Results 

of Pearson correlation analyses between transformed IW-MVPA at age 11 and BF% at 

age 8 and between transformed IW-MVPA at age 11 and potential covariates are 

presented in Table 3.3. A significant negative correlation between transformed IW-

MVPA at age 11 and BF% at age 8 was observed in both boys and girls (P < 0.05). IW-

MVPA at age 8 was significantly positively correlated with IW-MVPA at age 11 in both 

boys and girls (P < 0.05). Transformed IW-MVPA at age 11 was positively correlated 

with a time interval between the age 8 and 11 examinations and negatively correlated 

with residualized change scores of BF% and IW-MVPA only among boys (P < 0.10). 

Age, mother’s PA, and father’s PA were not significantly correlated with transformed 

IW-MVPA at age 11 for either boys or girls. Finally, for boys, IW-MVPA at age 8, an 

interval between the age 8 and 11 examinations, residualized change scores of BF% and 

IW-MVPA, and mother’s education were selected as covariates for a final model. 

Because of a fair agreement between mother’s education level and father’s education 

level (kappa = 0.37, P for chi-square test < 0.0001), only mother’s education level was 

included. For girls, IW-MVPA at age 8, family income, and physical maturity were 

selected as covariates for a final model.  

Several nested models were fit to predict transformed IW-MVPA at age 11 based 

on BF% at age 8. Because full models provided the better fit to the data than reduced 

models in both boys and girls based on the likelihood ratio test, the full models are 

presented in Table 3.4. Two boys and two girls identified as outliers in model diagnostics 

were excluded from the final model. After adjusted for IW-MVPA at age 8, an interval 

between the age 8 and 11 examinations, residualized change scores of BF% and IW-

MVPA, and mother’s education, BF% at age 8 was significantly inversely associated 
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with IW-MVPA at age 11 among boys (P < 0.05). After adjusted for IW-MVPA at age 8, 

family income, and physical maturity, BF% at age 8 was significantly inversely 

associated with IW-MVPA at age 11 among girls (P < 0.05). 

In categorical data analysis, 23% of boys and 26% of girls were identified as 

being high BF% (≥ 25% BF for boys and ≥ 32% BF for girls) at age 8. In a fully-adjusted 

logistic regression model, boys and girls with high BF% at age 8 were more likely to be 

in the lowest tertile of IW-MVPA at age 11 than their counterparts with low BF% at age 

8 (OR: 4.38, 95% CI: 1.05, 18.24 for boys, OR: 4.48, 95% CI: 1.35, 14.85 for girls, 

reference group: the highest tertile of IW-MVPA at age 11, Table 3.5).  

3.4 Discussion 

The aim of this study was to examine whether early adiposity status is inversely 

associated with subsequent PA behaviors in childhood (the reverse causation hypothesis). 

This study found that, in continuous data analysis, BF% at age 8 was inversely associated 

with IW-MVPA at age 11 in both boys and girls. Categorical data analysis also showed 

that boys and girls with high BF% at age 8 were more likely to have low PA levels at age 

11 than those with lower BF% age 8. These findings are consistent with those of five 

adult population studies,86-90 where obesity was a significant predictor of PA level later in 

life. However, the current study results are inconsistent with Sallis’ study,91 which 

reported no association between skinfold category at baseline and total activity 

accelerometer counts measured for one day at a 20-month follow-up among 732 children 

who were fourth graders at baseline. 

In exploratory work, we examined the association between early adiposity and 

later PA using other PA indicators. BF% at age 8 was significantly inversely associated 

with total activity (≥ 100 ct.min−1) at age 11 in both boys and girls (P < 0.05). When time 

spent in MVPA (Time MVPA) was used as a PA indicator, the inverse association 

between Time MVPA at age 11 and BF% at age 8 was significant among girls (P < 0.05) 

and suggestive among boys (P < 0.10). Considering that there was a significant inverse 
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association between BF% at age 8 and IW-MVPA at age 11 among boys, these results 

may imply that boys with low BF% are more likely to engage in higher intensity PA than 

those with high BF%. From an energy expenditure perspective, IW-MVPA was expected 

to better represent PA level than Time MVPA in establishing a relationship between 

adiposity and PA. PA intensity may be critical particularly for boys. However, 

researchers should be cautious because the use of IW-MVPA may amplify measurement 

error, which is derived from the difference of relative intensities between individuals 

when absolute intensity is given.  

The current study findings indicate that adiposity status may be a determinant of 

PA behavior in childhood. Godin et al.
83 suggested a theoretical model of the reverse 

causation hypothesis based on Ajzen’s Theory of Planned Behavior (TPB).84 According 

to this model, adiposity may impact PA behaviors by influencing cognition such as 

intention (motivation) and perceived behavioral control (ease or difficulty in engaging in 

the behavior, e.g., social barriers). Although we assumed that obesity-related 

psychological, societal, and physical functioning may negatively influence PA 

participation, we were not able to examine whether these are mediating factors in an 

association between early adiposity and subsequent PA because those potentially 

mediating variables were not measured in the Iowa Bone Development Study.  

The current study suggests at least two significant points in terms of public health 

implications. First, this study suggests that a new perspective is necessary to develop 

intervention strategies to promote PA and to prevent obesity in children. This study 

suggests weight status-specific intervention strategies for PA promotion, since 

overweight children may have different barriers to PA participation. Given the childhood 

obesity epidemic, it would be critical to identify specific barriers for overweight children 

and develop strategies to overcome these barriers. Second, the study results support PA 

promotion interventions from an early age, before excess fat is accumulated. Once excess 

fat is accumulated in early childhood possibly due to a low level of PA, it may lead to 
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low PA participation. In turn, lack of PA may exacerbate fat accumulation. This 

assumption is supported by Valerio’s study158 showing that overweight and obese 

children 7 years of age had a higher BMI increase at three-year follow-up than normal-

weight children. PA interventions from an early age are recommended to prevent excess 

fat accumulation throughout childhood and later in life.   

Several limitations of this study should be acknowledged. We included only data 

from those who completed all three examinations. Loss to follow-up may have caused 

selection bias; but, IW-MVPA and BF% levels at age 8 were comparable between those 

who completed all three examinations and those who did not. The study sample was not 

randomly selected; it would also have lead to selection bias. Therefore, an association 

between early adiposity and subsequent PA observed in this sample may not represent 

that in the general child population. Caution should be taken in generalizing the results to 

the general child population. In the participant cohort, approximately 95% were white, 

which is a lower risk population for childhood obesity than the Hispanic or African 

American population. However, homogeneity of ethnicity and living-environment can be 

an advantage because unknown confounders are less likely to exist. Genetic 

predisposition was not considered. This observational study cannot eliminate error by 

residual and unmeasured confounding factors.  

Nonetheless, to our knowledge, this study is the first prospective cohort study in a 

fairly large childhood sample to explicitly examine the reverse causation hypothesis. The 

use of objective and accurate measures for both PA and adiposity helped reduce 

measurement error and increase the confidence of internal validity. Three time-point 

examinations allowed accounting for the preceding changes in adiposity and PA during 

the first two examinations.  

In conclusion, this study showed that children with low adiposity were more 

likely to be active at three-year follow-up than their counterpart with high adiposity. 

Adiposity may be a determinant of PA behavior in childhood. Regarding future research, 
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more evidence should be accumulated to support the reverse causation hypothesis in 

childhood. Research is required to understand the mechanism underlying the effect of 

adiposity status on PA behaviors. It would be valuable to test the hypothesis that obesity-

related psychological, societal, and physical functioning are mediating factors in an 

association between early adiposity and subsequent PA, using existing datasets 

containing PA, adiposity, and related psycho-societal measurement data.   

3.5 Summary of Findings 

The aim of this study was to examine whether early adiposity level is inversely 

associated with subsequent physical activity (PA) behaviors in childhood. Study 

participants were 326 children participating in the Iowa Bone Development Study. PA 

and fat mass were measured using accelerometers and dual energy X-ray absorptiometry 

(DXA) at approximately 5, 8, and 11 years of age. Data for relevant variables such as 

parents’ education and PA levels and family income were also collected. Gender-specific 

generalized linear models were fit to examine the association between percent body fat 

(BF%) at age 8 and intensity-weighted moderate- to vigorous-intensity PA (IW-MVPA) 

at age 11. After adjusting for IW-MVPA at age 8, an interval between the age 5 and 8 

examinations, residualized change scores of BF% and IW-MVPA from age 5 to 8 and 

mother’s education level, BF% at age 8 was inversely associated with IW-MVPA at age 

11 among boys (P < 0.05). After adjusting for IW-MVPA at age 8, physical maturity, and 

family income, BF% at age 8 was inversely associated with IW-MVPA at age 11 among 

girls (P < 0.05). Categorical analysis also showed that the odd of being in the lowest 

quartile relative to the highest quartile of IW-MVPA at three-year follow-up for boys and 

girls with high BF% was approximately four times higher than the odd for those with low 

BF% (P < 0.05). This study suggests that adiposity levels may be a determinant of PA 

behavior. Specific intervention strategies for overweight children may be needed to 

promote PA. 
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Table 3.1 Description (means and 95% confidence intervals) of participants  
 

 Age 5 Age 8 Age 11 

 Boys (n=142) Girls (n=184) Boys Girls Boys Girls 

 Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Age  
(years) 

5.2 (5.2, 5.3) 5.3 (5.2, 5.3) 8.7 (8.6, 8.8) 8.7 (8.6, 8.8) 11.2 (11.2, 11.3) 11.3 (11.2, 11.3) 

Height  
(m) 

1.12 (1.11, 1.13) 1.11 (1.10, 1.12) 1.34 (1.33, 1.35) 1.33 (1.32, 1.34) 1.49 (1.48, 1.50) 1.49 (1.48, 1.50) 

Body weight  
(kg) 

20.4 (19.8, 21.0) 20.0 (19.5, 20.6) 32.4 (31.0, 33.8) 31.8 (30.5, 33.0) 44.5 (42.4, 46.6) 44.6 (42.8, 46.4) 

Time MVPA 
(min/d) 

31 (28, 34) 24 (22, 26) 40 (36, 43) 25 (23, 27) 41 (38, 44) 23 (21, 25) 

IW-MVPA  
(×103 ct/d) 

143 (128, 159) 116 (103, 129) 188 (168, 208) 124 (112, 137) 204 (184, 224) 108 (97, 119) 

Monitor-wearing 
time (hr/d) 

12.1 (12.0, 12.2) 12.1 (12.0, 12.2) 12.5 (12.4, 12.6) 12.4 (12.3, 12.5) 12.4 (12.2, 12.5) 12.3 (12.2, 12.4) 

Fat mass  
(kg) 

3.8 (3.4, 4.1) 4.6 (4.2, 4.9) 7.6 (6.6, 8.5) 9.1 (8.3, 10.0) 12.7 (11.2, 14.3) 14.4 (13.1, 15.6) 

Percent body fat 
(%) 

17.9 (17.1, 18.8) 22.0 (21.2, 22.8) 21.5 (20.1, 22.9) 26.8 (25.5, 28.0) 26.0 (24.2, 27.9) 30.0 (28.6, 31.4) 

 
Note: CI = confidence interval, IW-MVPA = the daily sum of accelerometer movement counts derived during moderate- to vigorous-
intensity physical activity, Time MVPA = daily minutes spent in moderate- to vigorous-intensity physical activity. 
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Table 3.2 Comparisons of the means of IW-MVPA at age 11 between potential covariate categories  
 

  Boys (n=142) Girls (n=184) 

Variable Category Percentage Mean (95% CI)  
(×103 ct/d) 

Percentage Mean (95% CI)  
(×103 ct/d) 

Physical maturitya Mature  0%  --b 20% 88 (67, 109)c 

 Pre-mature 100% 204 (184, 224) 80% 113 (100, 126) 
Family income < $40,000/yr 9% 197 (102, 292) 16% 88 (65, 111)c 
 ≥ $40,000/yr 74% 206 (184, 229) 69% 116 (102, 130) 
Mother’s education < college graduate 31% 178 (141, 215)c 33% 103 (86, 119) 
 ≥ college graduate 69% 216 (192, 241) 67% 111 (96, 126) 
Father’s education < college graduate 38% 182 (157, 206)c  44% 105 (85, 124) 
 ≥ college graduate  61% 220 (191,250) 55% 112 (98, 125) 
 
Note: CI = confidence interval, IW-MVPA = the daily sum of accelerometer movement counts during moderate- to vigorous-intensity 
physical activity. 
 
aPhysical maturity was determined by year from peak height velocity and categorized into pre- and post-peak height velocity (pre-
mature vs. mature).  
 
bAll boys were categorized as pre-peak height velocity (pre-mature). 
 
c
P < 0.10.  
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Table 3.3 Associations between IW-MVPA at age 11 and the exposure variable and potential covariates 
 

Variable Boys (n=142) Girls (n=184) 

 coefficient r (95% CI) coefficient r (95% CI) 
Exposure variable   

BF% at age 8 -0.30 (-0.45, -0.15) -0.23 (-0.37, -0.09) 
   

Potential covariate   

Age 0.11 (-0.05, 0.27) -0.08 (-0.22, 0.07) 
Interval between age 8 and 11 examinations 0.18 (0.01, 0.33)a 0.05 (-0.10, 0.19) 
IW-MVPA at age 8 0.42 (0.27, 0.55)a 0.27 (0.13, 0.40)a 
IW-MVPA residualized change score from age 5 to 8 -0.16 (-0.31, 0.01)b 0.01 (-0.13, 0.16) 
BF% residualized change score from age 5 to 8 -0.15 (-0.31, 0.01)b 0.04 (-0.10, 0.19) 
Monitor-wearing time at age 11  0.11 (-0.06, 0.27) 0.04 (-0.10, 0.18) 
Mother’s sport score  0.07 (-0.10, 0.24) 0.02 (-0.13, 0.16) 
Mother’s active living index -0.02 (-0.19, 0.15) 0.08 (-0.07, 0.23) 
Father’s sport score  0.07 (-0.11, 0.24) 0.06 (-0.11, 0.23) 
Father’s active living index  -0.12 (-0.30, 0.05) 0.02 (-0.14, 0.19) 

 
Note: BF% = percent body fat, CI = confidence interval, IW-MVPA = the daily sum of accelerometer movement counts during 
moderate- to vigorous-intensity physical activity. 
 
Transformed IW-MVPA at age 11 was used.  
 
Pearson correlation coefficients are presented.  
 
Scattor plots of transformed MVPA at age 11 versus BF% at age 8 are presented in Appendix D.  
 
a
P < 0.05.  

 
b
P < 0.10.  
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Table 3.4 Generalized linear models of IW-MVPA at age 11 predicted by BF% at age 8 

 
Note: β = parameter estimate, BF% = percent body fat, CI = confidence interval, IW-MVPA = the daily sum of accelerometer 
movement counts during moderate- to vigorous-intensity physical activity. 
 
Transformed IW-MVPA (×103 ct/d) at age 11 was used. In Box-Cox transformations, λ was 0.5 for boys and 0 for girls. 
 
aBecause of two outliers, 140 boys were included for a final model.  
 
bBecause of missing data for physical maturity (missing n = 2) and family income (missing n = 28, missing data for both physical 
maturity and family income in one girl) and two outliers, 153 girls were included for a final model. 
 

 Boys (n=140)a   Girls (n=153)b 

Parameter β (95% CI) P-value  Parameter β (95% CI) P-value 

BF% at age 8 -2.47 (-4.37, -0.57) <0.05  BF% at age 8 -1.36 (-2.53, -0.19) <0.05 
IW-MVPA at age 8 0.37 (0.23, 0.51) <0.0001  IW-MVPA at age 8 0.16 (0.05, 0.26) <0.01 
Mother’s education 31.5 (-1.9, 64.9) 0.06  Family income   23.6 (0.7, 46.7) <0.05 
Interval between the age 8 
and 11 examinations 

-23.5 (-49.1, 3.0) 0.08 
 

Physical maturity 0.29 (-25.8, 26.3) 0.98 

BF% residualized change 
score 

-33.7 (-52.3, -15.1) <0.001 
 

Intercept 242 (203, 281) <0.0001 

IW-MVPA residualized 
change score 

-0.001 (-0.001, -0.0002) <0.05 
 

-- -- -- 

Intercept 348 (249, 447)  <0.0001  -- -- -- 
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Table 3.5 Odds of being in the lowest tertile relative to the highest tertile of IW-MVPA at age 11 for boys and girls with higha vs. low 
percent body fat at age 8 
 

 Boysb (n=142) Girls (n=155)c 

IW-MVPA at age 11 Odds ratio (95% CI) Odds ratio (95% CI) 

The lowest tertile 4.38 (1.05, 18.24) 4.48 (1.35, 14.85) 
The middle tertile 1.89 (0.40, 8.97) 2.40 (0.82, 6.07) 
The highest tertile Reference Reference 
P for trend <0.05 <0.05 
 
Note: CI = confidence interval, IW-MVPA = the daily sum of accelerometer movement counts during moderate- to vigorous-intensity 
physical activity. 
 
aHigh percent body fat was defined as ≥ 25% for boys and ≥ 32% for girls, resulting in 23% of boys and 26% of girls being 
categorized into high percent body fat.   
 
bAdjusted for IW-MVPA at age 8, BF% residualized change score from age 5 to 8, IW-MVPA residualized change score from age 5 
to 8, mother’s education, and an interval between the age 8 and 11 examinations. 
 
cAdjusted for IW-MVPA at age 8, physical maturity at age 11, and family income. Because of missing data for physical maturity 
(missing n = 2) and family income (missing n = 28, missing data for both physical maturity and family income in one girl), 155 girls 
were included for a final model. 
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CHAPTER 4 

AN ASSOCIATION BETWEEN LIGHT-INTENSITY PHYSICAL ACTIVITY 

AND ADIPOSITY DURING CHILDHOOD: THE IOWA BONE DEVELOPMENT 

STUDY 

4.1 Introduction 

Although the health benefits of regular moderate- to vigorous-intensity physical 

activity (MVPA), particularly in preventing obesity, is well acknowledged by the public, 

the majority of Americans do not meet MVPA recommendations.31 The effect of MVPA 

on adiposity is mainly explained by energy expenditure associated with MVPA. Light-

intensity PA (LPA) such as slow walking, despite its less energy expenditure than MVPA, 

involves more energy expenditure than sedentary behavior. Therefore, it is conceivable 

that daily LPA may have a beneficial effect on obesity prevention.  

Exercise studies have traditionally focused on MVPA, which has often been 

measured by self-report PA recall questionnaires. Because LPA tends to be performed 

frequently in daily life, it is more difficult to accurately quantify LPA than MVPA when 

using PA questionnaires.74 The development of accelerometry as an objective measure of 

PA provides new possibilities for objectively assessing the full range of PA intensities, 

from sedentary to vigorous, in free-living subjects over a number of days, and for 

studying the health effects of all PA intensity levels.73 

Recently, several studies75-80 have examined the association between 

accelerometer-measured daily LPA and adiposity in children. Two cross-sectional 

studies75,76 demonstrated an inverse association between accelerometer-measured time 

spent in LPA (Time LPA) and adiposity indicators, such as body mass index (BMI) 

percentile, fat mass, and percent body fat (BF%), among children and adolescents. But, 

others77-80 have reported no association between Time LPA and BMI level. At this time, 

limited research and evidence exist on the effects of LPA on adiposity among children.  
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The purpose of this study was to examine whether accelerometer-measured daily 

LPA is inversely associated with adiposity during childhood. Previous studies have often 

used Time LPA as a LPA indicator. From an energy expenditure perspective, however, 

not only duration of LPA, but also its intensity is assumed to be a significant factor in 

establishing a relationship between adiposity and LPA. Fat mass is expected to better 

indicate an actual body fat level than BMI in children. Therefore, we examined the cross-

sectional association between accelerometer-measured intensity-weighted LPA (IW-

LPA) and dual energy X-ray absorptiometry (DXA)-derived fat mass during childhood. If 

daily LPA is proved to have a preventive effect against adiposity, promoting LPA can be 

an alternative strategy to prevent childhood obesity.  

4.2 Methods 

4.2.1 Participants 

The study sample was a cohort of children participating in the Iowa Bone 

Development Study which is an ongoing longitudinal study of bone health during 

childhood. The study participants are a sub-set of Midwestern children recruited during 

1998 to 2001 from a cohort of 890 families participating in the Iowa Fluoride Study. 

Detailed information about the study design and demographic characteristics of 

participants can be found elsewhere.64,148,149 Accelerometer and DXA measurements were 

conducted at approximately 5, 8, and 11 years of age (4.3 to 6.8 years of age range at the 

first examination, 7.6 to 10.8 years at the second examination, and 10.5 to 12.4 years at 

the third examination). Even if a cohort member did not participate in the age 5 

examination, s/he was invited to participate in the age 8 and 11 examinations. If a time 

interval between accelerometer measurement and DXA scanning was larger than 1.5 

years for each age examination, the data were excluded. Of the cohort, 436 children 

completed both accelerometer and DXA examinations at the age 5 examination from Feb. 

1998 to Nov. 2000; 502 at the age 8 examination from Sep. 2000 to Dec. 2004; and 454 

at the age 11 examination from Oct. 2003 to Sep. 2006. A total of 577 children (51% girls, 
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95% white) who completed at least one of those three examinations were included for 

data analysis. The study was approved by the University of Iowa Institutional Review 

Board (Human Subjects). Written informed consent was provided by the parents of the 

children and assent was obtained from the children.  

4.2.2 Physical Activity Measurements 

Actigraph uniaxial accelerometers (model number 7164, Pensacola, FL) were 

used to measure PA level. The procedure for PA measurement has been described in 

detail elsewhere.150,151 Accelerometer movement counts were collected in a one-minute 

interval (one-minute epoch). At the age 5 and 8 examinations, children were asked to 

wear the monitors during waking hours for 4 consecutive days, including one weekend 

day, during the fall season (Sep. through Nov.). At the age 11 examination, they were 

asked to wear the monitor during waking hours for 5 consecutive days, including both 

weekend days, during the fall season.  

In the data reduction process, an interval of 20 or more consecutive minutes of 

zero accelerometer counts was considered as not wearing the monitor and invalid data.152 

The two inclusion criteria for accelerometer data for data analysis were having valid data 

for more than 8 hours per day and wearing the monitor for 3 or more of the days. 

Moderate to vigorous intensity was defined as 3,000 or greater accelerometer movement 

counts per minute (ct.min−1).40,44 Intensity-weighted MVPA (IW-MVPA) was determined 

as the daily sum of accelerometer counts derived during MVPA defined as ≥ 3000 

ct.min−1. There is no consensus on an accelerometer count cut-point to define being 

sedentary for children. Two cut-points which have been suggested in previous studies 

were applied: 99 ct.min−1 40,159 and 1,099 ct.min−1.46 Light intensity was determined by 

accelerometer counts between being sedentary and MVPA: 100 to 2,999 ct.min−1 or 1,100 

to 2,999 ct.min−1. The latter light intensity range was named high-LPA in this report. IW-

LPA was determined as the daily sum of accelerometer counts during LPA (100 to 2,999 

ct.min−1). Intensity-weighted high-LPA (IW-HLPA) was determined as the daily sum of 
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accelerometer counts during high-LPA (1,100 to 2,999 ct.min−1). Total activity was 

defined as the daily sum of accelerometer counts during LPA and MVPA (≥ 100 ct.min−1).  

4.2.3 Body Fat Mass Measurements 

At the age 5 and 8 examinations, whole body scans using a Hologic QDR 2000 

DXA (Hologic, Waltham, MA) were conducted with software version 7.20B and fan-

beam mode. At the age 11 examination, the Hologic QDR 4500 DXA (Delphi upgrade) 

with software version 12.3 and fan-beam mode was used for scan acquisition. Quality 

control scans were performed daily using the Hologic phantom. To adjust for the 

difference of the two DXA machines, translational equations from 4500 DXA measures 

to 2000 DXA measures for age 11 records were used. The translational equations (linear 

regression equations) were developed specifically for the two scanners in a pilot study 

where 60 of the children (32 boys, 28 girls) aged 9.9 to12.4 years (mean = 11.4 years, SD 

= 0.4 years) were scanned on each machine in random order during one clinic visit.64 

Total body fat mass (kg) was derived from the scan images. Fat-free mass (kg) was 

calculated as the sum of bone-free soft tissue and bone mineral content. 

4.2.4 Covariate Measurements 

At each DXA visit, research nurses trained in anthropometry measured the child's 

height and weight. Sitting height was measured at age 11 to calculate maturity offset 

(year from peak height velocity) using predictive equations established by Mirwald and 

colleagues.56 To estimate physical maturity status, the maturity offset variable was 

dichotomized as pre-peak height velocity (pre-mature) or post-peak height velocity 

(mature). Dietary assessment was conducted using the 3-day food diary at the age 5 

examination and the Block Kid’s Food Frequency Questionnaire (the Block Kid’s 

FFQ)160 at the age 8 and 11 examinations. Approximately 40% of the age 5 population 

completed the 3-day food diary, and 94% of the age 8 population and 98% of the age 11 

population completed the Block Kid’s FFQ, respectively. Birth weight data were 

obtained from the original Fluoride Study. 
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4.2.5 Statistical Analysis 

Gender-specific analyses were performed using SAS version 9.2 (Cary, NC). 

Descriptive analyses, tests for normal distribution, and bivariate analyses between PA 

variables, were conducted. The distribution of times spent in different intensities of 

activity during waking hours was calculated. IW-LPA and IW-HLPA were used as 

indicators of LPA. Fat mass was used as an indicator of adiposity. Because the fat mass 

variable was not normally distributed, a Box-Cox power transformation of the variable 

(named ‘transformed fat mass’) was performed using the SAS TRANSREG procedures. 

Age-, height-, and fat-free mass-adjusted partial correlation coefficients between the LPA 

variables and the transformed fat mass variable were calculated.  

Gender-specific individual growth curve models were estimated to examine an 

association between LPA and transformed fat mass using the SAS MIXED procedures. 

Age and the intercept were fit as random effects. Age, IW-LPA (or IW-HLPA), birth 

weight, height, fat-free mass, physical maturity, calorie intake, and IW-MVPA were fit as 

fixed effects. In this model, age was found to be a modifier of an association between 

LPA and transformed fat mass. Therefore, examination time point- and gender-specific 

multivariable linear regression models were fit. To test an association between 

transformed fat mass and IW-LPA (or IW-HLPA), age, birth weight, height, fat-free mass, 

calorie intake, and IW-MVPA were included as covariates in regression models. Physical 

maturity status was additionally included as a covariate in models for girls at age 11. 

After model fitting, model diagnostics were performed to test whether data met the 

assumptions of linear regression. If an observation significantly changed the estimate of 

coefficients (influence, residuals exceeding +3 or -3), the observation was excluded. 

Linearity, normality of residuals, and heteroscedasticity were tested. For the collinearity 

assumption, if a tolerance value was lower than 0.1, the variable was considered as a 

linear combination of other predictor variables. The significance level was set at 0.05. 
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4.3 Results 

Table 4.1 presents the characteristics of participants according to gender and 

examination time point. The mean fat mass increased 9.3 kg in boys and 9.5 kg in girls 

over six years. The range of fat mass distribution became wider with age (Figure 4.1). As 

illustrated in Figure 4.2, time spent being sedentary tended to increase and Time LPA 

tended to decrease with age. The proportion of Time MVPA during waking hours was 

minimal. Bivariate analyses showed that IW-LPA was more strongly correlated with total 

activity than with IW-MVPA (Table 4.2). Similarly, the correlations of IW-HLPA with 

total activity were high, but the correlations of IW-HLPA with IW-MVPA were low. As 

presented in Table 4.3, age-, height-, and fat-free mass-adjusted Pearson correlation 

coefficients between transformed fat mass and IW-LPA and between transformed fat 

mass and IW-HLPA were significant at ages 8 and 11 (P < 0.05), but not at age 5, among 

either boys or girls.  

We here present multivariate linear regression model results from excluding 

calorie intake for three main reasons. First, when a multivariable linear regression model 

was fit including daily calorie intake as a covariate, the calorie intake effect did not 

change the direction and magnitude of the association between LPA and fat mass (data 

not shown). Second, in the Block Kid’s FFQ validation study using the current study 

sample,160 the calorie intake data from the Block Kid’s FFQ was found to have a low 

validity (a weighted kappa statistic and a correlation coefficient of daily calorie intake 

data from the Block Kid’s FFQ were 0.15 and 0.26, respectively, compared to the data 

from the 3-day food diary). Third, the sample size would significantly decrease if calorie 

intake is included as a covariate because of a low completion rate of dietary assessment at 

age 5 (40%). In addition, because all boys were identified as pre-mature at age 11, 

physical maturity status was included in a final regression model only for girls at age 11. 

Based on model diagnositics, one boy at age 5, three boys at age 8, and two boys and 

three girls at age 11 were excluded.   
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Table 4.4 shows the results of multivariable linear regression model estimates to 

examine cross-sectional associations between IW-LPA (or IW-HLPA) and transformed 

fat mass according to gender and examination time point, adjusted for age, birth weight, 

height, fat-free mass, IW-MVPA, and physical maturity only for girls. Among boys, both 

IW-LPA and IW-HLPA were significantly inversely associated with transformed fat 

mass at age 11 (P < 0.01), but not at ages 5 and 8. Among girls, IW-HLPA was 

significantly inversely associated with transformed fat mass at age 11 (P < 0.05). The 

inverse association between IW-LPA and transformed fat mass at age 11 among girls was 

suggestive (P < 0.10). IW-LPA and IW-HLPA were significantly inversely associated 

with transformed fat mass at age 8 (P < 0.05), but not at age 5.   

4.4 Discussion 

The purpose of this study was to examine whether LPA is inversely associated 

with adiposity during childhood. This study found that LPA was inversely associated 

with fat mass in children at age 11, but not at age 5. The inverse association between 

LPA and fat mass at age 8 was observed only among girls. A few studies have been 

conducted to examine accelerometer-measured Time LPA and adiposity in youth. Two 

cross-sectional studies75,76 demonstrated a significant inverse association between Time 

LPA and adiposity. Treuth et al.76 examined a cross-sectional relationship between 

several adiposity indicators (BMI, fat mass, and BF%) and Actiwatch accelerometer-

measured Time LPA in 229 elementary, middle, and high school boys and girls. They 

found that Time LPA was inversely associated with adiposity indicators in all three 

school levels among girls, but not among boys. In this sample, time spent in moderate-

intensity PA and vigorous-intensity PA were not associated with adiposity. Butte et al.75 

examined a cross-sectional relationship between DXA-measured BF% and Actiwatch 

accelerometer-measured Time LPA among 897 children 4 to 19 years of age. Time LPA 

was inversely associated with BF%, adjusted for gender and age. Furthermore, the 

association was stronger than an association between time spent in moderate-intensity PA 



 

 

64 

and BF%. On the other hand, four other cross-sectional studies77-80 have shown no 

association between Time LPA and BMI level. For example, Thompson et al.80 found no 

difference in Time LPA among healthy-weight, overweight, and obese groups of 790 

boys and girls at grades 3 and 7. Montgomery et al.67 reported that time spent in 

sedentary behaviors and Time LPA, but not Time MVPA, were significant predictors of 

PA energy expenditure in a multivariable linear regression model among 104 children 

(median of 5.4 year of age). This result may imply that the proportion of time distributed 

between sedentary behaviors and LPA determines daily PA energy expenditure, given a 

minor contribution of MVPA to daily PA energy expenditure: this study sample spent 

much less time in MVPA (4% of waking hours) than in LPA (20% of waking hours). The 

current study also demonstrated that children spend most waking hours in sedentary 

behaviors and LPA and spend least in MVPA.  

It is not feasible to compare study results directly between studies, because 

different types of accelerometer and different cut-points were used across studies. There 

is no consensus on accelerometer count cut-point to define LPA in children. Here, we 

reported analysis results of applying two different lower thresholds to define LPA, which 

previous studies have used: 100 ct.min−1 40,159,161 and 1,100 ct.min−1.46,67,77,162-165 The 

analysis results produced from these two cut-points were fairly consistent. Previous 

studies have often used Time LPA as LPA indicator. In exploratory analyses, we found 

that fat mass was more strongly inversely associated with IW-LPA (P < 0.05 for boys 

and P < 0.10 for girls) than with Time LPA (P > 0.10 for boys and P > 0.70 for girls) at 

age 11. These findings suggest that not only LPA duration, but also its intensity should be 

considered in investigating a relationship between LPA and adiposity. However, 

researchers should be cautious because the use of IW-LPA may amplify measurement 

error, which is derived from the difference of relative intensities between individuals 

when absolute intensity is given. Previous studies did not take into account MVPA and 

birth weight, which were found to be significant confounding factors in the current study. 
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Controlling for possible confounding factors is critical for the internal validity of study 

results. For example, in the current study, an age-, height-, and fat-free mass-adjusted 

correlation coefficient between IW-HLPA and fat mass at age 8 among boys was 

significant, but multivariable regression analysis revealed that IW-HLPA was not 

associated with fat mass, after further adjustment for birth weight and IW-MVPA. In 

future research to examine the role of LPA in determining adiposity, such factors, 

particularly MVPA, should be taken into account as potential confounding factors. In 

addition, monitor-wearing time could also be a potential confounding factor. However, 

when we additionally examined a relationship between average IW-LPA (IW-LPA 

divided by monitor-wearing time) and fat mass, the analysis results were also similar to 

those of this report.   

This study has several public health implications for childhood obesity prevention. 

First, the study supports the current PA recommendations focusing on MVPA. LPA 

seems to have some beneficial effect on adiposity among older children, but no effect 

among younger children, whereas the beneficial effect of MVPA on adiposity is 

consistent throughout childhood. Therefore, promoting MVPA would be an appropriate 

recommendation for obtaining a health benefit of PA. Second, this study suggests that the 

effect of LPA on adiposity may become apparent with age throughout childhood. The 

promotion of LPA, such as slow walking and playing active electronic games,166 may be 

an alternative intervention strategy for obesity prevention in older children. It would be a 

realistic and practical strategy for inactive children to gradually increase PA, by moving 

from being sedentary to LPA and to MVPA. Promoting LPA may be particularly 

meaningful for girls who are likely to engage in less MVPA than boys.  

Several limitations of this study should be noted. Because this study examined a 

cross-sectional relationship between LPA and adiposity, a temporal relationship cannot 

be established. The study sample was not randomly selected; selection bias may have 

occurred. Therefore, an association between LPA and adiposity observed in this sample 
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may not represent that in the general child population and caution should be taken in 

generalizing the results to the general child population. In the participant cohort, 95% 

were white, which is a lower risk population for childhood obesity than the Hispanic or 

African American population. Genetic predisposition to body composition was not 

accounted for. This observational study cannot eliminate error by residual and 

unmeasured confounding factors.  

Nonetheless, to our knowledge, this study is the first longitudinal study to 

examine an association between accelerometer-measured LPA and DXA-derived fat 

mass during childhood. The use of objective and accurate measures for both PA and 

adiposity helped reduce measurement error and increase the confidence of internal 

validity. Considering potential confounders such as MVPA and birth weight also helped 

protect study results against threats to internal validity. In conclusion, this study suggests 

that LPA may have a preventive effect against adiposity in older children. More research 

is required to examine a beneficial effect of LPA on obesity prevention among 

adolescents.  

4.5 Summary of Findings 

The purpose of this study was to examine whether accelerometer-measured daily 

light-intensity physical activity (LPA) is inversely associated with dual energy X-ray 

absorptiometry (DXA)-derived body fat mass during childhood. The study sample was 

577 children participating in the longitudinal Iowa Bone Development Study. Fat mass 

and PA were measured at approximately 5, 8, and 11 years of age. Data for relevant 

variables such as height, physical maturity, and birth weight were also obtained. Two 

intensity-weighted LPA indicators were used, applying two accelerometer count cut-

points: the daily sum of accelerometer counts during LPA (IW-LPA) and the daily sum of 

accelerometer counts during high-LPA (IW-HLPA). Examination time point- and gender-

specific multivariable linear regression models were fit to predict fat mass based on IW-

LPA and IW-HLPA, including covariates, such as age, birth weight, fat-free mass, height, 
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intensity-weighted moderate- to vigorous-intensity PA, and physical maturity only for 

girls. Among boys, both IW-LPA and IW-HLPA were inversely associated with fat mass 

at age 11 (P < 0.05), but not ages 5 and 8. Among girls, both LPA variables were 

inversely associated with fat mass at ages 8 and 11 (P < 0.10 for IW-LPA at age 11, P < 

0.05 for others), but not at age 5. In conclusion, this study suggests that LPA may have a 

preventive effect against adiposity among older children. 
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Table 4.1 Descriptive characteristics of study participants by gender and examination time point 
 

  Boys    Girls   

 Age 5 (n=204) Age 8 (n=245) Age 11 (n=218) Age 5 (n=232) Age 8 (n=257) Age 11 (n=236) 

  Mean (95% CI)   Mean (95% CI)  

Age  
(years) 

5.2 (5.2, 5.3) 8.8 (8.7, 8.9) 11.2 (11.2, 11.3) 5.3 (5.2, 5.4) 8.8 (8.7, 8.8) 11.2 (11.2, 11.3) 

Height  
(m) 

1.12 (1.11, 1.13) 1.35 (1.34, 1.36) 1.49 (1.48, 1.50) 1.11 (1.10, 1.12) 1.33 (1.32, 1.34) 1.49 (1.48, 1.50) 

Body weight  
(kg) 

20.5 (20.0, 21.1) 33.8 (32.6, 35.1) 45.3 (43.5, 47.0) 20.0 (19.5, 20.5) 31.9 (30.8, 32.9) 44.5 (42.9, 46.0) 

IW-LPA  
(×103 ct/d) 

416 (406, 425) 351 (342, 360) 315 (307, 324) 397 (388, 406) 333 (324, 341) 291 (283, 298) 

IW-HLPA  
(×103 ct/d) 

253 (245, 261) 214 (206, 221) 190 (184, 197) 228 (221, 235) 190 (184, 197) 160 (154, 166) 

IW-MVPA  
(×103 ct/d) 

150 (137, 164) 181 (167, 196) 216 (189, 224) 114 (104, 125) 129 (116, 141) 109 (99, 120) 

Monitor-wearing 
time (hr/d) 

12.1 (12.0, 12.2) 12.5 (12.4, 12.6) 12.4 (12.2, 12.5) 12.1 (12.0, 12.2) 12.4 (12.3, 12.5) 12.3 (12.2, 12.4) 

Fat mass  
(kg) 

3.9 (3.6, 4.3) 8.4 (7.6, 9.1) 13.1 (11.8, 14.3) 4.5 (4.2, 4.8) 9.2 (8.5, 9.9) 14.0 (12.9, 15.1) 

 
Note: CI = confidence interval, IW-HLPA = the daily sum of accelerometer counts during high-light-intensity physical activity 
defined as 1,100 to 2,999 ct.min−1, IW-LPA = the daily sum of accelerometer counts during light-intensity physical activity defined as 
100 to 2,999 ct.min−1, IW-MVPA = the daily sum of accelerometer counts during moderate- to vigorous-intensity physical activity 
defined as ≥ 3,000 ct.min−1.   
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Table 4.2 Pearson correlation coefficients between physical activity variables by gender and examination time point 
 

   Boys   Girls  

  Age 5 (n=204) Age 8 (n=245) Age 11 (n=218) Age 5 (n=232) Age 8 (n=257) Age 11 (n=236) 

   r (95% CI)   r (95% CI)  

IW- 
LPA 

IW-
MVPA 

0.22 (0.08, 0.35) 0.22 (0.10, 0.34) 0.29 (0.17, 0.41) 0.30 (0.18, 0.42) 0.20 (0.08, 0.32) 0.33 (0.21, 0.44) 

IW- 
LPA 

Total 
activity 

0.68 (0.59, 0.74) 0.64 (0.56, 0.71) 0.62 (0.53, 0.70) 0.76 (0.70, 0.81) 0.66 (0.58, 0.72) 0.75 (0.69, 0.80) 

IW-
HLPA 

IW-
MVPA  

0.34 (0.21, 0.45) 0.34 (0.23, 0.45) 0.37 (0.25, 0.48) 0.36 (0.25, 0.47) 0.30 (0.19, 0.42) 0.42 (0.31, 0.52) 

IW-
HLPA 

Total 
activity 

0.74 (0.67, 0.80) 0.71 (0.65, 0.77) 0.67 (0.59, 0.74) 0.78 (0.72, 0.82) 0.71 (0.65, 0.77) 0.79 (0.74, 0.83) 

 
Note: CI = confidence interval, IW-HLPA = the daily sum of accelerometer counts during high-light-intensity physical activity 
defined as 1,100 to 2,999 ct.min−1, IW-LPA = the daily sum of accelerometer counts during light-intensity physical activity defined as 
100 to 2,999 ct.min−1, IW-MVPA = the daily sum of accelerometer counts during moderate- to vigorous-intensity physical activity 
defined as ≥ 3,000 ct.min−1, total activity = the daily sum of ≥ 100 ct.min−1.   



 

 

7
0
 

Table 4.3 Age-, height-, and fat-free mass-adjusted Pearson partial correlation coefficients between IW-LPA and IW-HLPA and fat 
mass by gender and examination time point 
 

  Boys   Girls  

 Age 5 (n=203) Age 8 (n=242) Age 11 (n=216) Age 5 (n=232) Age 8 (n=257) Age 11 (n=233) 

  r (95% CI)   r (95% CI)  

IW-LPA  
-0.04  

(-0.18, 0.09) 
-0.14  

(-0.27, -0.02) 
-0.27  

(-0.39, -0.14) 
-0.11  

(-0.24, 0.02) 
-0.17  

(-0.29, -0.05) 
-0.20  

(-0.32, -0.07) 
       

IW-HLPA 
-0.07  

(-0.21, 0.07) 
-0.20  

(-0.31, -0.07) 
-0.32  

(-0.43, -0.19) 
-0.12 

(-0.24, 0.01) 
-0.21  

(-0.32, -0.09) 
-0.25  

(-0.36, -0.12) 
 
Note: CI = confidence interval, IW-HLPA = the daily sum of accelerometer counts during high-light-intensity physical activity 
defined as 1,100 to 2,999 ct.min−1, IW-LPA = the daily sum of accelerometer counts during light-intensity physical activity defined as 
100 to 2,999 ct.min−1.   
 
Transformed fat mass was used.  
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Table 4.4 Regression parameter estimates of IW-LPA and IW-HLPA in multivariable linear regression models to predict fat mass 
based on IW-LPA and IW-HLPA 
 

  Age 5  Age 8   Age 11 

 Exposure variable β SE P  β SE P  β SE P 

Boys IW-LPA (×103 ct/d) 0.38 0.96 0.69  -2.27 2.31 0.33  -13.91 4.85 <0.01 
 IW-HLPA (×103 ct/d) 0.38 1.12 0.74  -2.96 3.08 0.34  -20.79 6.13 <0.01 

Girls IW-LPA (×103 ct/d) -0.25 1.09 0.82  -5.41 2.60 <0.05  -8.93 4.88 0.07 
 IW-HLPA (×103 ct/d) 0.03 1.32 0.98  -8.14 3.34 <0.05  -16.12 6.61 <0.05 

 

Note: β = regression parameter estimate, IW-HLPA = the daily sum of accelerometer counts during high-light-intensity physical 
activity defined as 1,100 to 2,999 ct.min−1, IW-LPA = the daily sum of accelerometer counts during light-intensity physical activity 
defined as 100 to 2,999 ct.min−1, IW-MVPA = the daily sum of accelerometer counts during moderate- to vigorous-intensity physical 
activity defined as ≥ 3,000 ct.min−1, SE = standard error of the estimate. 
 
Multivariable linear regression model: transformed fat mass (g) = exposure variable + age (year) + birth weight (g) + fat-free mass (g) 
+ height (cm) + IW-MVPA (×103 ct/d). Physical maturity was included in a model only for girls at age 11.  
 

For boys, n = 203 at age 5, n = 242 at age 8, and n = 216 at age 11. 
 
For girls, n = 232 at age 5, n = 257 at age 8, and n = 233 at age 11. 
 
Complete multivariable linear regression models to predict IW-HLPA are presented in Appendix E.  
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Figure 4.1 Scatter plots of fat mass over age in boys and girls 

(a) Boys (n = 204 at age 5, n = 245 at age 8, and n = 218 at age 11) 
(b) Girls (n = 232 at age 5, n = 257 at age 8, and n = 236 at age 11) 
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Figure 4.2 Daily time allocation for physical activity intensities according to gender and examination time point  

Note: Time HLPA = the amount of daily time spent in high-light-intensity physical activity defined as 1,100 to 2,999 ct.min−1, Time 
LLPA = the amount of daily time spent in low-light-intensity physical activity defined as 100 to 1,099 ct.min−1, Time MVPA = the 
amount of daily time spent in moderate- to vigorous-intensity physical activity defined as ≥ 3,000 ct.min−1, Time sedentary = the 
amount of daily time spent in sedentary behavior defined as < 100 ct.min−1. 
 
For boys, n = 204 at age 5, n = 245 at age 8, and n = 218 at age 11. 
 
For girls, n = 232 at age 5, n = 257 at age 8, and n = 236 at age 11. 
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CHAPTER 5 

 CONCLUSIONS  

5.1 Overall Findings of Research 

The goal of this dissertation research was to better understand relationships 

among PA, cardiorespiratory fitness, adiposity, and CV health in children and adolescents. 

The first paper titled “Associations of cardiorespiratory fitness and adiposity with 

cardiovascular risk factors during puberty” aimed to determine whether cardiorespiratory 

fitness is associated with CV risk factors during puberty after accounting for adiposity. 

Data from 123 children participating in a sub-study of the Muscatine Heart Study were 

analyzed to achieve this aim. Adiposity was positively associated with CV risk factors 

during puberty after accounting for cardiorespiratory fitness, age, and sexual maturity 

status in both boys and girls. However, a beneficial effect of cardiorespiratory fitness on 

CV risk factors was not apparent after accounting for adiposity, age, and sexual maturity 

status in both boys and girls.  

The aim of the second paper titled “The effect of adiposity on physical activity 

during childhood” was to determine whether early adiposity level is inversely associated 

with subsequent PA behaviors during childhood (the reverse causation hypothesis). 

Analysis of data from 326 children participating in the Iowa Bone Development Study 

demonstrated that BF% at age 8 was inversely associated with IW-MVPA at age 11 

among both boys and girls. Boys and girls with high levels of adiposity were more likely 

to have low PA levels at three-year follow-up, compared to their counterparts with low 

levels of adiposity. These findings suggest that adiposity status may be a determinant of 

PA behavior in childhood.  

The third paper titled “An association between light-intensity physical activity 

and adiposity during childhood” aimed to determine whether LPA is inversely associated 

with body fat mass during childhood. Data analysis showed that at 11 years of age, but 

not at 5 years of age, LPA was inversely associated with fat mass in 577 children 
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participating in the Iowa Bone Development Study. The inverse association was also 

significant at age 8 among girls, but not among boys. These cross-sectional inverse 

associations were independent of MVPA. This study suggests that LPA may have a 

preventive effect against adiposity in older children.  

5.2 Additional Findings and Discussion 

5.2.1 Indicators of Physical Activity Level  

There are some aspects of the research which were not discussed in the second 

and third papers in detail, but are worthy of further consideration. Previous studies have 

often used time spent in PA, such as Time MVPA and Time LPA, as an indicator of PA 

level. However, this research used intensity-weighted PA, such as IW-MVPA and IW-

LPA, because PA intensity is a significant dimension of PA in determining energy 

expenditure and therefore adiposity. It would be worthy to compare the results of using 

different indicators for the same data. When Time MVPA was used as a PA indicator to 

examine an association between BF% at baseline and PA at three-year follow-up, the 

inverse association did not reach statisitical significance in boys (P < 0.10, Table 5.1). 

Considering that there was a significant inverse association between BF% at baseline and 

IW-MVPA at three-year follow-up among boys, these results may imply that boys with 

low BF% are more likely to engage in higher intensity PA than those with high BF%. In 

addition, when total activity was used as a PA indicator, the association was significant 

among both boys and girls (P < 0.05). Table 5.2 presents analysis results of examining 

associations of Time LPA and Time HLPA with fat mass. Time LPA was not associated 

with fat mass in any of three age groups of boys or girls (P > 0.10 for boys and P > 0.40 

for girls). Time HLPA was associated with fat mass only at age 11 among boys (P < 

0.05). Considering that there were inverse associations between both IW-LPA and IW-

HLPA and fat mass at age 11 among boys and at ages 8 and 11 among girls, PA intensity 

appears to be an important factor to estimate PA level and predict adiposity. Overall, 
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these results support that PA intensity should be considered in establishing a relationship 

between PA and adiposity.  

5.2.2 Indicators of Adiposity Level  

Gender- and age-specific BMI percentile is widely used as an obesity indicator for 

children in epidemiologic studies. But, BMI is not a measure of adiposity. Unlike BMI, 

fat mass, BF%, and FMI are constructed from direct measurements of adiposity. The 

second paper used BF% as an adiposity indicator. In exploratory work, additional 

generalized linear models were fit to examine an association between early adiposity and 

subsequent PA using different adiposity indicators. Among girls, the use of height- and 

fat-free mass-adjusted fat mass did not produce a significant association with any of PA 

variables (IW-MVPA, Time MVPA, and total activity), whereas BF% was significantly 

inversly associated with each of IW-MVPA, Time MVPA, and total activity (Table 5.1). 

One may assume that because children with high body fat are likely to have high fat-free 

mass, height- and fat-free mass-adjusted fat mass may have over-adjusted for body size. 

When analyses were repeated using height-adjusted fat mass residual, the same results 

were found: no associations between height-adjusted fat mass at baseline and three PA 

variables (IW-MVPA, Time MVPA, and total activity) at follow-up (P > 0.05, data not 

shown). The inverse association between FMI at age 8 and IW-MVPA and Time MVPA 

at age 11 was significant among girls (P < 0.05). Future research is required to answer the 

questions on which indicator is the best measure of adiposity for children and why 

different adiposity indicators suggest different magnitudes of the association between 

adiposity and PA. 

5.2.3 Energy Intake as a Predictor of Adiposity  

Energy intake and energy expenditure are two major determinants of adiposity 

status. Energy intake would be a significant potential confounding factor in predicting fat 

mass based on PA. However, for several reasons, analysis results which did not account 

for energy intake were presented in the third paper titled “An association between light-
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intensity physical activity and adiposity during childhood”: (1) only 40% of the study 

participants completed dietary assessment at age 5, (2) the Block Kid’s FFQ, which was 

used to assess dietary intake at ages 8 and 11, has a low validity to estimate energy intake 

(a weighted kappa statistic and a correlation coefficient of daily energy intake data from 

the Block Kid’s FFQ were 0.15 and 0.26, respectively, compared to the data from the 3-

day food diary),160 and (3) the analysis results from considering energy intake were 

consistent with those from not considering it (Table 5.3). Although the P-value of the 

regression parameter estimate of energy intake was close to being significant at age 8 

among girls (P = 0.05), the energy intake effect did not change the magnitude of the 

association between IW-HLPA and fat mass. The P-values for regression parameter 

estimates of energy intake were closer to significance level in girls than in boys. However, 

because of a low validity of energy intake data from the Block Kid’s FFQ, it is 

questionable if these results reflect a true relationship between energy intake and fat mass. 

Dietary intake is often a concern in research on PA effects on adiposity. Assessing 

dietary intake is burdensome for study participants and involves measurement error. 

More effort is required to assess dietary intake accurately.  

5.3 Research Findings and Hypotheses 

These three research papers provide pieces of evidence to support or not support 

the research hypotheses suggested in Chapter 1. This dissertation research confirmed that 

high body fat has a negative impact on CV health in adolescents. However, it does not 

support the first hypothesis that cardiorespiratory fitness influences CV health in children 

and adolescents after accounting for adiposity (pathway A in Figure 5.1). A temporal 

inverse association between early adiposity level and subsequent PA behaviors during 

childhood was found, which supports the second hypothesis that a high level of adiposity 

negatively influences PA participation in children (pathway B in Figure 5.1). A cross-

sectional association between LPA and adiposity was found among older children. This 
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finding suggests that LPA may have a preventive effect against adiposity at least in older 

children (pathway C in Figure 5.1).  

 
 
 

 
Figure 5.1 Hypothetical model of relationships among physical activity, cardiorespiratory 
fitness, adiposity, and cardiovascular health 
 
 
 

5.4 Public Health Implications 

The epidemic of childhood obesity is a significant public health concern 

worldwide. Scientific evidence is necessary to develop effective interventions and 

suggest recommendations. This research provides scientific evidence to support specific 

intervention strategies to promote PA, prevent obesity, and improve CV health in 

children and adolescents.  

Cardiorespiratory fitness is assumed to be positively associated with CV health. In 

the first paper, however, cardiorespiratory fitness was not inversely associated with CV 

risk factors after accounting for adiposity during puberty. This suggests that adiposity 

may play a role in the mechanism underlying the effect of fitness on CV health. 

Adiposity was positively associated with CV risk factors after accounting for 

cardiorespiratory fitness. This result supports interventions aimed at obesity prevention to 

improve CV health among healthy adolescents in puberty. Adiposity level can be used as 

an appropriate outcome to evaluate the effectiveness of interventions for CV health 

improvement. It is noteworthy that an increased PA is a proven strategy to reduce 

adiposity levels. 
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The second paper suggests a new perspective for developing intervention 

strategies to promote PA and prevent obesity in children. First, it suggests weight status-

specific intervention strategies for PA promotion. Overweight children may have 

different barriers to participation in PA. Given the childhood obesity epidemic, it would 

be significant to identify specific barriers for overweight children and develop strategies 

to overcome the barriers. Second, the study results support PA promotion interventions 

from an early age, before excess body fat is accumulated. Once excess fat is accumulated 

in early childhood possibly due to a low level of PA, it may lead to low PA participation. 

In turn, lack of PA may exacerbate fat accumulation. PA from an early age is 

recommended to prevent excess fat accumulation throughout childhood and later in life. 

The third paper supports the current PA recommendations focusing on MVPA. 

While a beneficial effect of MVPA on adiposity is consistent throughout childhood, LPA 

seems to have a beneficial effect on adiposity only among older children, but no effect 

among younger children. This lays emphasis on relatively higher intensity PA, such as 

MVPA, in early childhood. Promoting MVPA, not LPA, would be an appropriate 

recommendation for obtaining a health benefit of PA for younger children. However, 

given the practical difficulty of increasing the level of MVPA, promoting LPA such as 

slow walking and playing active electronic games can be an alternative intervention 

strategy for preventing obesity in older children. It may be a realistic and practical 

strategy for inactive children to gradually increase PA, by moving from the sedentary 

state to LPA and to MVPA. LPA may be particularly meaningful for girls who are likely 

to engage in less MVPA than boys.  

5.5 Future Research Directions 

Future research is expected to confirm findings and examine hypotheses 

generated by this research. We failed to find an effect of cardiorespiratory fitness on CV 

risk factors among adolescents during puberty after accounting for adiposity. However, a 

beneficial effect of fitness on CV health may occur post-puberty, given the dramatic 
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change on body composition and fitness levels during puberty. Particularly, boys 

experience an increase of muscle mass and fitness level. The effects of cardiorespiratory 

fitness on CV health throughout adolescence should be further investigated. Some 

confounding effects of sexual maturity status on the associations of adiposity and fitness 

with total cholesterol, LDL-C, and HDL-C levels were identified; however, there is no 

(positive or negative) consistent trend in change of fitness level with advance in pubertal 

stage. In future studies, sexual maturity status should be considered in understanding 

roles of adiposity and cardiorespiratory fitness in determining CV health for adolescents.    

The reverse causation hypothesis that adiposity status influences PA behaviors is 

considered to be a fairly new idea. Evidence to support the reverse causation hypothesis 

in childhood should be accumulated. It was assumed that obesity-related psychological, 

societal, and physical functioning may mediate low PA participation. Because 

psychological and societal and physical functioning data were not collected in the Iowa 

Bone Development Study, the assumption (these factors are mediating factors in an 

association between early adiposity and subsequent PA behaviors) could not be tested. 

Researchers should investigate the mechanism underlying the effect of adiposity status on 

PA behaviors. It would be valuable to test the hypothesis using existing datasets 

containing PA, adiposity, and related psycho-societal measure data.   

Traditionally, MVPA has been the focus in obesity research. This research 

suggests that LPA may also have a preventive effect against obesity in older children. A 

beneficial effect of LPA on adiposity may become apparent in adolescence due to 

decreased MVPA. More research is required to examine the hypothesis that LPA has a 

beneficial impact on adiposity among adolescents. Furthermore, time spent in PA is often 

used to represent PA level. However, intensity was found to be significant in determining 

PA level and predicting adiposity. For future research, it is recommended to consider PA 

intensity. However, researchers should take caution because the use of the sum of 
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accelerometer movement counts may amplify measurement error, which is derived from 

the difference of relative intensities between individuals when absolute intensity is given.  

Lastly, there is no universally agreed indicator to determine adiposity level for 

children. BMI percentile, BF%, FMI, and fat mass are commonly used in obesity 

research. Different results produced from the use of different adiposity indicators make it 

difficult to interpret results and suggest public health implications. For example, IW-

MVPA at age 11 was significantly inversely associated with BF% at age 8 (P < 0.05), but 

not with height- and fat-free mass-adjusted fat mass at age 8 (P > 0.10), among girls. 

These seeming contradictions require in-depth discussion to identify an appropriate 

indicator of adiposity for children.  

In conclusion, this research suggests fairly new ideas on adiposity as a 

determinant of PA, the potential effect of LPA on adiposity, and the use of intensity-

weighted PA to predict adiposity. The future research is recommended to develop these 

ideas and provide evidence to support them.  
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Table 5.1 Maximum likelihood parameter estimates of adiposity indicators at age 8 in generalized linear models to predict physical 
activity indicators at age 11 based on adiposity indicator at age 8 
 
  Boys (n=142)  Girls (n=153) 

Outcome variable Exposure variable β (95% CI) P  β (95% CI) P 

IW-MVPA at age 11  
(×103 ct/d) 

Fat mass residual 
at age 8 

-4.58 (-8.35, -0.81) <0.05  -2.18 (-4.88, 0.51) 0.11 

IW-MVPA at age 11  
(×103 ct/d) 

BF% at age 8 -2.47 (-4.37, -0.57) <0.05  -1.36 (-2.53, -0.19) <0.05 

IW-MVPA at age 11  
(×103 ct/d) 

FMI at age 8 -5.26 (-1.12, 0.76) 0.09  -3.70 (-7.47, 0.07) 0.05 

Time MVPA at age 11 
(min/d) 

Fat mass residual 
at age 8 

-0.0005 (-0.001, 0.0002) 0.15  -0.0004 (-0.0009, 0.0001) 0.08 

Time MVPA at age 11 
(min/d) 

BF% at age 8 -0.31 (-0.67, 0.04) 0.09  -0.25 (-0.45, -0.04) <0.05 

Time MVPA at age 11 
(min/d) 

FMI at age 8 -0.61 (-1.67, 0.44) 0.25  -0.66 (-1.32, -0.005) <0.05 

Total activity at age 11 
(×103 ct/d) 

Fat mass residual 
at age 8 

-4.69 (-9.94, 0.55) 0.07  -2.22 (-7.05, 2.61) 0.37 

Total activity at age 11 
(×103 ct/d) 

BF% at age 8 -2.59 (-5.14, -0.05) <0.05  -2.38 (-4.46, -0.29) <0.05 

Total activity at age 11 
(×103 ct/d) 

FMI at age 8 -6.00 (-14.19, 2.17) 0.15  -5.77 (-12.49, 0.95) 0.09 

 
Note: β = regression parameter estimate, BF% = percent body fat, CI = confidence interval, fat mass residual = height- and fat-free 
mass-adjusted residual of fat mass, FMI = fat mass index, IW-MVPA = the daily sum of accelerometer counts derived during 
moderate- to vigorous-intensity physical activity, Time MVPA = daily minutes spent in moderate- to vigorous-intensity physical 
activity, total activity = the daily sum of ≥ 100 ct.min−1. 
 
Transformed outcome variables were used if they were not normally distributed.  
 
For boys, models were adjusted for the PA variable at age 8, an interval between the age 8 and 11 examinations, the residualized 
change score of the PA variable from age 5 to age 8, the residualized change score of the adiposity variable from age 5 to age 8, and 
mother’s education. To predict total activity at age 11, monitor-wearing time was additionally included as a covariate.  
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Table 5.1 continued 
 
For girls, models were adjusted for the PA variable at age 8, physical maturity at age 11, and family income. To predict total activity 
at age 11, monitor-wearing time was additionally included as a covariate. 
 
 
 
 
 
Table 5.2 Parameter estimates of time spent in light-intensity physical activity in multivariable linear regression models to predict fat 
mass based on time spent in light-intensity physical activity 
 

  Age 5  Age 8   Age 11 

 Exposure variable β SE P  β SE P  β SE P 

Boys Time LPA (min/d) 0.37 1.17 0.75  -0.64 2.41 0.79  -7.15 5.16 0.17 
 Time HLPA (min/d) 3.16 2.24 0.16  -2.00 5.78 0.73  -30.29 12.46 <0.05 

Girls Time LPA (min/d) -0.89 1.32 0.50  -2.04 2.75 0.46  -1.30 4.73 0.78 
 Time HLPA (min/d) 2.84 2.71 0.30  -3.87 6.56 0.56  -16.62 13.12 0.21 
 

Note: β = regression parameter estimate, Time HLPA = time spent in high-light-intensity physical activity defined as 1,100 to 2,999 
ct.min−1, Time LPA = time spent in light-intensity physical activity defined as 100 to 2,999 ct.min−1, Time MVPA = time spent in 
moderate- to vigorous-intensity physical activity defined as ≥ 3,000 ct.min−1, SE = standard error of the estimate. 
 
Multivariable linear regression model: transformed fat mass (g) = exposure variable + age (year) + birth weight (g) + fat-free mass (g) 
+ height (cm) + Time MVPA (min/d). 
 

For boys, n=203 at age 5, n=242 at age 8, and n=216 at age 11. 
 
For girls, n=232 at age 5, n=257 at age 8, and n=233 at age 11. 
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Table 5.3 Multivariable linear regression models to predict fat mass based on energy intake and IW-HLPA 
 

  Age 5  Age 8   Age 11 

 Exposure variable β SE P  β SE P  β SE P 

Boys Energy intake (kcal/d) 0.08 0.19 0.70  0.05 0.30 0.86  -0.55 0.58 0.34 
 IW-HLPA (×103 ct/d) 0.02 1.24 0.99  -2.94 3.17 0.35  -20.85 6.22 <0.01 

Girls Energy intake (kcal/d) 0.42 0.28 0.13  0.56 0.29 0.05  0.88 0.58 0.13 
 IW-HLPA (×103 ct/d) 1.31 1.69 0.44  -8.50 3.52 <0.05  -16.20 6.78 <0.05 
 

Note: β = regression parameter estimate, IW-HLPA = the daily sum of accelerometer counts during high-light-intensity physical 
activity defined as 1,100 to 2,999 ct.min−1, IW-MVPA = the daily sum of accelerometer counts during moderate- to vigorous-intensity 
physical activity defined as ≥ 3,000 ct.min−1, SE = standard error of the estimate. 
 
Multivariable linear regression model: transformed fat mass (g) = energy intake (kcal/d) + IW-HLPA (×103 ct/d) + age (year) + birth 
weight (g) + fat-free mass (g) + height (cm) + IW-MVPA (×103 ct/d). 
 

For boys, n=122 at age 5, n=229 at age 8, and n=211 at age 11. 
 
For girls, n=139 at age 5, n=241 at age 8, and n=227 at age 11. 
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APPENDIX A 

ACCELEROMETER DATA 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure A1. Example of accelerometer data of one day for a five-year-old child
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APPENDIX B 

LIGHT-INTENSITY PHYSICAL ACTIVITY STUDY REVIEW 

 
Table B1. Calibration studies suggesting accelerometer count cut-points for 
categorization of physical activity intensity 
 

First author, year 
(Ref. no) 

Study participants, 
age 

Inactivity cut-
point (ct.min−1) 

LPA range 
(ct.min−1) 

Actigraph    
*Sirard, 2005 38 269 children, 3-5 yr <1206 for age 3 

<1455 for age 4 
<1595 for age 5 

1206-<2459 for age 3 
1455-<3247 for age 4 
1595-<3563 for age 5 

†Treuth, 2004 40 74 girls, 13-14 yr <100 100-<3000 
*Evenson, 2008 167 33 children, 5-8 yr <100 101-2292 
Reilly, 2003 46 30 children, 3-4 yr <1100 None 
Puyau, 2002 44 26 children, 6-16 yr <800 800-<3200 

    

Actiwatch    
Puyau, 2004 48 32 children, 7-18 yr <50 50-<700 
Puyau, 2002 44 26 children, 6-16 yr <100 100-<900 

    

Actical    
*Evenson, 2008 167 33 children, 5-8 yr <44 45-2028 
Puyau, 2004 48 32 children, 7-18 yr <100 100-<1500 

    

RT3    
Chu, 2007 168 35 children, 8-12 yr <420 420-1860 
 
Note: ct.min−1 = accelerometer movement counts per minute, LPA = light-intensity 
physical activity.      
 
Studies were sorted by the type of accelerometer and the number of participants 
(descending).  
 
*15 second-epoch, †30 second-epoch, 1 minute-epoch if not otherwise indicated, 



 

 

8
7
 

Table B2. Descriptive studies of accelerometer-measured daily inactivity and light-intensity physical activity 

 

First author, 
year (Ref. 
no) 

Study participants Results 

Monitoring 
days,1) 
minimum 
monitoring h/d2) 

Inactivity 
cut-point 
(ct.min−1) 

LPA 
range 

(ct.min−1) 

Actigraph      
Janz, 1995 
169 

30 children (50% 
girls) aged 7-15 yr 

Inactivity: 53% vs. 58% of the mean 
monitoring time of 12.2 h/d in boys vs. girls.  
 

6 d, 10 h/d <25 None 

Wickel, 
2007 170 

113 boys aged 6-12 yr 
(>95% Caucasian) 

Inactivity: 50%, LPA: 37% of 13.5 h/one day 
when participating in an after-school organized 
youth sport (sport day). In a subsample of 38 
boys, Time inactivity was greater in a sport day 
than in a non-sport day. Time LPA was not 
different.     
 

1 d  ≤2 METs 
in Age-
specific 
MET 

equation17

1 

2<- 4 
METs171 

Matthew, 
2008 159 

386 children aged 6-
11 yr, 466 adolescents 
aged 12-15 yr,  
and 429 adolescents 
aged 12-19 yr from 
the NHANES 2003-
2004 

Monitoring time-adjusted inactivity: 6 h/d for 
6-11 yr, 7.5 h/d for 12-15 yr, 8h/d for 16-19 
yr.3) Time inactivity was 10-20 min greater in 
girls than in boys. Mexican Americans aged 
16-19 yr spent 25 min less in inactivity than 
Whites. Black girls aged 6-11 yr spent 10-20 
min less in inactivity than White or Mexican 
American girls.      
 

7 d, 10 h/d <100 
 

None 

†Pate, 2006 
161 

1,578 6th grade girls 
from the TAAG 

Inactivity: 56%, LPA: 41%, of the mean 
monitoring time of 13.8 h/d.  

6 d, data 
imputation for 
12 h/d 

≤100 101-
<3000 

*Williams, 
2008 172 

198 children (50% 
girls) aged 3-4 yr 
from the CHAMPS 

Inactivity: 55%, LPA: 33%, of the mean 
monitoring time of 12.7 h/d.  

7 d, 5 h/d <150 150-
<1680 
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Table B2. continued     

Mitchell, 
2009 173 

5,434 children (52% 
girls) aged 11-12 yr  
from the ALSPAC 

Inactivity: 55% of the mean monitoring time of 
13 h/d. Time inactivity was 20 min greater in 
girls than in boys. 
 

7 d, 10 h/d  <200 
 

200-
<3600 

Sardinha, 
2008 174 

308 Portugal children 
(48% girls) aged 9-10 
yr 

Inactivity: 40%, LPA: 37%, of the mean 
monitoring time of 13 h/d. Girls spent 20 min 
more in LPA and 30 min less in MVPA than 
boys.  
 

4 d, 10 h/d <500 
 

500-
<2000 

Jago, 2006 
175 

473 Huston Boy 
Scouts aged 10-14 yr 

Inactivity: 83%, LPA: 13%, of the  
mean monitoring time of 18 h/d at the baseline. 
 

3 d, 13.3 h/d <800 800-
<3200 

Byrd-
Williams, 
2007 78 

169 4th grade children 
in Los Angeles area 

Inactivity: 77%, LPA: 20%, of the mean 
monitoring time of 12.5 h/d. Boys spent less 
time in inactivity than girls. No difference in 
LPA by gender. No difference in Time 
inactivity and Time LPA by ethnicity (Hispanic 
vs. non-Hispanic).  
 

5 d, 6 h/d  <800 800-
<3200 

Wrotniak, 
2006 79 

65 New York children 
(54% girls) aged 8-10 
yr 

Inactivity: 73%, LPA: 22%, of the mean 
monitoring time of 11.6 h/d. No difference in 
Time inactivity and Time LPA between boys 
and girls 
 

7 d, 10 h/d <800 800-
<3200 

Houwen, 
2009 176 

48 pairs of Dutch 
children with and 
without visual 
impairment (VI) aged 
6-12 yr 
 

Of the mean monitoring time of 12.2h/d, 
inactivity: 81% vs. 78%, LPA: 16% vs. 19% in 
children with VI vs. without VI.  

8 d, 10 h/d <800 800-
<3200 

Fisher, 2005 
162 

394 Scottish children 
(47% girls) aged 3-5 
yr 

Inactivity: 76%, LPA: 20%, of the mean 
monitoring time of 56 h. Time inactivity was 
less in boys. Time LPA was greater in boys.  

6 d, 9 h/d <1100 1100-3200 
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Table B2. continued     

Hughes, 
2006 77 

116 obese and 53 age- 
and gender-matched 
non-obese Scottish 
children aged 5-11 yr 
 

Of the mean monitoring time of 10 h/d, 
Inactivity: 81% vs. 80%, LPA: 16% vs. 17% in 
obese children vs. non-obese children.  

7 d, 6 h/d  <1100 1100-3200 

Montgomer
y, 2004 67 

104 Scottish children 
(50% girls) aged 2.6-
6.9 yr 
 

Inactivity: 73% vs. 79%, LPA: 23% vs. 18% of 
6-13 h/d in boys vs. girls.  

3 d, 6 h/d <1100 1100-3200 

Reilly, 2004 
163  

78 U.K. children 
(49% girls) aged 3 yr 
from the SPARKLE 

Of the mean monitoring time of 9.8 h/d at 
baseline, inactivity: a median of 76% vs. 81% 
in boys vs. girls, LPA: 18%. Of the mean 
monitoring time of 10.9 h/d at 2-yr follow-up, 
inactivity: 73% vs. 78% in boys vs. girls, LPA: 
20%. 
 

3 d at baseline, 
7 d at follow-up 

<1100 1100-
<3200 

Kelly, 2007 
165 

A subcohort of 42 
participants of 
Reilly’s study 163  
 

Low tracking of inactivity over 2 yr (r=-0.15 in 
boys, r=0.35 in girls). 

3 d at baseline, 
7 d at follow-
up, 6 h/d 

<1100 1100-
<3200 

Kelly, 2005 
164 

41 rural Irish children 
(53% girls) aged 4-6 
yr 
 

Inactivity: 74% vs. 82%, LPA: 20% vs. 16% in 
boys vs. girls.  

7 d, 6 h/d <1100 1100-
<3200 

Moller, 
2009 177 

589 3rd grade children 
in 1997/1998 and 709 
3rd grade children in 
2003/2004 (ages 8-
10) 
 

Inactivity+LPA: 76% vs. 80% of 14 h/d4) in 
boys vs. girls. PA did not decrease during the 
two time points. 

5 d, 10 h/d None <1000 
 

§Baquet, 
2007 178 

26 French children 
(50%) aged 8-10 yr 
 

Inactivity+LPA: 70% of the mean monitoring 
time of 14 h/d. 

7 d, almost all 
day5) 

None <1950 
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Table B2. continued     

Actiwatch      
Butte, 2007 
75 

897 Hispanic children 
and adolescents (62% 
girls) aged 4-19 yr 

Of the mean monitoring time of 23.5 h/d, 
inactivity: 34% vs. 41% in NO vs. OW boys, 
35% vs. 40% in NO vs. OW girls, LPA: 55% 
vs. 50% in NO vs. OW boys, 56% vs. 52% in 
NO vs. OW girls. Time inactivity increased 
with age. Time LPA decreased with age. 
 

24 h for 3 d, 
16.7 h/d 

<50 50-<700 

Treuth, 
2005 76 

229 children and 
adolescents (56% 
girls) aged 7-19 yr in 
rural Maryland 

Of the mean monitoring time of 16 h/d, 
inactivity: 47%, 51%, and 56%, LPA: 46%, 
43%, and 39% for elementary, middle, and 
high school students.  

6 d, 11.7 h/d <100 100-<900 

      

RT3      
Hussey, 
2007 179 

152 Dublin children 
(62% girls) aged 7-10 
yr 
 

Time inactivity+Time LPA: 85% vs. 88% of 
the mean monitoring time of 18.3 h/d in boys 
vs. girls. 

4 d, not 
reported 

100-970 100-970 

Parfitt, 2009 
180 

57 U.K. children 
(60% girls) aged 9-10 
yr 

Very LPA+LPA: 5.7 h/d. 7 d, 10 h/d for a 
weekday and 8 
h/d for a 
weekend day 

None Very 
LPA: 100-
470 
LPA: 
470.1-
976.8 

 

Note: ALSPAC = Avon Longitudinal Study of Parents and Children, CHAMPS = Children’s Activity and Movement in Preschool 
Study, ct.min−1 = accelerometer movement counts per minutes, NHANES = National Health and Nutrition Examination Survey, LPA: 
light-intensity physical activity, MET = metabolic equivalent, MVPA = moderate- to vigorous-intensity physical activity, NO = non-
overweight, OW = overweight, PA = physical activity, SPARKLE = Study of Preschool Activity, Lifestyle and Energetics, TAGG = 
Trial of Activity for Adolescent Girls, Time inactivity = time spent being sedentary, Time LPA = time spent in light-intensity physical 
activity, VHPA = very high physical activity, VI = visual impairment. 
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Table B2. continued 
 
Studies were sorted by the type of accelerometer, a lower threshold of LPA (ascending), and the number of participants (descending).  
 
Proportions of hours spent in inactivity and LPA to the mean accelerometer monitoring hours are presented. If time spent in inactivity 
and LPA or their proportions were reported alone without the mean monitoring time in original articles, they are presented without 
indication of the mean monitoring time.  
 
1)The number of days on which participants were asked to wear accelerometers.  
 

2)Minimum monitoring hours/day required for inclusion in data analysis. 
 

3)The mean monitoring time in adults and children from the NAHES 2003-2004 was 13.9h/d. 
 

4)Time inactivity and Time LPA were adjusted for 14 waking hours/d. 
 
§2 second-epoch, *15 second-epoch, †30 second-epoch, 1 minute-epoch if not otherwise indicated. 
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Table B3. Association studies of accelerometer-measured daily inactivity and light-intensity physical activity with health outcomes 
 

First author, 
year (Ref. 
no) 

Study participants 
Covariates 
considered 

Results 

Accelerometer, 
monitoring 
days,1) 
minimum 
monitoring h/d2) 

Inactivity 
cut-point 
(ct.min−1) 

LPA 
range 

(ct.min−1) 

Obesity       
Mitchell, 
2009 173 

5,434 children 
(52% girls) aged 
11-12 yr from 
ALSPAC 

MVPA, 
gender, social 
factors,‡ early 
life sleep and 
TV viewing 
habits, pubertal 
status   
 

A significant association 
between obesity and Time 
inactivity (OR=1.3) was negated 
after adjustment for MVPA 
(OR=1.1). 

Actigraph, 7 d, 
10 h/d  

<200 
 

200-
<3600 

Butte, 2007 
75 

897 Hispanic 
children and 
adolescents (62% 
girls) aged 4-19 yr 

Age, gender  Time inactivity was positively 
correlated with %BF (r=0.28) 
and Z-BMI-adjusted WC 
(r=0.14). Time LPA was 
inversely correlated with %BF 
(r=-0.30) and Z-BMI-adjusted 
WC (r=-0.15).  
 

Actiwatch, 24 h 
for 3 d, 16.7 h/d 

<50 50-<700 

Treuth, 
2005 76 

229 children and 
adolescents (56% 
girls) aged 7-19 yr 
in rural Maryland 

Gender- and 
school age 
group-specific 
analysis 

Obesity measures (BMI for age, 
fat mass, and %BF) were 
correlated with inactivity 
(r=0.42 to 0.54) and LPA (r=-
0.40 to -0.51), but not with MPA 
and VPA in girls. No association 
in boys. 

Actiwatch, 6 d, 
11.7 h/d 

<100 100-<900 
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Table B3. continued      

Hughes, 
2006 77 

116 obese and 53 
matched non-obese 
Scottish children 
aged 5-11 yr 

Matched for 
age and gender 

No difference in Time inactivity 
(p=0.10) and Time LPA 
(p=0.10) between the obese and 
non-obese groups. 
 

Actigraph, 7 d, 
6 h/d 

<1100 1100-3200 

Byrd-
Williams, 
2007 78 

169 4th grade 
children in Los 
Angeles area 

Gender- and 
ethnicity-
specific 
analysis 

No difference in Time inactivity 
(p=0.5) and Time LPA (p=0.9) 
between overweight and non-
overweight children.  
 

Actigraph, 5 d, 
6 h/d 

<800 800-
<3200 

Hussey, 
2007 179 

152 Dublin 
children (62% 
girls) aged 7-10 yr 

Age, gender Z-BMI and WC were not 
significant predictors of Time 
inactivity+Time LPA. 
 

RT3, 4 d, not 
reported 

100-970 100-970 

Wrotniak, 
2006 79 

65 New York 
children (54% 
girls) aged 8-10 yr 

None Inactivity (r=0.28) and MVPA 
(r=0.30), but not LPA (r=-0.18), 
were correlated with Z-BMI.  
 

Actigraph, 7 d, 
10 h 

<800 800-3200 

Houwen, 
2009 176 

48 pairs of Dutch 
children with and 
without visual 
impairment (VI) 
aged 6-12 yr 

Age, gender, 
degree of VI 

BMI was correlated with 
inactivity (r=0.30) and LPA (r=-
0.30) in children with VI. No 
correlation in children without 
VI. 

Actigraph, 8 d, 
10 h/d 

<800 800-
<3200 

       

Insulin resistance      
Butte, 2007 
75 

897 Hispanic 
children and 
adolescents (62% 
girls) aged 4-19 yr 
 

Age, gender, 
Z-BMI 

Serum insulin was correlated 
with Time inactivity (r=0.13) 
and Time LPA (r=-0.12).  

Actiwatch, 24 h 
for 3 d, 16.7 h/d 

<50 50-<700 



 

 

9
4
 

Table B3. continued      

Sardinha, 
2008 174 

308 Portugal 
children (48% 
girls) aged 9-10 yr 

Monitoring 
time, MVPA, 
gender, age, 
physical 
maturity, birth 
weight, fat 
mass, central 
fat mass, total 
PA, fat mass, 
central fat 
mass,  

In a regression model, inactivity 
(p=0.01), but not LPA (p=0.76), 
was significant predictors of 
insulin resistance.   

Actigraph, 4 d, 
10 h/d 

<500 
 

500-
<2000 

       

Bone Health      
Tobias, 
2007 181 

4,457 children 
(52% girls) aged 
11-12 yr from the 
ALSPAC 

Age, gender, 
height, lean 
mass, fat mass, 
socio-
economic 
factors  

Time inactivity +Time LPA was 
positively associated with lower 
limb BMC, bone area, and BMD   

Actigraph, 7 d, 
10 h/d 

none <3600 

       

Motor skills      
Fisher, 2005 
162 

394 Scottish 
children (47% 
girls) aged 3-5 yr 

None No correlation between 
fundamental movement skills 
and Time LPA (r=0.02). 
 

Actigraph, 6 d, 
9 h/d 

<1100 1100-3200 

*Williams, 
2008 172 

198 children (50% 
girls) aged 3-4 yr 

Gender, age, 
race, BMI, 
parent 
education  
 

A high locomotor score was 
associated with low Time 
inactivity, but not with Time 
LPA  

Actigraph, 7 d, 
5 h/d 

<150 150-
<1680 
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Table B3. continued      

Houwen, 
2009 176 

48 pairs of Dutch 
children with and 
without visual 
impairment (VI) 
aged 6-12 yr 

Age, gender, 
degree of VI, 
BMI 

In children with VI, locomotor 
scores were correlated with 
Time inactivity (r=-0.31) and 
Time LPA (r=0.30), but not 
Time MVPA (r=0.19), and 
objective control skills were 
correlated with Time inactivity 
(r=0.37). No correlation 
between motor skills and 
inactivity and LPA in children 
without VI. 
 

Actigraph, 8 d, 
10 h/d 

<800 800-
<3200 

Wrotniak, 
2006 79 

65 New York 
children (54% 
girls) aged 8-10 yr 

None Inactivity (r=-0.31) and MVPA 
(r=0.30), but not LPA (r=0.22), 
were correlated with motor 
proficiency. 

Actigraph, 7 d, 
10 h/d 

<800 800-
<3200 

       

Psychological health      
Parfitt, 2009 
180 

57 U.K. children 
(60% girls) aged 9-
10 yr 

%BF Very LPA was correlated with 
anxiety (r=0.33), depression 
(r=0.28), global self-worth (r=-
0.3), scholastic competence (r=-
0.29), physical appearance (r=-
0.28), and physical self-worth 
(r=-0.27).  

RT3, 7 d, 10 h/d 
for a weekday 
and 8 h/d for a 
weekend day 

None Very 
LPA: 100-
470 
LPA: 
470.1-
976.8 
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Table B3. continued 
 
Note: ALSPAC = Avon Longitudinal Study of Parents and Children, BMC = bone mineral content, BMD = done mineral density, 
BMI = body mass index, ct.min−1 = accelerometer movement counts per minutes, LPA = light-intensity physical activity, MPA: 
moderate-intensity physical activity, MVPA = moderate- to vigorous-intensity physical activity, NO = non-overweight, OR = odds 
ratio, OW = overweight, PA = physical activity, Time inactivity = time spent being sedentary, Time LPA = time spent in light-
intensity physical activity, Time MVPA = time spent in moderate- to vigorous-intensity physical activity, VPA = vigorous-intensity 
physical activity, WC = waist circumference, %BF = percent body fat. 
 
Studies were sorted by health outcome and the number of participants (descending).  
 
1)The number of days on which participants were asked to wear accelerometers.  
 
2)Minimum monitoring hours/day required for inclusion in data analysis.  
 
*15 second-epoch, †30 second-epoch, 1 minute-epoch if not otherwise indicated. 
 
‡Social factors include social class, mother’s education, maternal smoking status during pregnancy, mother’s weight status, birth 
weight, and gestational age.  
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APPENDIX C 

CARDIORESPIRATORY FITNESS AND CARDIOVASCULAR RISK FACORS 

Figure C1. Distribution of Tanner stage according to study year among boys 
 
 
 
 

Figure C2. Distribution of Tanner stage according to study year among girls 
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Table C1. Mixed models to predict systolic blood pressure percentile 
 

 
Note: Transformed systolic blood pressure percentile was used as an outcome variable. 
Tanner stage 4 was used as a reference group.  
 
 
 
Table C2. Mixed models to predict diastolic blood pressure percentile 
 

 
Note: Transformed diastolic blood pressure percentile was used as an outcome variable. 
Tanner stage 4 was used as a reference group.  
 
 
 
 
Table C3. Mixed models to predict total cholesterol 
 

 
Note: Transfomed total cholesterol (mg/dL) was used as an outcome variable. Tanner 
stage 4 was used as a reference group. 

 Boys (λ=0.5) Girls (λ=0.5) 

 β SE P-value β SE P-value 

Intercept 24.63 7.83 <0.01 28.03 8.43 <0.01 
Tanner 1 1.57 3.29 0.63 2.79 4.05 0.49 
Tanner 2 -1.41 2.62 0.59 0.24 3.05 0.94 
Tanner 3 -2.56 2.02 0.21 3.41 2.31 0.14 
Weight (kg) 0.00 0.17 0.98 -0.02 0.24 0.95 
Sum of skinfolds (cm) 1.28 0.45 <0.01 1.88 0.61 <0.01 
VO2 max (L/min) 2.68 2.77 0.33 0.18 3.91 0.96 

 Boys (λ=0.5) Girls (λ=1.0) 

 β SE P-value β SE P-value 

Intercept 47.99 10.75 <0.0001 50.28 9.21 <0.0001 
Tanner stage 1 1.58 4.87 0.75 -2.29 4.45 0.61 
Tanner stage 2 -0.58 3.99 0.89 -2.26 3.39 0.51 
Tanner stage 3 -1.94 3.22 0.55 -1.72 2.59 0.51 
Weight (kg) 0.03 0.24 0.89 -0.85 0.27 <0.01 
Sum of skinfolds (cm) 0.80 0.64 0.21 3.03 0.66 <0.0001 
VO2 max (L/min) -0.55 4.06 0.89 6.27 4.34 0.15 

 Boys (λ=1.0) Girls (λ=0) 

 β SE P-value β SE P-value 

Intercept 461.58 35.28 <0.0001 438.00 25.53 <0.0001 
Centered age (yr) -0.02 1.32 0.99 -0.77 0.88 0.39 
Tanner stage 1 3.63 4.33 0.41 0.31 3.78 0.93 
Tanner stage 2 4.46 3.82 0.25 3.27 2.98 0.28 
Tanner stage 3 6.80 3.51 0.06 1.79 2.28 0.44 
Weight (kg)   -0.16 0.19 0.41 -0.46 0.21 <0.05 
Height (cm) -0.23 0.24 0.35 0.25 0.20 0.21 
Sum of skinfolds (cm) 1.57 0.48 <0.01 1.73 0.48 <0.001 
VO2 max (L/min) 0.30 2.77 0.91 -1.57 2.96 0.60 
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Table C4. Mixed models to predict triglyceride 
 

 
Note: Transformed triglyceride (mg/dL) was used as an outcome variable. Tanner stage 4 
was used as a reference group.  
 
 
 
 
 
Table C5. Mixed models to predict high-density lipoprotein cholesterol 

 
Note: Transformed high-density lipoprotein cholesterol (mg/dL) was used as an outcome 
variable. Tanner stage 4 was used as a reference group.  
 
 
 
 
 
 

 Boys (λ=1.0) Girls (λ=0) 

 β SE P-value β SE P-value 

Intercept 259.85 13.98 <0.0001 468.15 46.51 <0.0001 
Centered age (yr) -0.28 0.80 0.73 -1.76 1.62 0.28 
Tanner stage 1 (T1) -2.18 2.05 0.29 -1.61 7.77 0.84 
Tanner stage 2 (T2) -2.44 1.96 0.22 -0.92 6.15 0.88 
Tanner stage 3 (T3) -5.55 3.08 0.08 3.50 4.83 0.47 
Centered age × T1 -0.36 0.79 0.65 -- -- -- 
Centered age × T2 1.39 1.10 0.21 -- -- -- 
Centered age × T3 4.09 2.40 0.09 -- -- -- 
Weight (kg)   -0.09 0.12 0.44 -0.99 0.42 <0.05 
Height (cm) 0.01 0.10 0.90 0.80 0.36 <0.05 
Sum of skinfolds (cm) 0.57 0.24 <0.05 4.16 0.91 <0.0001 
VO2 max (L/min) -2.21 1.34 0.10 1.22 6.00 0.84 

 Boys (λ=0) Girls (λ=0.5) 

 β SE P-value β SE P-value 

Intercept 260.30 3.35 <0.0001 79.77 9.48 <0.0001 
Centered age (yr) -0.12 0.13 0.36 0.09 0.47 0.84 
Tanner stage 1 (T1) -0.83 0.48 0.09 -5.68 1.82 <0.01 
Tanner stage 2 (T2) -0.78 0.43 0.07 -5.00 1.55 <0.01 
Tanner stage 3 (T3) -0.33 0.42 0.43 -5.13 1.62 <0.01 
Centered age × T1 -- -- -- -0.34 0.66 0.61 
Centered age × T2 -- -- -- 0.03 0.64 0.97 
Centered age × T3 -- -- -- 2.10 0.73 <0.01 
Weight (kg)   0.00 0.02 0.97 -0.01 0.08 0.95 
Height (cm) 0.01 0.02 0.80 -0.03 0.07 0.62 
Sum of skinfolds (cm) -0.08 0.05 0.12 -0.27 0.17 0.13 
VO2 max (L/min) 0.18 0.32 0.58 1.01 1.19 0.40 
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Table C6. Mixed models to predict low-density lipoprotein cholesterol 
 

 
Note: Transformed low-density lipoprotein cholesterol (mg/dL) was used as an outcome 
variable. Tanner stage 4 was used as a reference group.  
 
 
 
 
 

 Boys (λ=0) Girls (λ=1.0) 

 β SE P-value β SE P-value 

Intercept 117.24 6.07 <0.0001 99.11 28.23 <0.001 
Centered age (yr) 0.16 0.21 0.45 -1.11 0.97 0.25 
Tanner stage 1 0.75 0.74 <0.05 6.93 4.32 0.11 
Tanner stage 2 1.82 0.65 <0.01 9.29 3.39 <0.01 
Tanner stage 3 1.47 0.59 <0.05 3.65 2.57 0.16 
Weight (kg)   -0.07 0.04 0.10 -0.42 0.24 0.08 
Height (cm) 0.01 0.04 0.86 0.24 0.22 0.28 
Sum of skinfolds (cm) 0.26 0.08 <0.01 1.83 0.54 <0.01 
VO2 max (L/min) -0.31 0.48 0.53 0.02 3.34 0.99 
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APPENDIX D  

ADIPOSITY AND SUBSEQUENT PHYSICAL ACTIVITY 

 
Figure D1. Scattor plots of transformed IW-MVPA at age 11 and percent body fat at age 
8 among boys (n=142) 

Note: IW-MVPA = intensity-weighted moderate- to vigorous-intensity physical activity, 
BF = body fat.  
 
 
 

Figure D2. Scattor plots of transformed IW-MVPA at age 11 and percent body fat at age 
8 among girls (n=184)  

Note: IW-MVPA = intensity-weighted moderate- to vigorous-intensity physical activity, 
BF = body fat.  
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APPENDIX E 

LIGHT-INTENSITY PHYSICAL ACTIVITY AND ADIPOSITY 

Table E1. Multivariable linear regression models to predict fat mass based on IW-LPA among boys 

 Age 5 (n=203)  Age 8 (n=242)  Age 11 (n=216) 

Exposure variable β SE P  β SE P  β SE P 

Intercept 1.2×107 1,807 <0.0001  2.1×105 4,608 <0.0001  1.5×105 11,914 <0.0001 
Age (yr) -519 179 <0.01  -588 275 <0.05  -2,743 908 <0.01 
Fat-free mass (g) 0.32 0.06 <0.0001  0.67 0.07 <0.0001  1.25 0.09 <0.0001 
Height (cm) 15.0 22.2 0.50  32.0 43.3 0.46  -194.3 62.4 <0.01 
Birth weight (g) 0.16 0.12 0.17  0.001 0.29 1.00  0.03 0.51 0.96 
IW-MVPA (×103 ct/d) -0.002 0.001 <0.01  -0.009 0.001 <0.0001  -0.01 0.002 <0.0001 
IW-LPA (×103 ct/d) 0.37 0.96 0.69  -2.27 2.31 0.33  -13.91 4.85 <0.01 

 
 
 
Table E2. Multivariable linear regression models to predict fat mass based on IW-LPA among girls 
 Age 5 (n=232)  Age 8 (n=257)  Age 11 (n=233) 

Exposure variable β SE P  β SE P  β SE P 

Intercept 5.2×105 2,171 <0.0001  2.5×105 4,891 <0.0001  1.5×105 13,283 <0.0001 
Age (yr) -75 201 0.71  -376 305 0.22  -21 1,027 0.98 
Fat-free mass (g) 0.54 0.07 <0.0001  0.89 0.09 <0.0001  1.35 0.11 <0.0001 
Height (cm) -7.6 28.5 0.80  2.6 49.9 0.96  -384.3 66.1 <0.0001 
Birth weight (g) -0.03 0.13 0.80  0.26 0.34 0.43  1.08 0.56 0.06 
IW-MVPA (×103 ct/d) -0.004 0.001 <0.0001  -0.005 0.002 <0.01  -0.01 0.004 <0.05 
Physical maturity -- -- --  -- -- --  843 1,072 0.43 
IW-LPA (×103 ct/d) -0.25 1.09 0.82  -5.41 2.60 <0.05  -8.93 4.88 0.07 

Note: β = regression parameter estimate, IW-LPA = intensity-weighted light-intensity physical activity, IW-MVPA = intensity-
weighted moderate- to vigorous-intensity physical activity, SE = standard error. Transformed fat mass (g) was used as an outcome 
variable.  
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Table E3. Multivariable linear regression models to predict fat mass based on IW-HLPA among boys 
 
 Age 5 (n=203)  Age 8 (n=242)  Age 11 (n=216) 

Exposure variable Β SE P  Β SE P  Β SE P 

Intercept 1.2×107 1764 <0.0001  2.1×105 4643 <0.0001  1.5×105 11745 <0.0001 
Age (yr) -520 178 <0.01  -684 278 <0.05  -2,775 901 <0.01 
Fat-free mass (g) 0.32 0.06 <0.0001  0.70 0.07 <0.0001  1.27 0.09 <0.0001 
Height (cm) 15.0 22.2 0.50  18.4 44.2 0.68  -200.8 62.0 <0.01 
Birth weight (g) 0.16 0.12 0.17  -0.11 0.29 0.70  0.04 0.51 0.94 
IW-MVPA (×103 ct/d) -0.002 0.001 <0.01  -0.01 0.001 <0.0001  -0.01 0.002 <0.001 
IW-HLPA (×103 ct/d) 0.38 1.12 0.74  -2.96 3.08 0.34  -20.79 6.13 <0.001 

 
 
 
Table E4. Multivariable linear regression models to predict fat mass based on IW-HLPA among girls 
 
 Age 5 (n=232)  Age 8 (n=257)  Age 11 (n=233) 

Exposure variable Β SE P  Β SE P  Β SE P 

Intercept 5.3×105 2113 <0.0001  2.5×105 4788 <0.0001  1.5×105 13133 <0.0001 
Age (yr) -68 201 0.74  -362 304 0.23  -23 1020 0.98 
Fat-free mass (g) 0.54 0.07 <0.0001  0.90 0.09 <0.0001  1.35 0.11 <0.0001 
Height (cm) -6.7 28.4 0.81  1.6 49.7 0.97  -387.6 65.8 <0.0001 
Birth weight (g) -0.03 0.13 0.81  -0.29 0.34 0.39  1.05 0.56 0.06 
IW-MVPA (×103 ct/d) -0.004 0.001 <0.0001  -0.004 0.002 <0.05  -0.01 0.004 <0.05 
Physical maturity -- -- --  -- -- --  860 1,066 0.42 
IW-HLPA (×103 ct/d) 0.03 1.32 0.98  -8.14 3.33 <0.05  -16.12 6.61 <0.05 

 
Note: β = regression parameter estimate, IW-HLPA = intensity-weighted light-intensity physical activity, IW-MVPA = intensity-
weighted moderate- to vigorous-intensity physical activity, SE = standard error. Transformed fat mass (g) was used as an outcome 
variable.  
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