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Abstract

Trajectories of activity and sleep through adolescence and body composition at age 18 years: Birth to
Twenty Plus

By Sara K. Hanson

Background: Adolescent physical activity, sedentary behavior and sleep are modifiable behaviors that
have been linked to body composition, but prospective data on these behaviors following up to
adulthood are rare, particularly in low and middle-income countries. South Africa has one of the highest
prevalences of overweight and obesity in Sub-Saharan Africa, with 39% of men and 69% of women
affected.

Aim: This dissertation has 2 aims. First to add to the very limited longitudinal data on physical activity,
sedentary behavior and sleep change with time from adolescents living in Africa. Second, to offer new
insights into the current overweight and obesity epidemic in South Africa by examining the association
of these adolescent behaviors with body composition at age 18 years.

Methods: We analyzed data from the Birth-to-Twenty Plus Cohort (Bt20+), a longitudinal study of
children in Soweto, Johannesburg, South Africa. We performed Latent Class Growth Analysis to group
participants into distinct classes based on common longitudinal trajectories of minutes per week spent
in informal activity, organized sports, walking to and from school, sedentary behavior, school-night sleep
and weekend sleep from ages 12-17 years. We used group-based multi-trajectory modeling to
summarize overall physical activity patters in terms of the 3 physical activity domains. We used general
linear models to investigate the associations of adolescent physical activity, sedentary behavior and
sleep with anthropometry and body composition at age 18 years.

Results: The majority of males (82%) and all females failed to meet the World Health Organization
(WHO) physical activity recommendation for adolescents of 60 minutes of moderate-vigorous intensity
physical activity per day. While most experienced a declining overall physical activity pattern, 29% of the
sample in males and 17% of the sample in females were consistently active throughout adolescence.
Being consistently physically active and getting more sleep per night throughout adolescence was
associated with more favorable body composition at age 18 years in urban South African males. Being
more sedentary over adolescence was associated with less favorable anthropometric measurements in
urban South African females.

Conclusion: Adolescent physical activity, sedentary behavior and sleep are modifiable behaviors that
may be contributing to the prevalence of overweight and obesity in urban South African adults.
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Part 1: Introduction, Literature
Review and Methodology

Chapter 1: Introduction

1.1 Rationale

Adolescence is the transitional stage between childhood and adulthood. This dynamic phase of human
development is marked by rapid physical growth, sexual maturation, brain development and
psychosocial changes. The current generation of people ages 10-24 years is the largest in human history
and makes up nearly a quarter of the world’s population [1]. However, because adolescents typically
have low mortality and chronic disease rates, this population has often been neglected in global health
research and policy [2]. The second Lancet Series on adolescent health concluded that “Failure to invest

in the health of the largest generation of adolescents in the world’s history jeopardizes earlier



investments in maternal and child health, erodes future quality and length of life, and escalates

suffering, inequality, and social instability [3].”

Of the 1.8 billion adolescents in the world, roughly 90% live in low and middle-income countries (LMICs)
[1, 2]. Currently, LMICs are experiencing greater increases in overweight and obesity relative to high-
income countries [4]. As the burden of overweight and obesity in LMICs continues to rise, there is a
need for research on modifiable risk factors that could aid in prevention strategies [5]. However,
longitudinal data on modifiable risk factors in adolescence are rare, especially in low and middle-income
countries. Specifically, the Lancet Physical Activity Series Working Group described the lack of data for
changes in physical activity with time in adolescents in LMICs as “worrying” and highlights a severe lack
of data from African countries [6]. Further, The Child Health and Nutrition Research Initiative reported
that Identifying variables that predicted physical activity patterns among adolescents in LMICs was the

highest priority research question regarding physical activity [7].

Since South Africa’s political transformation in 1994, the country has undergone a period of rapid
urbanization, globalization and socioeconomic change with concurrent rising rates of overweight and
obesity [8, 9]. Currently, the prevalence of overweight and obesity in South Africa (39% in men and 69%
in women), is one of the highest in Sub-Saharan Africa, rivaling rates in developed countries [10]. The
Birth-to Twenty Plus Study (Bt20+) is the largest and longest running study of adolescent health and
development in Africa, and one of the few large-scale longitudinal studies in the world [11]. Findings
from this study have been used to inform major policy decision in South Africa and offer valuable insight
into developmental trajectories of health in a rapidly developing nation. Data on physical activity,
sedentary behavior and sleep, all modifiable risk factors for overweight and obesity, have been collected
from Bt20+ participants at multiple time-points across adolescence. However, until now, these data

have not been analyzed.



1.2 Aims and Objectives

1.2.1 Overall Aims

This dissertation has two overall aims. First, it aims to add to the very limited longitudinal data on
physical activity, sedentary behavior and sleep change with time from adolescents living in Africa.
Second, it aims to offer new insights into the current overweight and obesity epidemic in South Africa.
These insights relating to modifiable risk factors, may help inform targeted overweight and obesity

prevention strategies in South Africa.

1.2.2 Specific Objectives

The specific objectives of this dissertation are as follows:

1. Describe longitudinal patterns of different domains of physical activity, sedentary behavior and
sleep throughout adolescence and identify childhood socio-ecological predictors of these
adolescent behaviors.

a. Identify distinct sex-specific trajectories of informal activity, organized sports, walking to
and from school, sedentary behavior, school-night sleep and weekend sleep from ages
12-17 years.

b. Identify overall adolescent physical activity patterns by grouping multiple domains of
physical activity together in one model.

c. Examine how adolescent physical activity, sedentary behavior and sleep track/ group
together over time.

d. Assess the association of childhood socio-ecological variables at the individual, maternal
and household level with adolescent physical activity, sedentary behavior and sleep

trajectories and trajectory groupings.



2. Assess the association of longitudinal patterns of adolescent physical activity, sedentary
behavior and sleep with anthropometry and body composition at age 18 years.

a. Assess associations of longitudinal patterns of adolescent physical activity, sedentary
behavior and sleep with BMI, waist-circumference, fat mass index, lean mass index and
percent body fat at age 18 years.

b. Assess association of overall adolescent physical activity pattern with BMI, waist-

circumference, fat mass index, lean mass index and percent body fat at age 18 years.



1.3 Conceptual Model and Theoretical Framework

The World Health Organization (WHQO) has emphasized the importance of adopting a life-course
approach to address non-communicable diseases (NCDs), including obesity [12]. This approach aims to
understand current patterns of health and disease by investigating long-term effects of physical and
social exposures during key stages of life from preconception through adulthood [12]. Life-course
models for NCD risk have highlighted the importance of the adolescent period for interventions to
reduce risk in current and future generations [12]. Taking this approach allows for the prevention and
control of disease through the identification of high-risk groups earlier in life [12]. A conceptual diagram
showing a life-course approach to conceptualize how socioecological predictors and adult adiposity and
body composition are related to adolescent physical activity, sedentary behavior and sleep trajectories

is shown in figure 1.1.

Adiposity/Body
Composition

Predictors Physical Activity Trajectory

Household and Maternal

-BMI

-Birth order

. . -Waist-circumference
-Socioeconomic status

. -Lean mass index
-Maternal schooling

Sleep Trajectory -Fat mass index

:> Sedentary Behavior Trajectory

-Maternal marital status

Childhood -Percent body fat

1111

-Childhood BMIZ

Childhood Adolescence Adulthood

Figure 1.1. Conceptual diagram: Physical activity, sedentary behavior and sleep across adolescence,

childhood predictors and adult adiposity/ body composition outcomes.



1.4 Dissertation Overview and Structure

This dissertation has 2 empirical chapters. The first empirical chapter describes the patterns of physical
activity, sedentary behavior and sleep throughout adolescence in urban South Africa and creates
trajectories and multi-trajectory groups to characterize these behaviors. This chapter also identifies
early-life factors that predict these adolescent behavioral trajectories. The second empirical chapter
builds on the findings from the first chapter and investigates the associations of the adolescent physical
activity sedentary behavior and sleep trajectories with body composition (BMI, waist-circumference, fat

mass index, lean mass index and percent body fat) in young-adulthood.



Chapter 2: Literature Review

2.1. Adolescence

2.1.1 Physical Growth and Sexual Maturation

The physical and sexual maturation that occurs during adolescence are the result of the hormonal
changes surrounding puberty [13]. As a child reaches puberty, the brain initiates a cascade of physiologic
changes in the hypothalamic-pituitary-gonadal (HPG), adrenal, and growth hormone axes [13]. During
puberty there is an acceleration in height velocity that peaks during the adolescent growth spurt.

Physical growth during this period accounts for about 20% of final adult height [13].

Adolescence is also characterized by sexually dimorphic changes in body composition and regional fat
distribution [14]. While both males and females gain lean mass throughout adolescence, males accrue
lean mass at a much faster rate and for a longer duration than females [14]. The young-adult amount of
lean mass is attained at age 15-16 years in females, but age 19-20 years in males [14]. Further, females
tend to accrue fat mass throughout adolescence, while fat mass in males tends to remain constant [14,
15]. Despite the increase in lean mass in females, there is a decrease in percent lean mass and an
increase in percent body fat due to the greater rate of increase in fat mass [15]. The increase in percent
body fat seen in females during adolescence is related to menstrual function, as 17% body fat is required

for initiation of menstruation and 22% for maintenance [16].

2.1.2 Brain Development and Psychosocial Changes

There are distinct neurodevelopmental changes that occur during adolescence [17]. These changes

across brain systems result in a series of shifts in how the brain takes in, integrates and retains



information [17]. Early to mid-adolescence is marked by the formation of specific brain connections that
may potentiate new forms of motivation and learning [17]. Adolescence has also been described as a
period of “social re-orientation” marked by a growing desire for autonomy, social acceptance and
individual identity [18]. These observed alterations in adolescent behavior have been linked to
developmental changes in brain physiology in the social information processing network [18]. These
neurodevelopmental changes and related alterations in social behavior are what makes adolescence a

critical time to shape learning and behavior [17, 18].

2.1.3 Impact of Adolescent Health Across the Life-course

The health-related behaviors that lead to overweight and obesity and the major non-communicable
diseases in adulthood usually begin or are reinforced during adolescence [19]. The WHO estimates that
70% of premature deaths in adults worldwide are the result of behaviors that originated in adolescence

[20].

It is well recognized that investments in the first two-years of life can have profound impact on later-life
health [21, 22] However, it has been suggested that investments during the adolescent years could yield
triple dividends; impacting not only current and later-life health, but also the health of future
generations [23]. Many of the processes that shape early-life growth and development originate well
before conception. Adolescence is the start of reproductive life and a time of male and female gamete
maturation [24]. Exposures during this time including substance abuse, nutrition, physical activity and

obesity may disrupt gamete production [24].

2.2 Overweight and Obesity

2.2.1 Global Overweight and Obesity



Overweight and obesity are becoming increasingly important global health concerns [25]. Globally, the
prevalence of overweight and obesity has nearly doubled since 1980, reaching close to 37% in men and
38% in women [4]. Overweight and obesity in children and adolescents is also becoming a worldwide
crisis [4]. From 1980-2013, the global prevalence of combined overweight and obesity in people under
age 20 years increased by 47% [4]. Childhood weight status has been shown to track into adulthood and
strongly predicts adult obesity [26, 27]. Excess weight can substantially increase the risk of non-
communicable diseases (NCDs) including cardiovascular disease [28], type |l diabetes, cancer [29], high
blood pressure [30] and stroke [31]. While NCDs were not addressed in the Millennium Development
Goals (MDGs), the 2030 Agenda for Sustainable Development recognized NCDs as a major challenge for

sustainable development [32].

2.2.2 Low and Middle-Income Countries

LMICs are experiencing greater increases in overweight and obesity relative to high-income countries
[10]. Fueled by urbanization, globalization, industrialization, economic growth, many low and middle-
income countries are experiencing an epidemiological transition characterized by a shifting burden from
infectious to non-communicable diseases [33] and a nutrition transition characterized by a shift from
traditional diets to more processed/Westernized diets and increasingly sedentary lifestyles [34]. The rise
in inactivity is thought to mainly be a result of occupational changes from labor intensive-to more

sedentary professions, technological advancements and increased use of motorized transport [35-40].

2.2.3 South Africa

The prevalence of overweight and obesity in South Africa is one of the highest in Sub-Saharan Africa,
with 39% of men and 69% of women being overweight or obese [10] Since it’s political transformation in
1994, South Africa has undergone a period of rapid urbanization, globalization and socioeconomic

change [41]. Related to these changes, South Africa has seen rising rates of overweight and obesity in



both children and adults [8, 42]. Black African women in South Africa are the most affected, with an
obesity prevalence of 41%, compared to 9% in Black African males and 31% in white females [43]. The
adoption of a more westernized sedentary lifestyle with urbanization and increasing physical inactivity

have been shown to be major contributors the rising obesity rates in urban South Africa [42, 44, 45].

2.2.4 Modifiable Risk Factors of Overweight and Obesity

Risk factors for overweight and obesity can be categorized as modifiable and non-modifiable [46].
Modifiable risk factors are largely due to lifestyle/behavior and include (among others) physical activity,
sedentary behavior and sleep patterns [46]. Non-modifiable risk factors for overweight and obesity
include age, sex, race/ethnicity and genetics [46]. Given the rising rates of overweight and obesity
worldwide, there is a need to understand the associated modifiable risk factors as they may be critical

levers for public health interventions to curb the epidemic.

2.3 Physical Activity

Physical activity is defined as any bodily movement produced by skeletal muscles that results in energy
expenditure [47]. The WHO estimates that annually, about 2 million deaths worldwide are attributable
to physical inactivity [48]. This modifiable behavior plays an important role in the prevention of
overweight and obesity [49]. There are several pathways by which physical activity influences obesity
rate and weight gain including increasing daily energy expenditure, decreasing fat mass, maintaining or
increasing muscle/lean mass, maintaining or increasing basal metabolic rate, and increasing

psychosocial well-being [49].

Adolescent physical activity is influenced by a diverse set of factors [50]. A socioecological approach that
models the relationships between individuals and their social and physical environments is commonly
used to explain physical activity behaviors [50]. A review in the Lancet Physical Activity Series identified

ethnicity, self-efficacy, perceived behavioral control and support for physical activity as determinants,



and sex, age, parental education, parental/family support and several psychosocial variables as
correlates of adolescent physical activity [51]. Sex, age and SES have been shown to be the most
consistent correlates of physical activity in LMICs, but the findings are largely from studies in adults and
differences between cultures and country level patterns may exist [51]. A study from rural South Africa
shows female gender and lower socioeconomic status to be associated with lower physical activity [52].
In a sub-set of Bt20+ participants, children from homes with two parents, higher socioeconomic status,
and more educated mothers were more physically active than children from homes with one parent,

lower SES, and mothers with lower levels of schooling [53].

Apart from socio-economic factors, childhood weight status may be associated with adolescent physical
activity level. Cross-sectional studies have found overweight or obese children to be less physically
active than children of healthy weight status [54, 55]. A recent longitudinal study from the B-PROACT1V
study in Southwest England found no difference in activity level at age 6 by BMI category, but that
differences in activity level between children who were overweight or obese and children who were a

healthy weight emerged over time by age 11 [56].

The existence of an age-related decline in physical activity throughout adolescence has been well
established in high-income countries [57, 58]. A systematic review and pooled analysis by Dumith et al.
reports a mean decline of 7% per year in physical activity level from ages 10-19 years and infers a 60-
70% global physical activity change throughout adolescence [57]. This decline may be attributed to a
decline in the number of physical activities rather than the time spent in each activity [57]. Further,
there is conflicting evidence on the type/ domain of activity that declines, with some studies describing
a reduction in organized sports participation [59], and others describing a reduction in non-organized
sports participation [60]. The decline in physical activity throughout adolescence occurs in both males
and females, but studies have consistently shown the decline to be more rapid in females [59, 61, 62].

While most longitudinal studies on adolescent physical activity are from high-income countries, in the



1993 Pelotas Birth Cohort from Brazil, a LMIC, there was also a significant decline in physical activity

between ages 11 and 18 years, particularly in females [63].

Physical activity tracks from adolescence to adulthood, which suggests that promotion of physical
activity should begin in early life [64, 65]. Data on the relationship between adolescent physical activity
and overweight in adolescence are inconsistent [66]. However, some studies have shown a beneficial
effect of adolescent physical activity on adult health outcomes. Using data from the Amsterdam Growth
and Health Longitudinal Study, Twisk et al. found strong evidence of an inverse relationship between
adolescent physical activity, physical fitness and body fatness (measured by sum of skin folds) at age 32
years [67, 68]. Similarly, there is evidence from the Cardiovascular Risk in Young Finns Study that
persistent physical activity from ages 12-18 is related to lower body fatness (measured by sub-scapular
skinfold) in young-adult females [69]. Similarly, with data from the Young Finns Study, researchers
showed that both participants who were decreasingly active and persistently inactive from youth to
adulthood were more likely to be obese adults compared to those who were persistently active [68].
The researchers also found that maintaining a high level of physical activity from youth to adulthood
was associated with lower risk of abdominal obesity in women, but not in men [69]. Using data from the
Northern Finland Birth Cohort of 1966, researchers found that becoming inactive during the transition
from adolescence to adulthood was associated with overweight in males and overall obesity in males
and females, with more severe abdominal obesity in females [70]. In contrast, findings from the Oslo
Youth Study show that while physical fitness at age 13 was related, leisure time physical activity at age
13 years was not related to BMI at ages 25, 33 or 40 years [71]. In the Norwegian study, unlike the
studies from the Dutch and Finnish cohorts, adolescent physical activity was not examined
longitudinally. The 4 aforementioned studies were all from high-income European countries with
primarily white participants, and had methodological limitations surrounding their measure of

adiposity/body composition. However, using data from the 1993 Pelotas Cohort, Ramires et al.



examined physical activity throughout adolescence and detailed body composition measured by DXA at
age 18 years. In this Brazilian cohort, consistent physical activity throughout adolescence was associated
with greater lean mass in both males and females, and that vigorous physical activity was associated

with less fat mass in males [72].

2.4 Sedentary Behavior

Sedentary behavior is defined as any waking behavior characterized by an energy expenditure of <1.5
Metabolic Equivalents (METs) while in a sitting or resting posture [73]. Research and public health
interventions among adolescents have typically focused on increasing physical activity [74]. However, a
2011 systematic review by Tremblay et al. suggests that higher sedentary behavior (i.e. too much
sitting), independent low physical activity (i.e. too little exercise), is associated with adverse health
outcomes [75]. The review found that more than 2 hours of sedentary behavior per day was related to
unfavorable body composition, decreased fitness, lower self-esteem and social behavior, and lower
academic performance in adolescents [75]. A 2016 update to this review suggested that different types

of sedentary behavior in adolescents may have varied impacts on different health outcomes [76].

As with physical activity, the socioecological model is often used to structure research on correlates and
determinants of sedentary behavior [50, 77]. A 2011 review of prospective studies by Uijtdewiligen et al.
reported insufficient evidence for determinants of sedentary behavior in children and adolescents [78].
However, in a 2016 review using a socio-ecological perspective, Stierlin et al. found that age and weight
status were determinants of sedentary behavior in youth [79]. The researchers also reported evidence
of associations between higher household SES, lower neighborhood SES, more depressive symptoms
and African-American race, and higher sedentary behavior in youth. The study found inconsistent or no
evidence for the association of most social determinants (e.g. parental education and number of

siblings) with sedentary behavior in youth [79]. In a study from rural South Africa, researchers found



female gender, lower socioeconomic status, pubertal development and higher maternal education to be

associated with higher sedentary time [80].

Sedentary behaviors in childhood and adolescence have been shown to track into adulthood [81].
Longitudinal studies have linked sedentary time in childhood and adolescence to adult overweight and
obesity. Researchers from New Zealand found that higher weeknight TV viewing between ages 5 and 15
years was associated with higher BMI at age 26. Further, that 17% of overweight at age 26 can be
attributed to watching TV for more than 2 hours during childhood and adolescence [82]. In a follow-up
of the 1970 British Birth Cohort, investigators found that mean daily hours of TV viewing on weekends at
age 5 years predicted higher BMI and 30 years [83]. The methods used in the previously described
longitudinal studies did not allow for heterogeneity in the variation of TV watching over time. However,
using latent class analysis in an Australian birth cohort, McVeigh et al. identified subsets of participants
with consistently higher, increasing, and consistently lower screen-time over 15 years throughout
childhood and adolescence. Males with initially lower screen time in childhood had lower percent body
fat than males with consistently higher screen time. Females with initially lower and consistently lower

screen time had lower percent fat than females with consistently higher screen time [84].

2.5 Sleep

Adolescent sleep health has been recognized and a growing public health concern, with many countries
reporting high incidence of sleep disturbance among youth [85, 86]. A meta-analysis of 41 surveys from
around the world provides evidence of a world-wide delayed sleep-wake behavior pattern in
adolescents [85]. The authors of this study note that not much is known about the sleep patterns of

adolescents in Africa, and that cultural factors could contribute to differences in sleep patterns [85].

Changes in sleep are a normal part of adolescent development [87]. Across populations, older

adolescents have an increased preference for evening activities, go to bed later and sleep less than



younger adolescents [88, 89]. Some of the changes in sleep throughout adolescence are associated with
pubertal development and thought to be a result of the effects of gonadal hormones on the
homeostatic drive for sleep (sleep pressure) and circadian system [90, 91]. The shift in circadian rhythm
is known as sleep phase delay, and results in adolescents going to bed later [90, 91]. Other changes,
including the decline in sleep slow wave activity and the delta power of non-rapid eye movement sleep
are thought to be linked to age, maturation and reorganization of the adolescent brain, rather than

pubertal development [92].

In addition to biological mechanisms, there are numerous psychosocial factors that affect sleep patterns
in adolescents [93]. These psychosocial factors may interact with the biological regulatory processes and
contribute to the sleep phase delay and decline in sleep duration across adolescence [93]. An increased
desire for autonomy displayed by self-selected bedtimes may lead to a delay in the timing of sleep [93,
94]. Evening light from increased screen time and greater access to technology of older adolescents,
may cause a phase specific delay to circadian rhythm and lead to delayed sleep [95]. A systematic review
of studies published from 1999-2014 found that screen time was adversely associated with sleep
outcomes and led to shortened duration and delayed timing of sleep [96]. Increasing academic pressure
and stress in secondary school may also contribute to later bedtimes, and when combined with early

school start times, contributes to shorter sleep duration [97].

Household and family level factors have also been related to adolescent sleep patterns [98, 99]. Studies
on the association between household-level economic disadvantage and sleep have shown that lower
SES is associated with shorter sleep duration in adolescents [98, 99]. Proposed reasons for this include
unfavorable sleep environments such as noisy home conditions, shared bedrooms and uncomfortable
temperatures, as well as pre-sleep worries [100]. Researchers found that in an ethnically diverse, low
income population, adolescents whose parents had post-secondary education had shorter sleep

duration than those whose parents had not completed secondary school [101].



Sleep and physical activity are thought to reciprocally influence each other through multiple
physiological and psychosocial factors [102]. Physical activity may influence sleep through the
interaction with circadian rhythm, metabolic, immune, thermoregulatory, vascular, mood and endocrine
effects [102]. Regular moderate-to-vigorous physical activity has been associated with increased total
sleep time and sleep quality in adolescents [103]. A meta-analysis on the relationship between physical
activity and sleep from mid-adolescence to early adulthood found that adolescents engaging in higher
levels of physical activity are more likely to experience good sleep, however most-evidence was from
cross-sectional studies [104]. Flipping the equation around, daytime sleepiness resulting from
insufficient sleep is thought to lead to physical inactivity [105]. A study in Australian adolescents found
that adolescents who were late to bed and late to rise were 1.77 times more likely to have low levels of

MVPA and 2.92 times more likely to have higher screen-time than early bed/early rise adolescents[106].

Short sleep duration has been identified as a risk factor for overweight and obesity in both children and
adults [107-109]. In a meta-analysis of 26 studies in adults and 19 studies in children, Cappuccio et al.
reported a pooled odds ratio for short sleep duration and obesity of 1.55 (95% CI: 1.42-1.68) in adults
and 1.89 (95%Cl: 1.46-2.43) in children [109]. Additionally, a meta-analysis of 11 longitudinal studies,
comprising 24,821 participants by Fatima, Doi and Mamun found that children and adolescents sleeping
for short durations had twice the risk of being overweight or obese compared to those who slept for
long durations [110]. Longitudinal sleep studies on adolescents in LMICs are sparse, but using data from
the 1993 Pelotas Birth Cohort, investigators found that females who increased sleep duration over
adolescence had higher BMI, fat mass index and fat-free mass index at age 18 years than those who

consistently got adequate sleep [111].



2.6 Key Questions Still Outstanding

Despite several years since the Lancet Physical Activity series and subsequent calls for more

evidence and data particularly from Africa, significant gaps in the literature still exist:

1. While physical activity, sedentary behavior and sleep have been the subject of many cross-
sectional studies in children, few studies have examined these behaviors longitudinally over the
adolescent years of life [6]. Of the few existing longitudinal studies, none are from Africa. How
physical activity sedentary behaviors and sleep change over time in an adolescent African
population is unknown.

2. ltis unknown whether South African youth tend to meet/exceed the recommended amounts of
physical activity, sedentary behavior and sleep over adolescence.

3. Studies on the correlates of physical activity in LMICs have largely focused only on adult
populations [51]. Factors that consistently predict adolescent physical activity levels in LMICs
have not been established.

4. The existence of an age-related decline in physical activity throughout adolescence has been
well established in high-income countries [57, 58]. However, overall adolescent physical activity
patterns among African adolescents have not been explored.

5. Physical activity, sedentary behavior and sleep have been shown to reciprocally influence each
other in studies using compositional data analysis methods and objectively measured data. How
these behaviors track together over time when assessed via retrospective interview is unknown.

6. Longitudinal studies have linked physical activity, sedentary behavior and sleep in childhood and
adolescence to overweight and obesity in adulthood, but these findings are primarily from high-
income countries. To date there have been no longitudinal studies linking these adolescent

behaviors to adult adiposity and body composition in Africa. Whether or not adolescent physical



activity, sedentary behavior and sleep are contributing to the current overweight and obesity

epidemic in South Africa is unknown.
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Chapter 3: Overview of Methodological Approaches

3.1 Study Setting and Design

Birth-to-Twenty Plus (BT20+) is an interdisciplinary investigation following individuals residing in
Soweto-Johannesburg, South Africa [1]. Soweto, which stands for South Western Township, is an urban
area approximately 15km outside of the Johannesburg Central Business District. The area came into
existence mainly to accommodate displaced Black South Africans from Johannesburg after the passing

of a racial segregation policy on residential areas by the South African Apartheid government in 1950

[2].

In 1990, the greater Johannesburg area had a population of about 3.5 million and spanned
approximately 200 km?[3]. Rapid unplanned urbanization led to high population growth and left many
residents with limited health care and other social amenities [4]. It was anticipated that this rapid
urbanization would have a profound impact on the health and development of resident children [4]. The
original intent of the BT20+ Cohort, initially knows as the Birth-to-Ten Cohort, was to track the growth,
health, well-being and educational progress of urban South African children across the first decade of
their life [1, 4]. After the first 10 years, the study transitioned towards answering specific questions
related to risk associated with life-style, including sexual and reproductive disorders, bone health,
cardiovascular disease and diabetes and became known as the Birth-to-Twenty Cohort [3]. Now known
as BT20+, the cohort is the largest and longest running study of adolescent health and development in

Africa, and one of the few large-scale longitudinal studies in the world [1].
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BT20 participants, part of the first cohort growing up in a democratic South Africa, are colloquially
referred to as Mandela's Children for the proximity of their births to February 11, 1990, the date of
Nelson Mandela's release from prison [1]. Pregnant women who were at a gestational age of 26 to 40
weeks and expected to deliver between April and June 1990 were recruited through public antenatal
clinics [5]. All singleton children born to Soweto-Johannesburg residents and residing in the area for at
least six months were eligible for inclusion [1]. The rational for this requirement was the large number of
women who would came from rural areas to deliver babies in the city and then return home [1].
Children were identified from the compulsory official birth notification forms completed by

clinic/hospital personnel or from clinic/hospital records [5].

According to records, 5,460 births occurred in the study area during the 7-week enrollment period. Of
these births, 3,273 children met the cohort entry criteria of remaining in the study area for at least 6
months, and were enrolled in the study [5]. The sample is representative of urban South Africa; 78%
black and approximately equal numbers of male (49%) and female (51%) participants [1]. The cohort has
had a relatively low attrition rate of 30% over 20 years, with nearly 2,300 participants still in contact
with the study. The majority of attrition cases occurred in the first few years of the study, primarily due

to migration out of the study area [1, 6].

3.2 Dissertation Data

Data for the Bt20+ Cohort have been collected at 22 time points from antenatal to young-adulthood

with the most extensive waves of data collection occurring in early childhood (age 5 years), pre-puberty
(age 7-8 years), puberty (age 12 years), post-puberty (age 15 years), late adolescence (age 17 years) and
young-adulthood (age 22-24 years). This dissertation utilized data from the adolescent years (ages 12-17

years) and early/young-adulthood (age 18 years).

3.2.1 Primary exposures and outcomes
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Physical activity, sedentary behavior and sleep were self-reported using a questionnaire developed to be

appropriate for South African children and validated in a South African population [7]. Informal activity

includes physical activity during school breaks or outside of school, and not part of a sports team or club,

such as skipping, traditional games and playing with a ball. Due to a change in questionnaire format in

the year 13 data collection cycle related to the shift to secondary school, we did not include informal

activity at age 12 in our analyses. Physical education was defined as any exercise class supervised by a

teacher during school time. School sport was defined as any extra-mural sport organized by the school;

club sport was defined as any private extra-mural sport, for example, club soccer. Active transportation

was defined as walking or biking to and from school, however few participants reported using bicycles,

so we included only time spent walking in analyses. Details on data collection for primary exposures and

outcomes of interest are presented in table 2.1.

Table 3.1 Data collection details for primary exposures and outcome, Bt20+ Cohort

Category Instrument/method

Variables

Ages/time points
measured

Physical activity

Retrospective interview

Physical activity over the past 12 months
in multiple domains: informal/play
activity, physical education, school sports,
club sports, active transportation

12,13, 14, 15, 17-18y

Sedentary behavior

Retrospective interview

Sedentary activities before or after school
including watching TV and videos;
reading, drawing, homework; playing a
musical instrument; playing
video/computer games; and internet
surfing

12,13, 14, 15, 17-18y

What time the respondent went to bed
and woke up on school-nights and

Sleep Retrospective interview  weekends/holidays 13, 14, 15, 17-18y
Height (cm), weight (kg), BMI (kg/m?),
Anthropometry Standard protocols waist-circumference (cm) All time points

Body composition

Dual-energy X-ray
absorptiometer (DXA)

Whole body lean tissue (g), whole body
fat tissue (g), percent body fat (%)

18y
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We calculated informal activity minutes per week by summing the minutes spent per day in each of the
three most frequent activities. At ages 13, 14 and 15 years respondents were asked to choose from a
pre-determined list of activities common to South African youth (figure 2.2). At age 17 years
respondents were free to list any 3 informal activities. We calculated physical education minutes per
week by multiplying the reported number of classes per week by the reported number of minutes per
class. We created a composite measure of organized sport by combining reported minutes per week of
school sports and club sports. For each reported sport we calculated the reported minutes per week or

practices and competitions using the following formula:

minutes _ practices X minutes + competitions X minutes
week sport1 week  sportl practicespoﬂr1 week sportl competitionspOrt1

To account for seasonality of sports, we then multiplied the reported minutes per week of each sport by
the reported months per year the sport was played. This value was used to calculate average minutes
per week over the 52-week year. We then summed the reported number of minutes per week across all
reported sports. Because duration of competition was not included in the questionnaire, we inferred a
value for each sport based on sport-specific rules (e.g., rugby has two 40-minute halves). If a sport had
no rules governing the duration of competition (e.g., gymnastics or tennis), we inferred a duration of 60
minutes. To better represent moderate-vigorous intensity physical activity (MVPA) participation, only
sports with a metabolic equivalent (MET) value 23 based on the Compendium of Physical Activity for
Youth were included [8]. Walking to and from school minutes per week was calculated as the sum of
minutes per day spent walking to school and minutes per day spent walking home, multiplied by 5 days
per week. We calculated total sedentary behavior minutes per week by summing the reported time

spent per day (Monday to Sunday) in each of the activities. We calculated the minutes of sleep per night
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on school days and weekends/ holidays as the difference between the time the participant reported
going to bed and the time the participant reported waking up. Because bedtime and wake time were

recorded as categorical variables at age 13, we did not include these data in our analyses.

Informal activities
Do you engage in any physical activity during school breaks or outside school, for
example nding a bike, playing in the street or yard? NOT activity as part of a sports

team or club. Tick the three most frequent activities that you do, and time spent on

each activity.

Activity Mon Tue Wed Thu Fn Sat Sun
Riding a bike

Playing with a ball
Skipping

Hop scotch

Dibeke (tin game)

Bhati (tennis ball game)
Mgusha (panty hose game)
Skateboarding/ roller-
skating

Other (list)

Figure 3.2 Pre-determined list of informal activities deemed common among South African children

3.2.2 Participant characteristics, predictors and covariates

We selected potential predictors and covariates a priori using a socio-ecological approach, including
factors at the individual, maternal and household level [9-12] Socio-ecological models provide a
framework for understanding factors that promote or hinder health behaviors and focuses on the social
and physical environments in addition to individual characteristics[11]. Our selected predictors were
household assets (proxy for SES), maternal schooling, mother’s marital/ union status, and parity. Details
on data collection for participant characteristics, potential predictors and covariates are presented in

table 3.2.
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Table 3.2 Data collection details for participant characteristics, potential predictors, and covariates,

Bt20+ Cohort

Ages/time
points
Category Instrument/method Variables measured
Birth notification forms
Individual (birth) or hospital records Birth order Birth
Individual (child) Standard protocols BMI Z-score 7/80r9y

Maternal schooling (matriculated/ did not
matriculate)), marital status (in union/ not
Maternal variables  Retrospective interview in union) 7/8y

Household physical assets (proxy for SES):
score based on mother's /caregiver's
response yes/no for home type, home
ownership, electricity in the home, and
ownership of a television, car, refrigerator,
Household washing machine, and phone. Divided into
variables Retrospective interview quintiles. 7/8y

Household physical assets were used as a proxy for socio-economic status. Making use of methods
developed by Sheppard et al., a validated standardized questionnaire based on the Demographic and

Health survey for developing countries (available at http://www.dhsprogram.com/) was used to

calculate an asset score using variables for home type, home ownership, electricity in the home, and
ownership of a television, car, refrigerator, washing machine, and phone[13]. Mothers were asked
whether they had the asset in question (yes/no). The affirmative answers were tallied and then
categorized into quintiles. We dichotomized the variables for mother’s schooling to 1=matriculated from
secondary school, 0=did not matriculate, mother’s marriage/union status to 1=in union (married), 0= not

in union (single, divorced/separated, widowed), and birth order to 1=firstborn, 0= not firstborn.

3.2.3 Inclusion and exclusion


http://www.dhsprogram.com/
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All analyses will be restricted to Black African participants, due to low study retention in the other ethnic
groups [3]. Trajectories in Empirical Chapter 1 will be generated from participants with at least 2
measures of physical activity, sedentary behavior and sleep. At least 2 time points are needed to ensure
model stability in Latent Class Growth Analysis (as described in section 3.3.1.1 ) [14]. Analyses for
Empirical Chapter 2 will be limited to participants who meet the criteria for Empirical Chapter 1 and
have either anthropometric (BMI and waist circumference) or detailed body composition (fat mass, lean

mass and percent body fat) data at age 18 years.

3.3 Statistical Analyses

We stratified all analyses by sex due to well-established sex differences in adolescent physical activity

levels [15-18] and previously described sex differences in adolescent fat mass and lean mass accrual.

3.3.1 Trajectory Analyses

3.3.1.1 Latent Class Growth Analysis

We used Latent Class Growth Analysis (LCGA) in MPlus 7.3 (Muthén & Muthén) to group participants
into distinct classes based on common longitudinal trajectories of informal activity, physical education,
organized sports, walking to and from school, sedentary behavior, school-night sleep and weekend
sleep. LCGA is a type of Growth Mixture Modeling (GMM) where it is assumed that the estimated
variance and covariance of the growth factors within each class are fixed to zero [14]. The benefits of
fixing the within-class variances to zero are less computational burden and the clearer identification of
classes [14]. LCGA takes a “person-centered” as opposed to a “variable-centered” analyses approach
and is recommended when a single growth curve may not describe the variables of interest in the

population adequately [14].
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If a population is homogeneous, it can be described by a single growth curve. However, if a population is
heterogeneous, it may be best to use growth mixture modeling techniques. In LCGA (and other GMM
methods), intra-individual change over time can be described as a function of class membership. The
likelihood of belonging to a specific class, is determined by similarity in initial values of the observed
variable (intercept) and change in the observed variable over time (slope). The primary goal of LCGA is
to estimate the probability of belonging to a particular class, or development pattern, over time. The
growth mixture model, as described by Jung and Wickrama, is depicted in figure 3.3 [14]. The diagram
consists of trajectory of longitudinally measured observed variable T, with an intercept of | and a slope
of S. This is summarized into a categorical class variable, C. Predictors or covariates are represented by

X, and the outcome variable is represented by Y/U.

T1 T2 T3

/

X Y/U

Figure 3.3 Representation of a growth mixture model with covariates (adapted from Jung and Wickrama,

2008 [14])

The LCGA approach can identify individuals whose behaviors may deviate from the norm, or represent a

greater health risk, for example, those in a declining physical activity trajectory. Characteristics of these
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individuals can then be compared to a those in a normal or “healthy” referent group, for example, those
in a consistently high physical activity trajectory. Predictors of unfavorable trajectories can be
determined. Additionally, trajectory membership can be used to predict a distal health outcome later in

life, for example, adult obesity.

MPlus handles missing data using the expectation-maximization algorithm with the assumption that the
data are missing at random [19]. This uses the full information maximum likelihood estimation with
missing values by using estimation to integrate all available information based on missing at random
assumptions [19]. This approach used in MPlus prevents potential biases that result from not including

participants with missing data [19].

The first step of LCGA is to determine the optimal number of latent classes [14]. We did this using
Bayesian Information Criteria (BIC), entropy, the Lo-Medell-Rubin-Likelihood Ratio Test (LMR-LRT), and
the Bootstrap Likelihood Ratio Test (BLRT) [14]. The best model was considered the one with the lowest
BIC value, highest entropy significant Lo-Medell-Rubin-Likelihood Ratio Test (LMR-LRT) and significant
Bootstrap Likelihood Ratio Test (BLRT) [14]. In addition to model fit indices, we also considered the
percentage of participants per class, parsimony, theoretical justification and interpretability [14]. We
employed a restriction requiring at least 5% per class to avoid small group sizes. After establishing the
number of trajectory classes, participants were assigned to a class based on the individual’s maximum

posterior probability [14].

3.3.1.2 Group-Based Multi-Trajectory Modeling

To summarize overall physical activity pattern, we performed group-based multi-trajectory modeling.
This modeling technique is designed to identify latent clusters of individuals following similar trajectories
over multiple indicators of an outcome (e.g. overall physical activity pattern throughout adolescence as

measured by informal activity trajectory, organized sports trajectory and walking to and from school
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trajectory) [20]. This method allowed us to define a multi-trajectory “group” in terms of trajectories
from the 3 physical activity domains. The first step in group-based multi-trajectory modeling is choosing
the best model [20, 21]. We did this using a two-stage model selection process as described by Nagin,
2005 [21]. In the first stage, we determined the optimal number of groups based on BIC and ability to
distinguish between groups [20, 21]. The preferred model had the lowest BIC and distinct groupings of
trajectories (i.e. not two groups looked the same) [20, 21]. In the second stage, we determined the
preferred order of the polynomial defining the shape of each trajectory, given the number of groups
selected in the first stage [20, 21]. We also used group-based multi-trajectory modeling to see if the
sedentary behavior and school-night sleep trajectories tracked over time with the 3 physical activity
domains. We employed the same methods described above but added sedentary behavior and sleep to
the model. We conducted the group-based multi-trajectory analysis using a plug-in for Stata version 14

downloaded from http://www.andrew. cmu.edu/user/bjones/traj [20].



3.3.2 Overall Analysis Plan

This aims of this dissertation were carried out in a series of steps detailed in figure 3.4.

Step 1

-Compile physical activity, sedentary behavior and sleep data from ages 12-17 years

night (sleep) at each time point

-Calculate minutes per week (physical activity domains, sedentary behavior) and minutes per

L 2

Step 2

-Choose optimal number of classes for LCGA using BIC, entropy, LMR-LMT, BLRT, and
percentage per class

-Choose the optimal number of groups for multi-trajectory models using BIC and ability to
distinguish between groups

-Choose the polynomial order that best fits multi-trajectory model

. 2

Step 3

trajectory groups

-Record each individual’s posterior probability of belonging to specific trajectories and multi-

-Assign membership to trajectories and multi-trajectory groups based on posterior probabilities

¥

Step 4 (output for Empirical Chapter 1)

-Describe adolescent physical activity, sedentary behavior and sleep trajectories and multi-
trajectory groups from step 4

multi-trajectory groups using multinomial logistic regression

-Relate a priori selected childhood socio-ecological predictors to adolescent trajectories and

¥

Step 5 (output for Empirical Chapter 2)

-Relate adolescent trajectories and multi-trajectory groups from step 4 to BMI and waist-
circumference at age 18 using generalized linear models

-Use significant predictors identified in step 4 as covariates (if also thought to be related to
anthropometric and body composition outcomes)

Figure 3.4 Overall analysis plan of dissertation
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4.1 Abstract

Background: Adolescence is a critical phase of human development that lays the foundation for health
in later life. Of the 1.8 billion adolescents in the world, roughly 90% live in low and middle-income
countries. Yet most longitudinal studies of adolescent physical activity, sedentary behavior, and sleep
come from high-income countries. There is a need for a better understanding of these behaviors to
inform obesity and chronic disease prevention strategies.

Aim: The aim of this study is to identify longitudinal patterns and associations between physical activity,
sedentary behavior and sleep in urban South African adolescents.

Methods: We analyzed data from the Birth-to-Twenty Plus Cohort (Bt20+), a longitudinal study of
children in Soweto, Johannesburg, South Africa. Behaviors were self-reported annually between ages 12
and 17 y. We used Latent Class Growth Analysis to group participants into classes based on common
longitudinal trajectories of time spent in informal physical activity, organized sports, walking to and from
school, sedentary behavior, and school-night and weekend sleep, respectively. We performed group-
based multi-trajectory modeling to identify latent clusters of individuals who followed similar
trajectories of informal physical activity, organized sports and walking to and from school, and who
followed similar trajectories of these three domains together with sedentary behavior and sleep.

Results: The large majority of males (82%) and all females failed to meet the World Health Organization
(WHO) physical activity recommendation for adolescents of 60 min of moderate-vigorous intensity
physical activity per day. The physical activity domains clustered together in three multi-trajectory
groups that define individuals' overall physical activity pattern. While two patterns indicated decreases
in physical activity throughout adolescence, one pattern, including 29% of the sample in males and 17%
of the sample in females, indicated higher levels of activity throughout adolescence. Sedentary behavior
and sleep trajectories did not cluster together with the physical activity domains.

Conclusion: Most adolescents in this South African population did not meet WHO recommendations for
physical activity. In this population, trajectories of sedentary behavior and sleep were independent of
physical activity.

Keywords: Adolescence; Low or middle income country; Physical activity; Sedentary behavior; Sleep.
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4.2 Background

Adolescence is a critical phase of human development between childhood and adulthood that lays the
foundation for later life health [1, 2]. The current generation of people aged 10-24 years is the largest in
human history and makes up nearly a quarter of the world’s population. [3] However, because
adolescents typically have low mortality and chronic disease rates, this population has until recently
been relatively neglected in global health research and policy [4, 5]. The recent releases of the World
Health Organization (WHO) Recommendations on Adolescent Health and the Lancet Commission on

Adolescent Health and Wellbeing have focused interest on adolescent health [6, 7].

Health-related risk behaviors (e.g., physical activity, dietary habits, initiation of smoking) adopted during
adolescence can have substantial effects on later health, including increased risk of obesity, coronary
heart disease, diabetes, some cancers and premature death [8-10]. Globally, an estimated 80% of 13—
15 year-olds do not meet the current WHO physical activity recommendation of 60 min of moderate to
vigorous intensity physical activity per day [6, 9, 11]. In the last decade, sedentary behavior has been
identified as its own health risk, independent of physical activity [12, 13], and the majority of children
and adolescents exceed the recommendations of 2 h or less of screen time daily [14-16]. Insufficient
sleep in adolescence is recognized as a serious health risk, yet data from multiple countries suggest that
most adolescents are sleeping fewer hours than the 8-10 h that they need [17-20]. There is increasing
interest in considering the set of movement behaviors as whole rather than considering them separately

[21, 22].

Of the 1.8 billion adolescents in the world, roughly 90% live in low- or middle-income countries (LMICs)
[3, 4]. Many LMICs are experiencing an epidemiological transition characterized by a shifting burden
from infectious to non-communicable diseases [23]. As the burden of non-communicable diseases in

LMICs continues to rise, there is a need for research on modifiable risk factors that could better inform
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prevention strategies [24]. However, longitudinal data on modifiable risk factors spanning adolescence
are rare. Specifically, the Lancet Physical Activity Series Working Group highlights a severe lack of data

from Africa [11, 20].

Since South Africa’s political transformation in 1994, the country has undergone rapid urbanization,
globalization and socioeconomic change [25]. An increasing prevalence of overweight and obesity and
shifts in dietary patterns in urban South African youth have been observed [26, 27]. Patterns of physical
activity, sedentary behavior and sleep may be contributing to the high prevalence of overweight and
obesity, but these behaviors in urban South African adolescents remain unexplored. Therefore, the aims
of this study are to describe longitudinal patterns of physical activity, sedentary behavior and sleep in

urban South African adolescents and identify factors that predict these patterns.

4.3 Methods

Study sample

We analyzed data from participants in the Birth-to-Twenty Plus Cohort (Bt20+), a longitudinal study of
singleton children born between April and June 1990 in Soweto and in Johannesburg, South Africa.
Detailed information on the cohort is provided elsewhere [28, 29]. Singleton children born in public
hospitals to Soweto or Johannesburg residents and residing in the area for at least 6 months after the
birth were eligible for inclusion. Of all 5449 births notified in the study area, 3,273 met the residency
eligibility criterion and were recruited. Most attrition occurred in the first few years of the study,
primarily due to migration out of the study area [30]. At inception the cohort was 78% Black African,
with approximately equal numbers of males (49%) and females (51%); attrition was higher for White
cohort members [31]. Ethical approval was obtained from the University of the Witwatersrand
Committee for Research on Human Subjects (approval ID #M010556). Written participant assent and

caregiver permission to participate in the study were obtained at each wave.
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Assessment of movement behaviors

Physical activity and sedentary behavior were self-reported at ages 12, 13, 14, 15, 16 and 17/18 years
using a questionnaire developed for South African children and validated in a South African population
(Additional file 1) [32]. Respondents were asked to report about frequency and duration of informal
physical activity, physical education at school, school sports, club sports and active transportation on a
typical week over the past 12 months. Informal physical activity includes physical activity during school
breaks or outside of school and not part of a sports team or club, such as skipping, traditional games and
playing with a ball; respondents were asked to report on the duration of the three most frequent
activities. Due to changes in the wording of the questionnaire between age 12 and age 13, we did not
include informal physical activity at age 12 in our analyses. Physical education was defined as any
exercise class supervised by a teacher during school time. School sport was defined as any extramural
sport organized by the school; club sport was defined as any private extramural sport. Active
transportation was defined as walking or biking to and from school; as few participants reported using
bicycles, we included only time spent walking in our analyses. Questions regarding sedentary behavior
included time spent watching television and videos; reading, drawing and homework; playing a musical
instrument; playing video/computer games, and internet surfing, before and after school. At ages 13,
14, 15, 16 and 17/18 years, respondents reported the times they went to bed and woke up on school
nights and weekends/holidays, from which we calculated hours of sleep. No information was solicited

on quality of sleep.

We calculated informal physical activity minutes by summing the minutes spent per week in each of the
three most frequent activities. We calculated physical education minutes by multiplying the reported

number of classes per week by the reported number of minutes per class. We created a composite
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measure of organized sport by combining reported minutes per week of school sports and club sports.
We inferred duration of competition for each sport based on sport-specific rules (e.g., rugby has two 40-
min halves). If a sport had no rules governing the duration of competition (e.g., gymnastics or tennis),
we inferred a duration of 60 min. We then summed the reported number of minutes per week across all
reported sports. To better represent moderate-vigorous intensity physical activity (MVPA) participation,
only sports with a metabolic equivalent (MET) value >3 based on the Compendium of Physical Activity
for Youth were included [33]. Walking minutes per week was calculated as the sum of minutes per day
spent walking to and from school, multiplied by 5 days per week. Intensity of walking was not reported,
and we did not include this walking in our estimate of MVPA. We calculated total sedentary behavior

minutes per week by summing the reported time spent per day in each of the activities.

Predictors of movement behaviors

We selected potential predictors a priori, including factors at the individual, maternal and household
level [34-37]. All these variables were collected by questionnaire administered to the mother at
recruitment into the cohort or at child age 7/8 y. Covariates include socio-economic status (SES) at child
age 7/8 years, mother’s schooling at child age 7/8 y (matriculated from secondary school, did not
matriculate), mother’s marital/union status at child age 7/8 y (in union, not in union) and whether the
child was first-born or not. These variables have been identified as correlates of physical activity and
sedentary behavior in childhood in a subset of Bt20+ participants and in adolescence in rural South
Africa [38, 39]. Household physical assets at age 7/8 were used as a proxy for socio-economic status
(SES). A validated standardized questionnaire based on the Demographic and Health survey for
developing countries was used to calculate an asset score [40]. Mothers were asked about home type,
home ownership, electricity in the home, and ownership of a television, car, refrigerator, washing

machine, and phone. The resulting score was categorized into quintiles.



Inclusion and exclusion

We restricted analyses to participants who were Black African due to low numbers of the other ethnic
groups. Analyses were further restricted to participants who had physical activity, sedentary behavior
and sleep data for at least two data points between the ages of 12 and 17/18 years to ensure model

stability.

Statistical analyses

We stratified all analyses by sex due to well-established sex differences in adolescent physical activity
levels [11, 39, 41, 42]. We conducted a sensitivity analysis by comparing SES asset quintile, mother’s
education, mother’s marital /union status, mother’s age at delivery, and parity, between participants
who met inclusion criteria (Black African ethnicity and > 2 data points) and participants who did not
meet inclusion criteria, using chi-square tests. Descriptive summary data are presented as 25th
percentile (Q1), median (Q2) and 75th percentile (Q3) for time spent in physical activity, sedentary

behavior and sleep (Table 1).

We used Latent Class Growth Analysis (LCGA) to group participants into distinct classes based on

common longitudinal trajectories of informal physical activity, physical education, organized sports,
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walking to and from school, sedentary behavior, school-night sleep or weekend sleep. LCGA is a type of

Growth Mixture Modeling where it is assumed that the estimated variance and covariance of the growth

factors within each class are fixed to zero [43]. We used full information maximum likelihood estimation

to integrate all available information based on missing at random assumptions [44].
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We determined the optimal number of latent classes using Bayesian Information Criterion (BIC),
entropy, the Lo-Medell-Rubin-Likelihood Ratio Test (LMR-LRT) and the Bootstrap Likelihood Ratio Test
(BLRT) [43]. The best model was considered the one with the lowest BIC value, highest entropy
significant LMR-LRT, and significant BLRT. In addition to model fit indices, we also considered the
percentage of participants per class, parsimony, theoretical justification and interpretability [43]. We
implemented a restriction requiring at least 5% per class to avoid small group sizes. After establishing
the number of trajectory classes, we assigned participants to a class based on the individual’s maximum
posterior probability. Because we determined there to be only one physical education trajectory class in
both males and females, we did not include this domain in subsequent analyses. We explored the
relationships between individual trajectory classes across domains using chi-square tests. We identified
predictors of trajectory class membership for each movement behavior using multinomial logistic
regression. We conducted the LCGA in MPlus 7.3 [44] and the logistic regression in Stata version 14. We

set significance at p < 0.05.

To describe overall movement behavior patterns, we performed multi-trajectory modeling. This
modeling technique is designed to identify latent clusters, or multi-trajectory “groups,” of individuals
following similar trajectories over multiple indicators of an outcome [45]. We examined two sets of
multi-trajectory models: (1) overall physical activity - informal physical activity, organized sports and
walking to and from school; and (2) overall movement behavior defined by the 3 physical activity
domains, sedentary behavior and school-night sleep. For both overall physical activity and overall
movement behavior, we chose the preferred multi-trajectory model using a two-stage model selection
process. In the first stage, we determined the number of multi-trajectory groups based on BIC model fit
statistics, practical interest and ability to distinguish between groups. In the second stage, we
determined the preferred order of the polynomial defining the shape of each trajectory, given the

number of groups selected in the first stage [46]. We compared characteristics of the multi-trajectory
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groups using chi-square tests, and identified predictors of multi-trajectory group membership using
multinomial logistic regression. We conducted the multi-trajectory analysis using a plug-in for Stata

version 14 [45].

4.4 Results

These analyses included 1,414 participants (of whom 745 were female), representing 43% of the source
population. A flow chart depicting the final sample of eligible participants included in the analyses is
provided in Supplemental Figure 4.1. Based on information collected at age 7/8 years, 29% of males and
31% of females had mothers who matriculated from secondary school, 29% of males and 36% of
females had mothers who were married/in a union and 38% of males and 41% of females were firstborn
(Table 4.1). There were no significant differences in study characteristics between males included in the
analytic sample and males excluded for lack of movement behavior data. Among females, there was a
significantly higher percentage of mothers in a union at child age 7/8 years, and a significantly lower

percentage of first-born children in those who were excluded compared to those who were included.

Identification of trajectories

Duration of all forms of physical activity decreased over adolescence, while sedentary behavior
increased and duration of weekend sleep remained stable, in both males and females (Table 4.2). School

night sleep decreased across adolescence in males but remained stable in females.

We identified 2 trajectories for informal physical activity for males, with one (93% of the sample)
showing a steady decrease in physical activity from age 13-18 years and the other showing a steady
increase (Figure 4.1). In females, we also identified two informal physical activity trajectories with one
(95% of the sample) showing a steady decrease and the other showing a decrease followed by a sharp
increase at age 16 years. For organized sports, we identified 3 trajectories for males: consistently low

(82%), increasing (11%) and decreasing (8%) and two for females, representing no participation (89%) or
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some participation in organized sports from age 12. We identified 2 trajectories of walking to and from

school, lower (representing 82 and 75% of males and females, respectively) and higher.

For sedentary behavior, we identified 3 trajectories in males, showing steady lower (78%), steady higher
(10%) and increasing (12%) and 2 trajectories in females, increasing (92%) and steady higher (Figure 4.2).
For school-night sleep, we identified 4 trajectories in males and 3 trajectories in females. For weekend
sleep, we identified 3 trajectories for males and 4 trajectories for females. Model fit statistics of

individual trajectories are provided in Supplemental Tables 4.1 and 4.2.

Associations between trajectories

In males, the distribution of the sedentary behavior trajectories was independent of the distributions of
all the physical activity domain trajectories (Supplemental Table 4.3). In females, the distribution of the
sedentary behavior trajectories differed across the distribution of the walking to and from school
trajectories (p = 0.04) but was independent of the distributions of the informal physical activity and
organized sport trajectories (Supplemental Table 4.4). In both males and females, the distributions of
school-night sleep trajectories and weekend sleep trajectories differed across the distribution of
sedentary behavior trajectories (p < 0.001 and p = 0.002). The distribution of the school-night sleep
trajectories differed by the distribution of the walking to and from school trajectory in females but not

in males (p =0.001) (Supplemental Tables 4.5 and 4.6).

Predictors of trajectory class membership

Informal physical activity: Being in a higher SES quintile was associated with higher likelihood of being in
the steady increasing trajectory compared to the steady decreasing trajectory among males (Relative

Risk Ratio (RRR) =1.48 95% Cl: 1.11-1.98) (Table 4.3).
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Walking to and from school: Being in a higher SES quintile and having a mother who matriculated from
secondary school were each associated with lower likelihood of being in the higher trajectory compared
to the lower trajectory in males (RRR =0.81 95% Cl: 0.66—0.98 and RRR =0.55 95% CI: 0.33—0.99) and

females (RRR = 0.68 95% Cl 0.58—0.81 and RRR =0.47 95% Cl: 0.28-0.80).

Sedentary behaviors: Among males, having a mother who matriculated from secondary school was
associated with higher likelihood of being in the increasing trajectory compared to the steady lower

trajectory (RRR = 1.82 95% Cl: 1.02—3.25).

Sleep: In adjusted models, having a mother who matriculated from secondary school was associated
with over two times the likelihood of being in the 8 h per night trajectory and over three times the
likelihood of being in the 7 h per night trajectory compared to the 9 h per night trajectory in males and
lower likelihood of being in the 9 h per night trajectory compared to the 8 h per night trajectory

(RRR =0.82 95% Cl: 0.70-0.95 and RRR = 0.46 95% Cl: 0.30-0.72) in females.

None of these variables were associated with informal physical activity or sedentary behavior
trajectories in females or with organized sport and weekend sleep trajectories in either males or

females.

Multi-trajectory modeling

Overall physical activity: We identified 3 multi-trajectory groups for males and for females (Figure 3). In
both male and female multi-trajectory groups 1 and 3, informal physical activity and organized sport
trajectories declined throughout adolescence. The main distinguishing characteristic between groups 1
and 3 was the level of walking to and from school. Group 2 maintained higher levels of both informal
physical activity and organized sports than groups 1 and 3 and had a walking to and from school
trajectory similar to group 3. Group 1, representing 23% of the sample in males and 32% of the sample

in females, respectively, can be described as “Decreasing Activity, non-walkers”, group 2 (29 and 17%,
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respectively) as “Active, walkers” and group 3 (48 and 51%, respectively) as “Decreasing activity,
walkers.” Model fit statistics of the physical activity multi-trajectory groups are shown in Supplemental

Table 4.7.

Higher SES quintile and having a mother who matriculated from secondary school were each associated
with increased likelihood of being in group 1 (“Decreasing Activity, non-walkers”) compared to group 3
(“Active, walkers”) but were not associated with risk of being in group 3 (“Decreasing activity, walkers”

compared to group 2 in either males or females (Table 4.4).

Multi-trajectory modeling of all movement behaviors

Overall movement behaviors: We identified 4 multi-trajectory groups for males and 2 for females
(Figure 4.4). Model fit statistics are shown in Supplemental Table 4.8. In males, the most notable
distinctions between the multi-trajectory groups were seen among the 3 physical activity trajectories,
with the sedentary behavior and sleep trajectories in each group being nearly identical. In females, the
primary distinction between multi-trajectory groups related to walking to and from school, with the

other trajectories showing minimal differences between the two groups.

4.5 Discussion

Given the increasing prevalence of overweight and obesity throughout childhood and adolescence in
South Africa [26], there has been interest in exploring modifiable lifestyle factors. This study identified

distinct sex-specific trajectories of movement behaviors in a cohort of urban South African adolescents.

The patterns of overall physical activity trends, as described by the physical activity multi-trajectory
groups, were similar between males and females in this study population, though the amounts of both
informal physical activity and organized sports were higher in males. Overall physical activity decreased

from age 12 to 17 years. This is consistent with findings from high-income countries [42]. However, we
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identified groups of both males and females (29 and 17%, respectively) who showed a pattern of
maintaining physical activity across adolescence. Understanding what sets these individuals apart may

provide valuable information for intervention research and forms the basis for future research.

The WHO recommends that adolescents get 60 min of moderate to vigorous intensity physical activity
per day [6]. In our study, organized sports can be considered as a proxy for MVPA, and 82% of males and
100% of females failed to meet these recommendations throughout adolescence. An additional 8% of
males met the recommendation in early adolescence but then declined below the recommendation by
age 14 years. In contrast, 11% of males did not meet the recommendation in early adolescence but
increased their activity to meet the recommendation after age 15 years. Among females, 89% did not
participate in any organized sports throughout adolescence. Even in the remaining 11% who did

participate in organized sports, none met the recommended duration.

Physical activity behavior is multi-dimensional and influenced by a diverse set of factors [47]. Among the
males in our study, participants in a higher asset quintile (a proxy for SES) were more likely to be in the
increasing informal physical activity trajectory than the decreasing trajectory. This association was not
seen in females. Male adolescents from higher SES families may have fewer household responsibilities
than males from lower SES families and females, giving them more free time for play and leisure-time
activities. Both males and females from a higher asset quintile were more likely to be in the trajectory
that represented lower walking to and from school, which may be indicative of family car ownership or
greater access to transportation options. Asset quintile was not related to categorization into organized
sports trajectory in either males or females. Micklesfield et al. in rural South African adolescents and
McVeigh et al. in a younger subset of this cohort, reported that lower SES was associated with less time
spent in school and club sports [38, 39]. Older youth living in an urban setting may have more access to

school and club sports than the rural and younger participants in the previously described studies.
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Research and public health interventions among adolescents have typically focused on increasing
physical activity [48]. However, higher sedentary behavior (i.e. too much sitting), independent of
physical activity, is associated with adverse health outcomes [49]. In our study, every sedentary behavior

trajectory showed sedentary behavior durations over 2 h per day.

Adolescent sedentary behaviors have been shown to track over time, but most previous studies have
used methods that did not assume population heterogeneity [50, 51]. Two studies from high —income
country settings that followed participants from ages 5 to 19/20 years demonstrated that sedentary
behavior was stable in some participants during the adolescent years of the studies but increased or
decreased over time in others [52, 53]. We found a similar pattern in this South African birth cohort,
with trajectories of both stable and increasing sedentary time in males and females. We however did

not observe a trajectory that decreased over time.

Adolescent sleep has been recognized as a public health concern, with many countries reporting high
prevalence of sleep disturbance among youth [20], but little is known about the sleep patterns of
adolescents in Africa. In our study, all but the smallest trajectories of males (5%) and females (7%) met
the National Sleep Foundation’s guideline for adolescents of 8-10 h of sleep per day [54], but we lack
information about the quality of this sleep. In contrast, a 2002 cross-sectional study by Reid et al. in
urban South African adolescents reported a total sleep time of just over 7 h, high percentages of
daytime napping and sleepiness during school, suggesting insufficient sleep [55]. Unlike most studies of
adolescent sleep from around the world, we did not find a decline in sleep time through adolescence

[20, 56].

Prior research has found a positive association between SES and sedentary behavior in LMICs [38, 39,

57]. We found no association between asset quintile and sedentary behavior trajectories, but that males
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whose mothers matriculated from secondary school had higher likelihood of being in the steeper
increasing trajectory for sedentary time compared to the consistently lower trajectory. Additionally, we
found that higher maternal schooling was associated with being in the lower school-night sleep
trajectories in both males and females, consistent with other findings in a low-income setting [58].
Adolescents with more educated parents may be more likely to have smartphones and computers with
access to Wi-Fi. They may also receive more academic pressure at home, and therefore may spend more
time doing homework, a component of sedentary behavior. Further, these adolescents may delay

bedtime trying to complete homework and therefore sleep for a shorter duration.

To our knowledge, this is the first study to use multi-trajectory modeling to represent the associations
between multiple physical activity domains in adolescents. This approach allowed us to identify domain-
specific patterns while still assessing overall physical activity. In both males and females, those who
decreased time spent in organized sports throughout adolescence also decreased informal physical
activity, and those who maintained higher levels of organized sports maintained higher levels of
informal physical activity. This finding adds to the evidence that organized sport participants are more
physically active overall than non-participants and supports the need for strategies to increase and

maintain organized sport participation rates [59, 60].

Consistent with our single trajectory analysis, adolescents with higher SES were more likely to be in the
“decreasing activity, non-walkers” category compared to the “decreasing activity, walkers”. SES was not
associated with being in the “active, walker” group compared to the “decreasing, activity walker” group,
indicating that the association between SES and physical activity multi-trajectory group is driven by the
walking trajectory. While we did not see an association between birth order and individual trajectories,
first-born females were less likely to be an “active, walker” than a “decreasing activity, walker.” This
could be due to greater household responsibilities (perhaps having to help look after younger siblings)

and therefore less time for play and sports in first-born female children.
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Sedentary behavior has been viewed as displacing physical activity and as an independent health risk
behavior [61]. Results from studies linking sedentary behavior and physical activity levels have been
mixed [62]. We found that females who reported initially lower sedentary behavior reported more
walking to and from school. The longer time spent walking may mean less time for sedentary activities
once at home. The lack of relation between sedentary behavior and informal physical activity and
organized sports in both males and females suggests that sedentary time was not displacing these

activities.

Sleep and physical activity are thought to reciprocally influence each other through multiple
physiological and psychosocial factors [63]. Regular MVPA has been associated with increased total
sleep time and sleep quality in adolescents [64]. Daytime sleepiness resulting from insufficient sleep
may lead to physical inactivity. We found that school-night sleep trajectory membership differed across
walking to and from school trajectories in both males and females but did not differ across informal
physical activity or organized sport trajectories. These findings suggest a possible time displacement of
sleep for walking (such as having to get up early to walk to school). We found that school-night sleep
trajectory membership also differed across sedentary behavior trajectory in both males and females,
with those reporting more sedentary behavior reporting less sleep. This could be due to higher use of

screen-based devices at night delaying bedtimes.

While multi-trajectory modeling was useful for summarizing physical activity behaviors in this
population, we had limited success modeling physical activity together with sedentary behavior and
sleep. We were able to create distinct multi-trajectory groups in males, but the primary distinctions
between groups were in the physical activity domains. In females, the only distinction between groups

was the walking to and from school trajectory. The goal of multi-trajectory modeling is to highlight
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heterogeneity in the linkage between trajectories of distinct behaviors that are thought to have
common underlying etiological processes [45]. Our results indicate that physical activity, sedentary
behavior and sleep may have different etiological processes in this urban South African population and

should be looked at as independent health risk behaviors.

Strengths and limitations

A major strength of our study was the use of longitudinal data throughout adolescence. Another
strength of our study was the use of LCGA to group participants into common longitudinal trajectories of
physical activity domains, sedentary behavior and sleep. The goal of LCGA is to model individual
trajectories and is recommended when a single growth curve may not describe the variables of interest

in the population adequately.

The use of LCGA comes with some limitations. In LCGA, class membership is inferred using a series of
exploratory analyses to determine the best fitting model. The validity of LCGA may be questioned
because model fit statistics may not adequately differentiate between a model with multiple latent
classes and a single-class model with non-normal outcomes [65]. However, using multiple indicators of
model fit strengthens the validity of our findings [66]. Both LCGA and multi-trajectory modeling assign
class/group membership based on estimated posterior probabilities from a maximum likelihood
analysis. Not all participants follow a trajectory/group perfectly and misclassification can occur [43, 45].
Our attempt to generate multi-trajectory groups that included physical activity, sedentary behavior and
sleep had limited success, as there was not enough heterogeneity in the linkages between these
behaviors in this population to identify clusters of individuals in terms of these outcomes together. The
guestionnaires changed slightly over time. All the measures we analyzed were self-reported, and we do

not have data on intensity of informal physical activity or walking or on quality of sleep.
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4.6 Conclusion

The majority of this population of South Africa adolescents did not meet WHO recommendations for
physical activity and demonstrated a decline over the adolescent period. In this population, trajectories

of sedentary behavior and sleep were independent of physical activity.
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Table 4.1. Characteristics of the study sample by sex, Birth-to-Twenty Plus cohort, Johannesburg, South

Africa
Males Females

Included?® Excluded P-value | Included Excluded P-value
N 669 577 745 577
SES-asset quintile, % ° 17 22 0.19 22 28 0.19
1 (lowest) 20 19 18 22
2 30 31 29 25
3 22 16 19 15
4 11 12 12 10
5 (highest) 29 25 0.24 31 30 0.74
Mother married or in union, % ° 29 36 0.32 36 44 0.04
Mother’s age at delivery, %
<25y 48 47 0.24 47 43 0.28
25-29y 23 27 24 28
230y 29 25 29 28
Child was first-born, % 38 33 0.05 41 32 0.001

a2 Among participants who are of Black African ethnicity, provided activity data at 22 time points

b Ascertained by interview of the mother at child age 7/8 y
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Table 4.2. Duration of physical activity, sedentary behavior and sleep behaviors through adolescence, by sex, Birth-to-Twenty Plus cohort, Johannesburg, South Africa
12y 13y 14y 15y 16y 17y
Ay Qlb Q2 Q3 |Aay a Q2 3 |ay a Q2 Q3 |Aay a Q2 Q3 |[ay a Q2 Q3 |Aay a Q2 a3
% Min/ Min/ Min/ % Min/ Min/ Min/ % Min/ Min/ Min/ % Min/ Min/ Min/ % Min/ Min/ Min/ % Min/ Min/ Min/
° wk wk wk ° wk wk wk ° wk wk wk ° wk wk wk ° wk wk wk ° wk wk wk

Males N =502 N =669 N =634 N =640 N =660 N =640
anft?\::;al ~ ~ ~ ~ |9 210 360 638 | 92 180 360 615 | 82 60 200 480 |51 0 30 240 | 59 0 120 360
Physical
education | 49 0 0 150 27 0 0 30 22 0 0 0 15 0 0 0 35 0 0 60 38 45 90 120
c
Sogﬁft:'fed 84 46 186 383 | 81 37 138 355 | 66 0 92 300 | 46 0 0 245 | 41 0 0 138 | 43 0 0 174
Walking
to/from 76 10 150 250 75 0 150 250 | 81 50 150 250 | 87 50 150 200 | 77 20 100 200 70 0 100 200
school ©
Sedentary
behavior | 100 540 750 750 | 100 660 990 1500 | 100 660 990 1680 | 100 990 1470 1950 | 100 840 1335 2040 | 100 1050 1633 2310
d
School-
night - - - - - - - - 100 480 540 570 | 100 480 510 570 | 100 480 510 540 | 100 450 480 540
sleep ¢
\S’I\Zepkde”d - - - - - - - ~ | 100 540 600 630 | 100 540 600 660 | 100 540 600 660 | 100 540 600 660
Females N =578 N =745 N =705 N =705 N =735 N =702
informal )\~ _ - - -~ |9 10 275 510 | 82 60 200 300 | 62 0 60 20 |30 o0 0 s |21 o0 0 0
activity ¢
Physical
education | 47 0 0 120 35 0 0 60 25 0 0 60 20 0 0 0 36 0 0 60 31 60 90 135
(4
Organized | 5 0 55 149 | 69 0 55 148 | 49 0 0 94 15 0 0 0 26 0 0 9 2 0 0 0
sports ¢
Walking
to/from 72 0 150 263 72 0 150 300 | 75 10 150 300 | 78 30 150 300 | 67 0 100 200 57 0 70 225
school | ¢
Sedentary
behavior | 100 540 780 1080 100 750 1080 1680 100 660 1020 1680 100 1110 1740 2370 | 100 1020 1655 2340 100 1260 1950 2790
d
School-
night - - - - - - - - 100 480 510 540 | 100 450 510 540 | 100 459 510 520 | 100 420 480 540
sleep ¢
Weekend
sleep - - - - - - - - 100 540 600 630 | 100 540 600 660 | 100 540 600 660 | 100 540 600 660

2Respondents reporting at least 1 min per week of specific behavior
bQ1: 25th percentile; Q2: 50th percentile; Q3: 75th percentile

® Minutes per week
4Minutes per night
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Table 4.3. Relative risk ratios and 95% confidence intervals for predictors of trajectory class membership, Birth-to-
Twenty Plus cohort, Johannesburg, South Africa

Males

Females

RRR (95% Cl)

RRR (95% Cl)

Informal Physical Activity

Class 1--- decreasing (ref)

Class 2--- increasing
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Pseudo R2

Organized Sports

Class 1--- consistently low (ref)

Class 2--- increasing
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Class 3--- decreasing
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Pseudo R2

Walking to and from school

Class 1--- lower (ref)

Class 2--- higher
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Pseudo R2

Sedentary Behavior

Class 1--- stable lower (ref)

Class 2--- increasing’
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Class 3--- stable higher
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Pseudo R2

School-night Sleep

1.48
0.59
0.48
0.59

1.11-1.98
0.26-1.34
0.23-1.01
0.28-1.24
0.04

_— o~ o~ —

)
)
)
)

0.86 (0.68-1.10)
1.53 (0.81-2.87)
1.15 (0.63-2.10)
1.25 (0.69-2.29)
1.00 (0.75-1.33
1.01 (0.48-2.14
0.87 (0.43-1.75
1.31(0.66-2.61
0.007

)
)
)
)

0.81 (0.66-0.98

0.55(0.31-0.99

0.70(0.43-1.14

0.69 (0.42-1.14
0.04

)
)
)
)

1.08 (0.86-1.36)
1.64 (0.91-2.96)
1.46 (0.83-2.56)
1.11 (0.63-1.98)

1.06 (0.85-1.34

1.82 (1.02-3.25

1.52 (0.87-2.65

1.14 (0.76-2.35
0.02

)
)
)
)

Class 1--- decreasing (ref)

Class 2--- decreasing then increase at 16 y

SES (asset quintile)

mother’s schooling

mother’s marriage/union status
parity

Pseudo R2

Class 1--- no participation (ref)
Class 2--- some participation
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Pseudo R2

Class 1--- lower (ref)
Class 2--- higher
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Pseudo R2

Class 1--- increasing (ref)
Class 2--- stable higher
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity

Pseudo R2

0.95 (0.71-1.29)
1.04 (0.45-2.43)
0.71(0.32-1.58)
0.70 (0.32-1.52)
0.006

1.04 (0.84-1.30)
0.93 (0.51-1.71)
0.76 (0.42-1.36)
1.07 (0.62-1.86)

0.003

0.68 (0.58-0.81)

0.47 (0.28-0.80)

1.12 (0.73-1.72)

0.84 (0.55-1.29)
0.07

1.29 (0.99-1.67)
1.50 (0.76-2.94)
1.18 (0.62-2.25)
0.78 (0.40-1.51)

0.03



Class 1--- 9 h/night (ref)
Class 2--- 8 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Class 3--- 10 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Class 4--- 7 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Pseudo R2

Weekend Sleep

Class 1--- 9.5 h/night (ref)
Class 2--- 11 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Class 3--- 7.5 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status

parity

Pseudo R2

1.10
2.43
1.35
0.70

0.93-1.29
1.58-3.74
0.90-2.02
0.46-1.07

_— o~ o~ —

)
)
)
)

0.79
0.55
0.76
0.49

0.59-1.04
0.20-1.50
0.38-1.53
0.23-1.02

_— o~ o~ —

)
)
)
)

1.40 (0.95-2.06)
3.63 (1.47-8.98)
1.32 (0.55-3.17)
1.19 (0.49-2.90)

0.05

1.02 (0.83-1.24)
0.56 (0.32-1.05)
0.82 (0.50-1.25)
0.65 (0.39-1.09)
1.30 (0.95-1.79
0.97 (0.43-2.16
1.00 (0.47-2.13
(

)
)
)
0.92 (0.43-1.97)

0.02

Class 1---8 h/night (ref)
Class 2---9 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Class 3--- 6.5 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status

parity

Pseudo R2

Class 1--- 9 h/ night (ref)
Class 2---10 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Class 3--- 8 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Class 4--- 11 h/night
SES (asset quintile)
mother’s schooling
mother’s marriage/union status
parity
Pseudo R2
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0.82 (0.70-0.95)
0.46 (0.30-0.72)
0.80 (0.54-1.18)
0.90 (0.62-1.32)

1.11 (0.84-1.45)
1.18 (0.59-2.32)
1.10 (0.54-2.13)
1.81 (0.93-3.52)

0.04

1.01 (0.87-1.17)
1.07 (0.71-1.62)
1.14 (0.78-1.68)
1.06 (0.73-1.54)

1.10 (0.86-1.43)
1.38 (0.67-2.78)
1.16 (0.60-2.26)
0.90 (0.46-1.74)

1.04 (0.76-1.43)
1.53 (0.64-3.65)
0.87 (0.38-1.97)
0.42 (0.17-1.02)
0.006



68

Table 4.4. Relative risk ratios and 95% confidence intervals for predictors of physical activity  multi-trajectory groups, Birth-to-Twenty Plus cohort,

Johannesburg, South Africa

Males Females
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
D romatkerst Ao watkers” T | romaaters A walkers”
SES (asset quintile) 1.48 (1.22-1.81) 1.04(0.87-1.23) (ref) 1.80 (1.51-2.14) 1.16 (0.95-1.42) (ref)
Mother’s schooling 2.39(1.47-3.88) 1.21 (0.75-1.96) (ref) 3.43(2.21-5.32) 1.91 (1.08-3.37) (ref)
Mother’s marital status 1.69 (1.06-2.70) 1.21(0.79-1.87) (ref) 0.89 (0.57-1.38) 0.57 (0.33-0.97) (ref)
Parity 1.49 (0.93-2.39) 1.24 (0.81-1.92) (ref) 0.94 (0.61-1.45) 0.58 (0.34-0.97) (ref)
Pseudo R2 0.05 0.11

@ Qverall physical activity includes informal physical activity, organized sports and walking to and from school
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Figure 4.4. Multi-trajectory groups of movement behavior domains through adolescence, by sex, Birth to

Twenty Plus Cohort, Johannesburg, South Africa
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Supplemental Table 4.1. Latent Class Growth Analysis model fit for physical activity by domain and sex, Birth to Twenty Plus Cohort, Johannesburg, South Africa @
Informal Activity

Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters class 1 class 2 class 3 class 4
Males 1 48344 N/A N/A Yes N/A -24149 7 100%
2 48180 0.11 0.00 Yes 0.92 -24058 10 7% 93%
3 48120 0.02 0.00 Yes 0.88 -24018 13 7% 87% 7%
Females 1 51706 N/A N/A N/A Yes -25830 7 100%
2 51285 0.23 0.24 Yes 0.99 -25610 10 5% 95%
3 51035 0.49 0.00 Yes 0.99 -25474 13 92% 2% 6%
Physical Education
Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters class 1 class 2 class 3 class 4
Males 1 38424 N/A N/A Yes N/A -19186 8 100%
2 38167 0.40 0.00 Yes 0.99 -19048 11 97% 3%
3 37992 0.24 0.00 Yes 0.99 -18950 14 3% 1% 93%
Females 1 41917 N/A N/A Yes N/A -20932 8 100%
2 41646 0.00 0.00 Yes 0.99 -20787 11 3% 97%
3 41487 0.42 0.00 Yes 0.97 -20697 14 2% 91% 7%
Organized Sports
Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters class 1 class 2 class 3 class 4
Males 1 55381 N/A N/A Yes N/A -27664 8 100%
2 55063 0.03 0.00 Yes 0.88 -27496 11 15% 85%
3 55015 0.18 0.00 Yes 0.85 -27462 14 81% 11% 8%
4 54991 0.09 0.00 Yes 0.90 -27440 17 7% 76% 3% 14%
Females 1 99432 N/A N/A Yes N/A -49687 8 100%
2 98261 0.06 0.00 Yes 0.97 -49091 11 93% 7%
3 97619 0.31 0.00 Yes 0.97 -48759 14 91% 7% 2%
Walking to and from School
Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters  class 1 class 2 class 3 class 4
Males 1 49286 N/A N/A Yes N/A -24617 8 100%
2 48792 0.03 0.00 Yes 0.82 -24360 11 81% 19%
3 48650 0.20 0.00 Yes 0.78 -24279 14 3% 31% 66%
4 48592 0.19 0.00 Yes 0.70 -24241 17 5% 44% 10% 41%
Females 1 55986 N/A N/A Yes N/A -27967 8 100%
2 55406 0.36 0.00 Yes 0.79 -27667 11 75% 25%



2Bold text indicates selected model
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Supplemental Table 4.2. Latent Class Growth Analysis model fit for sedentary behavior and sleep by sex, Birth to Twenty Plus Cohort, Johannesburg, South Africa ?
Sedentary Behavior

Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters class 1 class 2 class 3 class 4 class 5
Males 1 59096 N/A N/A Yes N/A -29522 8 100%
2 58892 0.00 0.00 Yes 0.70 -29410 11 23% 77%
3 58815 0.00 0.00 Yes 0.78 -29362 14 13% 76% 11%
4 58818 0.56 0.05 Yes 0.73 -29354 17 4% 9% 18% 69%
5 58820 0.40 0.13 Yes 0.73 -29345 20 19% 4% 67% 9% 2%
Females 1 65539 N/A N/A Yes N/A -32743 8
2 65361 0.05 0.00 Yes 0.90 -32644 11 91% 9%
3 65242 0.00 0.00 Yes 0.66 -32574 14 59% 7% 34%
4 65233 0.74 0.00 Yes 0.68 -32560 17 5% 4% 54% 37%
5 65223 0.01 0.01 Yes 0.75 32546 20 8% 58% 2% 32% 0%
School-night Sleep
Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters class 1 class 2 class 3 class 4 class 5
Males 1 26288 N/A N/A Yes N/A -13121 7 100%
2 26125 0.000 0.000 Yes 0.56 -13030 10 60% 40%
3 26038 0.000 0.000 Yes 0.73 -12976 13 10% 25% 65%
4 26024 0.032 0.000 Yes 0.72 -12960 16 5% 9% 54% 31%
5 26032 0.035 0.000 Yes 0.76 -12954 19 8% 58% 5% 29%
Females 1 28374 N/A N/A Yes N/A -14164 7 100%
2 28144 0.000 0.000 Yes 0.60 -14039 10 58% 42%
3 28074 0.087 0.000 Yes 0.69 -13994 13 8% 38% 54%
4 28054 0.280 0.000 Yes 0.67 -13974 16 21% 28% 3% 49%
Weekend Sleep
Latent LMR-LRT BLRT Entropy Log Number of
Sex classes BIC (p-value) (p-value)  Convergence value likelihood parameters class 1 class 2 class 3 class 4 class 5
Males 1 29625 N/A N/A Yes N/A -14790 7 100%
2 29512 0.02 0.00 Yes 0.46 -14723 10 47% 53%
3 29456 0.34 0.00 Yes 0.72 -14686 13 19% 73% 8%
4 29446 0.08 0.00 Yes 0.66 -14671 16 2% 10% 32% 56%
Females 1 32787 N/A N/A Yes N/A -16371 7 100%
2 32652 0.00 0.00 Yes 0.48 -16293 10 47% 53%
3 32622 0.03 0.00 Yes 0.63 -16268 13 66% 19% 15%
4 32627 0.40 0.00 Yes 0.62 -16261 16 37% 7% 47% 9%

2Bold text indicates selected model
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Supplemental Table 4.3. Sedentary behavior trajectory class membership across physical activity trajectories in males,
Birth to Twenty Plus Cohort, Johannesburg, South Africa

Sedentary behavior (%)

Trajectory
class 1 2 3 p-value
Informal activity (%) 1 79 12 10
2 70 14 16 0.38
Organized sports (%) 1 78 12 10
82 5 12
3 75 18 7 0.28

Walking to and from
school (%) 1 77 12 11
81 10 9 0.77
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Supplemental Table 4.4. Sedentary behavior trajectory class membership across physical activity trajectories in females,
Birth to Twenty Plus Cohort, Johannesburg, South Africa

Informal activity (%)

Organized sports (%)

Walking to and from
school (%)

Trajectory
Class

Sedentary behavior (%)

1 2 p-value
92 8

92 8 0.97
92 8

89 11 0.28
91 9

96 4 0.04
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Supplemental Table 4.5. Sleep trajectory class membership across physical activity trajectories in males, Birth to Twenty Plus Cohort,

Johannesburg, South Africa

School-night sleep (%)

Weekend sleep (%)

1 2 3 4 p-value 1 2 3 p-value
Informal activity (%) 1 56 31 8 4 78 16 6
2 52 34 7 7 0.8 77 14 9 0.66
Organized sports (%) 1 55 32 9 4 78 16 6
2 63 29 5 3 77 16 3
3 59 25 9 7 0.74 70 16 16 0.21
Walking to and from school (%) 1 55 33 7 5 81 14 5
2 58 25 14 3 0.05 64 25 10 0.001
Sedentary behavior (%) 1 60 26 10 3 77 18 4
2 43 49 0 8 79 4 17
3 38 51 3 9 p<0.001 78 13 9 p<0.001



Supplemental Table 4.6. Sleep trajectory class membership across physical activity trajectories in females, Birth to Twenty Plus Cohort,

Johannesburg, South Africa

Informal activity (%)

Organized sports (%)

Walking to and from school
(%)

Sedentary behavior (%)

Trajectory Class

1

2

School-night sleep (%)

Weekend sleep (%)

1 2 3 p-value 1 2 3 4 p-value
57 36 7 51 36 8 5
49 40 11 0.55 43 32 14 11 0.23
57 35 7 51 36 8 6
49 44 7 0.3 54 35 7 4 0.87
59 33 8 51 35 8 6
48 47 11 0.001 50 38 8 4 0.86
56 37 7 51 36 7 6
63 20 17 0.002 51 30 17 2 0.03



Supplemental Table 4.7. Multi-trajectory analysis model fit statistics for physical activity domains by sex, Birth to Twenty Plus Cohort,
Johannesburg, South Africa

a

# of multi-trajectory

Sex groups BIC Groupl Group2 Group3 Group4 Group5
Males 1 -56262.97 100%
2 -56038.56 28% 72%
3 -55898.43 23% 29% 49%
4 variance matrix is nonsymmetric or highly singular
5 variance matrix is nonsymmetric or highly singular
Females -50231.71 100%
-49912.22 37% 63%
-49783.08 31% 17% 51%

variance matrix is nonsymmetric or highly singular
variance matrix is nonsymmetric or highly singular

v A WN PP

2Bold text indicates selected model
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Supplemental Table 4.8. Multi-trajectory analysis model fit statistics for physical activity domains,
sedentary behavior and sleep by sex, Birth to Twenty Plus Cohort, Johannesburg, South Africa®

# of multi-trajectory

Sex groups BIC Group 1 Group2 Group3 Group4 Group5
Male 1 -90615.82 100%
2 -90214.94 67% 33%
3 -90121.73 31% 62% 75%
4 -90016.36 23% 42% 29% 7%
5 variance matrix is nonsymmetric or highly singular
Female -88704.97 100%
-88212.35 56% 44%

variance matrix is nonsymmetric or highly singular
variance matrix is nonsymmetric or highly singular
variance matrix is nonsymmetric or highly singular

u b W N -

2Bold text indicates selected model



3,273
Children met cohort entry
criterion of continued residence
in Soweto-Johannesburg for at 705

least 6 months after birth White, Indian or of mixed

‘ ancestral heritage
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Black African children
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; Did not have data at > 2
1,414 time points

(669 males, 745 females)
Participants who have physical
activity, sedentary behavior and
sleep data at 2 2 time points
between ages 12 and 17 years

Supplemental Figure 4.1. Flow chart depicting the final sample of eligible participants included in the
analysis of physical activity patterns in adolescence, Birth to Twenty Plus Cohort, Johannesburg, South
Africa
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5.1 Abstract

Background

Adolescence is marked by a decline in physical activity, rapid physical growth and changes in body
composition. Adolescent physical activity, sedentary behavior and sleep have been linked to body
composition, but prospective data on these associations are rare, particularly in Africa.

Aim

The aim of this study is to examine the association of identified longitudinal patterns of adolescent
physical activity, sedentary behavior and sleep with anthropometry and body composition at age 18
years in urban South Africa.

Methods

Participants for this study were part of the Birth-to-Twenty Plus Cohort (Bt20+), a longitudinal study of
children born in 1990 in Soweto-Johannesburg, South Africa. Data were collected up to 21 times
between birth and age 18 years. We used general linear models to investigate the association of
adolescent (ages 12 to 18 years) longitudinal trends in physical activity, sedentary behavior and school-
night sleep and overall physical activity patterns with BMI, waist circumference, fat mass index (FMI),
lean mass index (LMI) and percent body fat at age 18 years.

Results

The final study sample included 1,337 participants with anthropometric measurements (52% female),
and 958 participants with body composition measurements (53% female). After adjusting for covariates,
males who decreased activity over adolescence but consistently walked to school had significantly lower
FMI (B=-0.6, 95% Cl: -1.0 to -0.1) and percent body fat (B=-1.9, 95% Cl: -1.7 to -0.2) at age 18 years than
those who decreased activity and did not walk to school. Males who were consistently more active and
consistently walked to school over adolescence had lower waist circumference (B=-2.0, 95% Cl: -3.9 to -
0.2), FMI (B=-0.8, 95%: Cl: -1.2 to -0.1) and percent body fat (B=-2.9, 95% Cl: -4.9 to -0.9) at age 18 years
than those who decreased activity and did not walk to school. Females who engaged in consistently high
amounts of sedentary behavior over adolescence had higher waist circumference than those who
engaged in initially low but increasing amounts of sedentary behavior (B=5.4, 95% ClI: 0.2 to 10.6). Males
who reported sleeping 9 hours or more per night on school-nights had significantly lower BMI (B=-1.0,
95% Cl: -1.4 to- 0.5), waist circumference (B=-2.3, 95% Cl -3.7 to -1.1), FMI (B=-0.4, 95% Cl: -0.8 to -0.1)
and percent body fat (B=-1.5, 95%Cl -2.8 to -0.1) than those who reported sleeping 8 hours or less per
night.

Conclusion

Adolescent physical activity, sedentary behavior and sleep are related to young-adult body composition
in urban South Africa; the contribution of each behavior varies by sex. These behaviors are modifiable
and may be paths for public health interventions to curb overweight and obesity in many low- and
middle-income countries.
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5.2 Background

Overweight and obesity have become major global health concerns, as both increase the risk of non-
communicable diseases (NCD) such as cardiovascular disease, type Il diabetes, some cancers, and pre-
mature death [1]. South Africa, one of the wealthiest countries on the African continent, also has one of
the highest rates of overweight and obesity, affecting 39% of men and 69% of women [2]. As the burden
of overweight and obesity and related NCDs continues to rise in South Africa, there is a need for

research on modifiable risk factors in early life that could be integrated into intervention strategies.

Adolescence is marked by rapid physical growth and changes in body composition triggered by the
hormonal changes surrounding puberty [3, 4]. Behaviors adopted during adolescence can have both
short and long-term effects on health [5]. The health-related behaviors that lead to overweight and
obesity in adulthood usually begin or are reinforced during adolescence [6]. Adolescence is also known
to be a time of physical activity decline, particularly in females, but most evidence of this is from high-
income countries [7]. Until recently, little, if nothing, was known about longitudinal adolescent physical
activity patterns in Africa. Our recent findings suggest that the majority of adolescents from an urban

African population, like those from high-income countries, decrease physical activity as they age [8].

Adolescent physical activity [9], along with sedentary behavior [10] and sleep [11], are modifiable
behaviors that have been linked to body composition. However, prospective longitudinal data on these
behaviors and how they are associated with body composition in adulthood are rare, and in Africa, non-
existent. The benefits of being physically active during adolescence are well documented [12]. Physical
activity throughout adolescence has been inversely associated with fat mass and positively associated
with lean mass [13]. Further, in the last decade, sedentary behavior has been recognized as a public
health concern, independent of physical activity [14]. Adolescents who engage in more than 2 hours of
sedentary behavior per day have higher risk of unfavorable body composition [15]. Adolescent sleep

patterns have also been recognized as relevant for public health concern, with many countries reporting
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high levels of sleep disturbance among youth [16, 17]. While changes in sleep are a normal part of
adolescence, many adolescents accumulate substantial sleep debt, especially during the school week
[18]. Inadequate sleep can have consequences for numerous aspects of adolescent health, including risk

of overweight and obesity [11].

Previously, we identified categories of distinct sex-specific trends in physical activity, sedentary behavior
and sleep as well as overall physical activity patterns in urban South African adolescents [8]. The
associations of these categories and overall patterns with later body composition remain unexplored [8].
The aim of this study was to assess the association of categories of longitudinal physical activity,
sedentary behavior and sleep and overall physical activity patterns in adolescence with BMI, waist

circumference, fat mass, lean mass and percent body fat at age 18 years in urban South Africa.

5.3 Methods

Study sample

Participants of this study were part of the Birth-to-Twenty Plus (Bt20+) Cohort, a longitudinal
multidisciplinary study of children in Soweto-Johannesburg, South Africa [19]. All singleton children born
between April and June 1990 and residing in the area for at least 6 months after birth were eligible for
inclusion [20]. A total of 3,273 children of predominantly low SES were recruited to the study, of whom
78% were Black African and 51% were female [21]. Children were followed up 21 times between birth
and age 18 years. Detailed information about the Bt20+ Cohort has been presented elsewhere [19-22].
Participants or their caregiver gave written informed consent; ethical approval was obtained from the

University of the Witwatersrand Committee for Research on Human Subjects (approval ID #M010556).

Adolescent physical activity, sedentary behavior and sleep trajectories

Detailed methods for the assessment of adolescent behaviors and Latent Class Growth Analysis (LCGA)

have been described previously [8]. In our preceding study, participants were grouped into distinct
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classes based on common longitudinal trajectories of self-reported informal activity (any physical
activity outside of school and not part of a sports team or club), organized sports, walking to and from
school, sedentary behavior (time spent before and after school watching TV; reading, drawing and
homework; playing a musical instrument; playing video/computer games and internet surfing) and
school-night sleep using data collected in annual surveys between ages 12 and 17/18 years, which are

depicted graphically in Supplemental Figure 5.1.

Overall Physical Activity Patterns

Detailed methods for the assessment of overall physical activity patterns have been described
previously [8]. In our prior study, individuals who followed similar trajectories of informal activity,
organized sports and walking to and from school synchronously were categorized into an overall

physical activity pattern using group-based multi-trajectory modeling.

Anthropometric Measures

Height was measured without shoes using a stadiometer (Holtain, UK) and recorded to the nearest
millimeter. Weight was measured in light clothing using a digital scale (Dismed, USA) and recorded to
the nearest 100g. Both devices were calibrated regularly throughout the study. Body mass index (BMI)
was calculated as height (m) divided by weight (kg2). Waist circumference was measured at the
midpoint between the iliac crest and the lowest rib with the participant standing erect and at the end of
a normal expiration and recorded to the nearest millimeter. All measurements were taken by trained

staff.

Body Composition Measures

Whole body fat mass, lean mass and percent body fat at age 18 years were measured using a Hologic
QDR 4500A dual-energy x-ray absorptiometry (DXA) scanner and analyzed using Apex software version

4.0.2 (Hologic Inc., Bedford, USA). DXA scans were performed by trained technicians according to
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standard protocols and coefficients of variation for the study period remained below 1%. Fat mass and
lean mass are directly associated with height [23]. To account for the association with height, we
expressed these variables as fat-mass index (FMI) and lean-mass index (LMI). FMI and LMI were

calculated by dividing fat mass and lean mass (in kilograms) by height (in meters) squared [23].

Selection of covariates

To adjust for potential confounding factors, we selected a series of covariates a priori based on previous
findings from this cohort and evidence from the literature [8, 24-31]. These variables were birth order
(firstborn/ not firstborn), SES asset quintile at child age 7/8 years, maternal schooling (matriculated/did
not matriculate from secondary school) at child age 7/8 years, maternal marital/union status (in
union/not in union) at child age 7/8 years and childhood BMIZ at child age 7/8 or 9 years. Childhood
BMIZ was by converting BMI values to z-scores using the WHO reference [32]. If the participant had a
BMI measurement at age 7/8 years, that data point was used to calculate childhood BMIZ. If the
participant did not have a BMI measurement at age 7/8 years but had one at age 9 years, then the
measurement at age 9 years was used to calculate childhood BMIZ. This allowed us to have childhood
BMIZ data for 65% of participants. Co-linearity between these variables was examined using variance
inflation factors and was not notable. Additional details on the selection and measurement of covariates

can be found elsewhere [8].

Inclusion and exclusion

To be included in the present analyses, participants needed to have been included in the adolescent
physical activity, sedentary behavior and sleep trajectories (which requires at least two data points over
adolescence) and either anthropometric or body composition data at age 18 years. Due to low study
numbers in the other ethnic groups, we restricted our analyses to Black African participants. A flow
chart describing the final sample of eligible participants included in the analyses is provided in

Supplemental Figure 5.2.
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Statistical Analyses

We used general linear models to investigate the associations of categories of longitudinal adolescent
physical activity, sedentary behavior and sleep and overall activity patterns with BMI, waist
circumference, FMI, LMI and percent body fat at age 18 years. We stratified all analyses by sex due to
previously observed sex-differences in patterns of adolescent physical activity, sedentary behavior and
sleep, and overweight and obesity in this population [8, 33]. We adjusted models for birth order,
maternal schooling at child age 7/8 years, maternal marital/union status at child age 7/8 years, SES
quintile at child age 7/8 years and childhood BMIZ at ages 7/8 or 9 years. For analyses that included
overall physical activity patterns, we also adjusted for adolescent sedentary behavior and school-night

sleep trajectories. We conducted all analyses in Stata version 14 and set significance at p<0.05.

5.4 Results

The final study sample included 1,337 participants with anthropometric measurements (52% female),
and 958 participants with body composition measurements (53% female). Black-African participants
excluded from the analyses were similar to those included in the analyses, and participants who had
both anthropometric and body composition data at age 18 years were similar to participants who had
only anthropometric data (Supplemental Table 5.1). Characteristics of the study sample are provided in

Table 1.

Physical Activity- males

93% of males decreased informal activity over adolescence. In unadjusted models, males who increased
informal activity over adolescence had significantly lower BMI, FMI and percent body fat than those
whose informal activity decreased (Table 5.2). These differences were attenuated following covariate

adjustment (Table 5.3).
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82% of males had consistently low sports participation over adolescence, while 11% decreased from
adequate to low, and 7% increased from low to adequate. In unadjusted and adjusted models, there
were no associations between trends in organized sports participation and any anthropometric or body

composition outcome at age 18 years.

83% of males walked approximately 150 minutes per week to and from school over adolescence, while
the remainder walked approximately 300 minutes per week. In both unadjusted and adjusted models,
there were no associations between the amount of time spent walking to and from school during

adolescence and any anthropometric or body composition outcome at age 18 years in males.

Physical Activity- females

95% of females decreased informal activity over adolescence. In both unadjusted and adjusted models,
females who increased informal activity over adolescence had significantly higher waist circumference
than females whose informal activity decreased. LMI was also higher among females whose informal

activity increased, but only in the unadjusted models.

89% of adolescent females did not participate in organized sports. In unadjusted models, females who
consistently participated in organized sports over adolescence had significantly lower waist
circumference, FMI and percent body fat than those who did not participate in organized sports. These

differences were attenuated following covariate adjustment.

75% of females walked approximately 150 minutes per week to and from school over adolescence,
while the remainder walked approximately 300 minutes per week. In unadjusted models, there were no
differences in any anthropometric or body composition outcome at age 18 years between these groups.
However, after adjusting for covariates, females who walked approximately 300 minutes per week to
and from school over adolescence had significantly higher LMI than those who walked approximately

150 minutes per week (B=0.4, 95% Cl: 0.1 to 0.7).
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Overall Physical Activity

22% of males decreased activity and did not walk to school over adolescence, 50% decreased activity
and walked to school, and 28% were consistently more active and walked to school. In unadjusted
models, trends in male overall adolescent physical activity were associated with BMI, waist
circumference, FMI and percent body fat at age 18 years. After adjusting for childhood and maternal
covariates (model 1), when compared to the reference (males who decreased physical activity and did
not walk to school), the other two groups had lower BMI, waist circumference, FMI, and percent body
fat at age 18 years. After also adjusting for adolescent sedentary behavior and sleep trajectories (model
2), when compared to the reference, males who decreased activity and walked to school over
adolescence had significantly lower FMI (B=-0.6, 95% Cl: -1.0 to -0.1) and percent body fat (B=-1.9, 95%
Cl: -1.7 to -0.2) and males who were consistently more active and walked to school over adolescence
had significantly lower waist circumference (B=-2.0, 95% Cl: -3.9 to -0.2), FMI (B=-0.8, 95%: Cl: -1.2 to -

0.1) and percent body fat (B=-2.9, 95% Cl: -4.9 to -0.9) at age 18 years.

31% of females decreased activity and did not walk to school over adolescence, 54% decreased activity
and walked to school, and 15% were consistently more active and walked to school. In unadjusted
models, trends in female overall adolescent physical activity were associated with percent body fat at
age 18 years. However, after adjusting for covariates, there were no significant differences in
anthropometric or body composition outcomes at age 18 years between females who decreased activity
but walked to school over adolescence and those who decreased activity and did not walk to school. In
models adjusted for childhood and maternal covariates (model 1), and models also adjusted for
sedentary behavior and school-night sleep trajectories (model 2), females who were consistently more
active and consistently walked to school over adolescence had significantly higher waist circumference
at age 18 years than females who decreased activity and did not walk to school over adolescence (B=

4.6,95% Cl: 0.5-8.6) and (B=4.8, 95% Cl: 0.7-9.0).
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Sedentary Behavior

78% of males engaged in consistently low amounts of sedentary behavior over adolescence, while 10%
engaged in consistently high amounts, and 12% increased from low to high amounts. In unadjusted
models, trends in male sedentary behavior over adolescence were associated with BMI and waist
circumference at age 18 years with males whose sedentary behavior increases during adolescence
having higher BMI and waist-circumference. These associations were attenuated following covariate

adjustment.

In females, 92% engaged in initially low but increasing amounts of sedentary behavior and 8% engaged
in consistently high amounts. In unadjusted models, trends in female sedentary behavior were
associated with waist circumference and LMI. After adjusting for covariates, females who engaged in
consistently high amounts of sedentary behavior over adolescence had significantly higher waist
circumference than those who engaged in initially low but increasing amounts (B=5.4, 95% Cl: 0.2 to

10.6).

Sleep

35% of males and 65% of females reported sleeping for 8 hours or less on school nights. In unadjusted
models, males who reported sleeping 9 hours or more per night on school-nights over adolescence had
significantly lower BMI and waist circumference at age 18 years than those who reported sleeping 8
hours or less per night. After adjusting for covariates, males who reported sleeping 9 hours or more per
night on school-nights had significantly lower BMI (B=-1.0, 95% Cl: -1.4 to- 0.5), waist circumference (B=-
2.3,95% Cl -3.7 to -1.1), FMI (B=-0.4, 95% Cl: -0.8 to -0.1) and percent body fat (B=-1.5, 95%CI -2.8 to -
0.1) than those who reported sleeping 8 hours or less per night. In both unadjusted and adjusted
models, there were no associations between school-night sleep in adolescent females and any

anthropometric or body composition outcomes at age 18 years.



95

5.5 Discussion

This study related categories of longitudinal adolescent physical activity, sedentary behavior and sleep
and overall adolescent physical activity patterns to young-adult body composition in an urban South
African birth cohort. Given the high burden of overweight and obesity in South Africa, there is interest in
modifiable behaviors. There were three main findings in this study. First, after controlling for covariates,
being consistently more active throughout adolescence was associated with more favorable
anthropometric measures and body composition at age 18 years in urban South African males. Second,
engaging in consistently high amounts of sedentary behavior over adolescence was associated with
higher waist circumference at age 18 years in females. Finally, sleeping 9 hours or more per night on
school nights was associated with more favorable anthropometric measures and body composition at

age 18 years in urban South African males.

Adolescence is a period of rapid growth and maturation characterized by significant changes in body
composition [34]. While genetics, nutrition and hormones are the primary drivers of these changes,
physical activity is an important ancillary determinant of body composition and may play an important

role in increasing muscle mass and preventing overweight and obesity [35].

An age-related decline in physical activity throughout adolescence has been well established in high-
income countries [7]. In our study population, the large majority of both males (72%) and females (85%)
decreased their reported levels of physical activity over adolescence [8]. This decline is potentially a risk
factor for adult overweight or obesity [36-38]. Until now, prospective evidence from Africa has been
lacking. Our study found that Black-African males who were consistently more active over adolescence
had significantly lower waist circumference, FMI and percent body fat in young-adulthood compared to
Black-African males who decreased overall activity over adolescence. These results are consistent with
findings from the lowa Bone Development Study cohort, in which participants who were physically

active as children but decreased activity with age were more likely to become obese in young-adulthood
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than participants who were consistently active [36]. In contrast, we found that being consistently more
active during adolescence in Black-African females was not associated with more favorable body
composition in young-adulthood, and to be associated with higher waist circumference, a proxy for

abdominal obesity.

Due to hormonal changes, adolescence is a period of fat mass accretion in females [34]. Fat mass
accretion, combined with the lower amount of, and likely less intense, physical activity may explain the
differences in our finding among males and females. Qualitative research has discovered that
particularly for girls, physical activity declines during the secondary school years as girls are more
conscious of their appearance during puberty and cultural norms tend to favor fuller body shapes [39,
40]. The association between higher physical activity and higher waist circumference among females
may be due to other factors, including diet, over-riding the influence of physical activity on abdominal

obesity.

In a study from another low-middle income country, the 1993 Pelotas (Brazil) Birth Cohort Study,
consistent moderate-to-vigorous intensity physical activity over adolescence was associated with higher
lean mass at age 18 years in males and females [13]. In the present study, we considered organized
sports a proxy for moderate-to-vigorous physical activity. In contrast to the Brazilian cohort, we found
that trends in participation in organized sports were not associated with lean mass or any other
measure of body composition at age 18 years, in either males or females. The inconsistency in findings
between our study and the Brazilian cohort might be explained by low levels of activity in the South
African cohort, as 82% of males and all females failed to meet the WHO recommendation of 60 minutes
of moderate-to-vigorous intensity physical activity per day, as compared to 37% and 65% in the Pelotas

cohort[41].

Informal activity, also known as active play, may make a significant contribution to an adolescent’s daily

energy expenditure [42]. While unstructured playtime is typically not very intense, the long duration of
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activity may lead to benefits [43]. In our study, we found no association between trends in informal
activity over adolescence and any anthropometric or body composition outcome at age 18 years in
males. However, we found females who increased informal activity over adolescence had significantly
higher waist circumference at age 18 years than females who decreased informal activity over
adolescence. The duration of male informal activity was likely not high enough to compensate for the
low intensity. The association between trends in informal activity and waist circumference in females

was not as hypothesized and may have been influenced by unmeasured variables.

Active transportation to school has been identified as an important source of physical activity in
adolescents, but there is conflicting evidence regarding the association between active transportation to
school and body composition [44, 45]. In our study, walking to and from school was a consistent source
of physical activity over adolescence. While trends in walking to and from school over adolescence were
not associated with anthropometric measures or body composition at age 18 years in males, we found
that females who consistently spent more time walking to and from school over adolescence had
significantly higher LMI at age 18 years than females who spent less time walking. This association,
however, was only significant after adjusting for childhood BMIZ, indicating the possibility of negative
confounding from an unmeasured variable. In the 1993 Pelotas Birth Cohort, active commuting to
school throughout adolescence was associated with lower levels of central fatness at age 18 years in
males [46]. It is possible that the intensity of walking to and from school was not high enough to have an
impact on adiposity in our South African population. The Pelotas study included commuting via bicycle
in their measure of active commuting, while we only included walking due to low prevalence of reported

cycling.

Sedentary behavior, independent of physical activity, is a risk factor for overweight and obesity [14].
Sedentary behaviors, such as TV viewing, in childhood and adolescence have been prospectively linked
to overweight and other adverse health outcomes in adulthood [47]. In our study, females who engaged

in consistently high amounts of sedentary behavior throughout adolescence had significantly higher
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waist circumference at age 18 years than females who engaged in initially low but increasing amounts of
sedentary behavior, but there was no association between trends in sedentary behavior and
anthropometric measures and body composition at age 18 years in males. In an Australian birth cohort,
males with lower screen time in childhood had lower percent body fat at age 20 years than males with
consistently high screen time, and females with initially and consistently lower screen time had lower
percent fat at age 20 years than females with consistently high screen time [10]. The Australian study
focused on TV viewing whereas we examined total sedentary behavior and individual sedentary

behaviors have been shown to have varying impacts on different health outcomes [48].

Reduced sleep is an independent risk factor for excess weight [49, 50]. Proposed mechanisms behind
this relationship include metabolic and endocrine alterations, increased appetite leading to higher
caloric consumption, increased systemic inflammation and decreased physical activity related to
daytime sleepiness [51-53]. Most of the evidence on sleep duration and excess weight is cross-sectional,
comes from high-income countries, or did not follow up into adulthood [11]. We found that males who
reported consistently getting more sleep per night on school nights had significantly lower BMI, waist
circumference, fat mass index and percent body fat at age 18 years than males who reported sleeping
fewer hours per night. Trends in sleep duration over adolescence, however, were not associated with
anthropometric measures or body composition at age 18 years in females. In support of our findings,
several studies have found the association between short sleep duration and obesity to only exist in
males [54]. The sex difference in this association may be attributed to different physiological
mechanisms and hormones in males and females [54]. In contrast to our sex-specific findings, in the
Pelotas Birth Cohort Study, females who increased from inadequate (<8 hours per day) to adequate (>8
hours per day) sleep duration over adolescence had higher BMI, fat mass index and fat-free mass index
at age 18 years than those who consistently got adequate sleep [55]. Differences in adolescent sleep
trends between the South African and Brazilian cohorts and differences in how sleep duration was

categorized may explain the differences in findings.
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Strengths and Limitations

The main strength of our study was the use of longitudinal data with follow-up into late adolescence.
We used longitudinal data from Africa, which is particularly scarce. Additionally, the use of detailed body
composition data obtained via DXA allowed us to distinguish between fat mass and lean mass, providing
a more accurate predictor of overweight and obesity than can be obtained from the use of BMI alone.
The main limitation of our study was the use of self-reported physical activity, sedentary behavior and
sleep data. Additionally, the LCGA and multi-trajectory modeling used previously to generate
adolescent trajectories and overall physical activity patterns come with limitations, which have been
discussed in detail elsewhere [8]. Also, this study cannot address the potential impact of dietary patterns
on the relationship between movement behaviors and adiposity. Regardless of its limitations, this study

contributes to the scarcity of prospective data on adolescent health behaviors and adult health in Africa.

5.6 Conclusion

Being consistently physically active and getting more sleep per night throughout adolescence was
associated with more favorable body composition at age 18 years in urban South African males. Being
more sedentary over adolescence was associated with less favorable anthropometric measurements in
urban South African females. Adolescent physical activity, sedentary behavior and sleep are modifiable
behaviors that may be contributing to the prevalence of overweight and obesity in urban South African

adults.
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5.8 Chapter 5 Tables and Figures

Table 5.1. Characteristics of participants by sex, Bt20+

Males Females
N 638 699
Childhood characteristics
Birth order, %
First born 38 41
BMIZ at age 7/8 or9y 0.0 (0.9) 0.0(1.0)

Maternal characteristics

Schooling at child age 7/8 y, %

Matriculated 29 31
Household characteristics

SES asset quintile at child age 7/8 y, %

1 (lowest) 16 22
2 21 17
3 30 29
4 23 19
5 (highest) 10 13

Adolescent trajectories
informal activity, %

Decreasing over time 93 95
Increasing over time 7 5
Organized sports participation, %
Males

Consistently low 82

Decreasing from adequate to low 11

Increasing from low to adequate 7

Females

No sports participation 89
Some sports participation 11

Walking to and from school, %

Consistently 150 min/week 83 75
Consistently 300 min/week 17 25
Overall physical activity, %
Decreasing activity over time and do not walk to school 22 31
Decreasing activity over time but consistently walk to school 50 54
Consistently more active and consistently walk to school 28 15
Sedentary behavior, %
Males

Consistently low 78
Consistently high 12
Increasing from low to high 10

Females
Initially low 92
Consistently high 8
School-night sleep, %
< 8 hours/night 35 65

> 9 hours/night 65 35



Young-adult characteristics (18 y)
Height, cm

BMI, kg/m2

Waist-circumference

Fat mass index, kg/m2

Lean mass index, kg/m2

Body fat, %

@ Expressed as mean (standard deviation).
b data collected from only 958 participants (449 males and 509 females)

170.7 (6.5)
20.3 (3.2)
72.0(7.2)
2.5 (1.5)
15.0 (1.5)
13.2 (5.5)

104

159.6 (6.1)
23.2 (4.6)
75.6 (12.9)
7.3 (3.0)
13.1(1.6)
33.6 (6.7)



Table 5.2. Mean anthropometric and body composition measures at 18y by adolescent movement behavior trajectories, Bt20+

105

Waist Fat Mass Lean Mass® Waist Fat Mass Lean Mass
BMI circumference Index ?® Index © Body fat BMI circumference Index Index Body fat
(kg/m?) (cm) (kg/m?) (kg/m?) (%) (kg/m?) (cm) (kg/m?) (kg/m?) (%)
Males Females
N 638 638 449 449 449 699 699 509 509 509
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) | Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Informal activity
Decreasing over time 20.4 (3.1) 72.1(7.3) 2.5(1.6) 15.7 (1.5) 13.4 (5.6) 23.1(4.6) 75.4 (11.0) 7.2 (3.0) 13.1(1.6) 33.5(7.0)
Increasing over time 19.4 (2.1) 69.9 (5.1) 1.9(0.7) 14.7 (1.0) 11.1 (3.4) 23.9 (4.3) 80.1 (31.1) 8.4 (2.8) 13.8 (1.5) 35.8 (6.5)
P-value 0.04 0.05 0.04 0.21 0.03 0.3 0.03 0.08 0.03 0.12
Organized sports participation
Males
Consistently low 30.4 (3.2) 72.1(7.5) 2.5(1.6) 15.0(1.5) 13.4 (5.6)
Decreasing from adequate to low 19.8 (2.3) 71.5(6.4) 2.3(1.7) 14.7 (1.1) 12.6 (6.1)
Increasing from low to adequate 20.1(1.9) 71.2 (5.0) 2.2(0.9) 15.3(1.4) 12.1 (4.0)
P-value 0.4 0.6 0.3 0.3 0.3
Females
None 23.3(4.7) 76.0 (13.2) 7.4(3.01) 13.1(1.7) 33.9(6.9)
Consistently some 22.3(3.4) 72.8(9.1) 6.5(2.7) 13.1(1.2) 31.1(7.5)
P-value 0.1 0.04 0.04 0.9 0.005
Walking to and from school
Consistently 150 min/week 20.4 (3.1) 72.2 (7.4) 2.6 (1.6) 15.1(1.5)  13.4(5.7) | 23.2(4.8) 75.8 (13.6) 7.4 (3.2) 13.1(1.7)  33.7(7.3)
Consistently 300 min/week 19.9 (2.6) 71.0 (6.1) 2.2(1.0) 149(1.5) 12.1(4.1) | 23.0(3.7) 75.2 (10.6) 7.1(2.5) 13.2(1.4)  33.2(6.2)
P-value 0.2 0.1 0.07 0.3 0.07 0.7 0.6 0.5 0.4 0.4
Overall physical activity ¢
Decreasing activity overtimeand 5 g (36)  733(7.4) 3.0(22)  15.1(1.4) 149(7.4) | 236(52)  75.6(11.7)  7.7(33)  13.1(L7) 34.7(7.2)
do not walk to school
Decreasing activity overtime but 544 34)  723(7.3) 25(1.3)  15.0(1.6) 13.2(49) | 23.0(43)  757(11.0)  7.2(3.0) 13.1(1.6) 33.4(6.8)
consistently walk to school
Consistently more active and 19.3 (2.0) 70.1 (6.0) 2.1(1.1) 15.1(1.2) 11.7(4.3) | 22.8(3.9) 75.5 (20.0) 6.8 (2.7) 13.2(1.4)  32.1(7.1)
consistently walk to school
P-value 0.001 0.03 0.0002 0.7 0.0001 0.2 0.9 0.1 0.8 0.03
Sedentary behavior
Males
Consistently low 20.1(2.6) 71.5 (6.5) 2.5(1.5 15.0 (1.5) 13.2 (5.5)
Consistently high 20.7 (4.4) 72.6 (9.2) 2.1 14.7 (1.4) 12.0 (4.4)



Increasing from low to high
P-value
Females
Initially low
Consistently high
P-value
School-night sleep
< 8 hours/night
> 9 hours/night
P-value

21.2 (3.8)
0.004

20.9 (3.7)
20.0 (2.5)
0.0001

74.6 (8.8)
0.001

73.3(8.5)
71.2 (6.2)
0.0007

2.8(1.8)
0.2

2.7(1.7)
2.4 (1.4)
0.06

15.3 (1.4)
0.3

15.1 (1.6)
15.0 (1.4)
0.3

2 Fat mass index, calculated by dividing fat mass (in kg) by height (in meters) squared.
bl ean mass does not include bone mineral content.

¢Lean mass index, calculated by dividing lean mass (in kg) by height (in meters) squared.

14.1 (6.3)
0.3

13.9 (5.9)
12.9 (5.3)
0.06

23.1(4.5)
24.3 (5.0)
0.05

23.3(4.6) |
22.8 (4.5)
0.1

75.2 (10.9)
81.3(26.7)
0.0008

75.7 (14.0)
75.4 (10.6)
0.8

7.3(3.0)
7.8(3.6)
0.4

7.4 (2.9)
7.1(3.2)
0.3

13.1(1.6)
13.7 (1.7)
0.04

13.2 (1.6)
13.0 (1.7)
0.2
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33.6 (6.9)
33.9 (8.4)
0.8

33.8 (6.9)
33.1(7.2)
0.3

4 Multi-trajectory groups made up of informal activity, organized sports and walking to and from school trajectories, representing overall physical activity pattern.
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BMI Waist circumference Fat mass index @ Lean mass ? index ¢ Body fat
(kg/m2) (cm) (kg/m2) (kg/m2) (%)
Males

N 638 638 449 449 449

B (95% ClI) P-value B (95% CI) P-value B (95% ClI) P-value B (95% ClI) P-value B (95% ClI) P-value
Informal activity ¢
Decreasing over time ref 0.7 ref 0.9 ref 0.5 ref 0.7 ref 0.4
Increasing over time -0.2(-1.1-0.68) 0.0 (-2.4-2.4) -0.2 (-0.8-0.4) 0.1(-0.5-0.7) 0.9 (-3.3-1.4)
Organized Sports
Participation ¢
Consistently low ref 0.4 ref 0.2 ref 0.5 ref 0.5 ref 0.4
D ing
o easing from adequate 4 02 (-0.9-0.8) 0.8 (-1.-3.0) 0.5 0.1(-0.5-0.8) 0.2 (-0.8-0.3) 0.4 (-2.0-2.8)
I ing f I
ncreasing from low to -0.2(-1.1-0.7) -1.6(-3.7-0.4) 0.1 -0.3(-0.9-03) 0.1(-0.4-0.7) -1.4(-3.6-0.8)
adequate
Walking to and from
school ¢
Consistently 150 min/week ref 0.7 ref 0.8 ref 0.4 ref 0.8 ref 0.3
Consistently 300 min/week -0.1(-0.7-0.5) -0.2 (-1.9-1.5) -0.2 (-0.7-0.3) 0.0 (-0.4-0.5) -0.9 (-2.7-0.9)
Overall physical activity ®
model 1 ¢
Decreasing activity over
time and do not walk to ref 0.02 ref 0.01 ref 0.01 ref 0.5 ref 0.004
school
Decreasing activity over
time but consistently walk -0.8 (-1.4--0.2) -2.1(-3.7--0.4) -0.7 (-1.1-0.2) -0.2 (-0.6-0.2) -2.2(-3.8--0.6)
to school
Consistently more active
and consistently walk to -0.8 (-1.5--0.2) -2.7 (-4.5--0.8) -0.8 (-1.3--0.3) 0.0 (-0.5-0.4) -3.2(-5.1--1.3)
school
model 2 f
Decreasing activity over
time and do not walk to ref 0.1 ref 0.1 ref 0.02 ref 0.6 ref 0.008

school



Decreasing activity over
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time but consistently walk -0.6 (-1.2-0.1) -1.4(-3.1-0.3) -0.56(-1.0--0.1) -0.1 (-0.5-0.3) -1.9(-1.7--0.2)
to school
Consistently more active
and consistently walk to -0.6 (-1.3-0.0) -2.0(-3.9--0.2) -0.8 (-1.2--0.1) 0.1 (-0.4-0.6) -2.9 (-4.9--0.9)
school
Sedentary behavior 4
Consistently low ref 0.1 ref 0.2 ref 0.2 ref 0.4 ref 0.2
Consistently high 0.6 (-1.3-1.4) 0.1(-2.1-2.2) -0.7 (-1.5-0.2) -0.2 (-0.9-0.6) -2.7 (-5.8-0.5)
Increasing from low to high 0.5(-0.2-1.2) 1.8(-0.1-3.8) 0.3(-0.2-0.8) 0.3 (-0.2-0.8) 0.6 (-1.3-2.5)
School-night sleep 9
< 8 hours/night ref ref ref ref ref
> 9 hours/night -1.0 (-1.4--0.5) <0.0001 -2.3(-3.7--1.1) <0.0001 -0.4 (-0.8--0.1) 0.02 0.1(-0.2-0.5) 0.5 -1.5(-2.8--0.1) 0.04
Females
N 699 699 509 509 509
B (95% ClI) P-value B (95% ClI) P-value B (95% ClI) P-value B (95% ClI) P-value B (95% ClI) P-value
Informal activity 9
Decreasing over time ref 0.2 ref 0.02 ref 0.2 ref 0.2 ref 0.2
Increasing over time 0.9 (-0.4-2.1) 6.0 (0.9-11.1) 0.8 (-0.5-2.0) 0.4 (-0.2-1.1) 2.1(-1.1-5.3)
Organized sports
participation ¢
None ref 0.8 ref 0.6 ref 0.9 ref 0.05 ref 0.6
Consistently some 0.4 (-0.6-1.4) -1.4 (-5.0-2.7) 0.1(-0.9 1.0) 0.5 (0.0- 1.0) -0.7 (-3.0-1.67
Walking to and from
school ¢
Consistently 150 min/week ref 0.3 ref 0.8 ref 0.7 ref 0.02 ref 0.9
Consistently 300 min/week 0.4(-0.3-1.1) 0.4 (-3.4-2.6) 0.1 (-0.5-0.8) 0.4 (0.1-0.7) 0.1(-1.5-1.7)
Overall physical activity ©
model 149
Decreasing activity over
time and do not walk to ref 0.2 ref 0.09 ref 0.5 ref 0.2 ref 0.6
school
Decreasing activity over
time but consistently walk 0.5(-0.3-1.3) 2.6 (-0.6-5.8) 0.5(-0.3-1.2) 0.3 (-0.1-0.7) 0.9 (-1.0-2.7)
to school
Consistently more active
and consistently walk to 0.9 (-0.1-1.9) 4.6 (0.5-8.6) 0.4 (-0.6-1.3) 0.4 (-0.1-0.9) 0.1(-2.3-2.6)

school
model 2 f



Decreasing activity over
time and do not walk to
school

Decreasing activity over
time but consistently walk
to school

Consistently more active
and consistently walk to
school

Sedentary behavior ¢

Initially low
Consistently high
School-night sleep ¢
< 8 hours/night

> 9 hours/night

aFat mass index, calculated by dividing fat mass (in kg) by height (in meters) squared. ® Lean mass does not include bone mineral content.

ref

0.5 (-0.3-1.4)

0.9 (-0.1-2.0)

ref
-1.1(-2.4-0.1)

ref
0.1(-0.6-0.8)

0.2

0.08
0.08

0.8

ref

2.9 (-0.4-6.1)

4.8 (0.7-9.0)

ref
5.4 (0.2-10.6)

ref
0.6 (-2.2-3.3)

0.07

0.04

0.6

ref

0.4 (-0.3-1.2)

04 (-0.6-1.3)

ref
-1.2 (-2.6-0.2)

ref
0.3(-0.3-0.9)

¢Lean mass index, calculated by dividing lean mass (in kg) by height (in meters) squared.

4 Adjusted for childhood BMIZ at age 7/ 8 or 9 years, birth order, maternal schooling, maternal marital status and SES asset quintile at child age 7/8 years.

0.5

0.1

0.3

ref

0.3 (-0.1-0.7)

0.5 (0.0-0.1)

ref
-0.2 (-0.9-0.6)

ref
-0.1 (-0.4-0.2)

0.2

0.7

0.7

ref

0.8 (-1.1-2.7)

0.1(-2.3-2.6)

ref
-3.5(-7.0-0.1)

ref
0.3(-1.2-1.8)
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0.6

0.06

0.7

€ Multi-trajectory groups made up of informal activity, organized sports and walking to and from school trajectories representing overall physical activity pattern.

fAdjusted for childhood BMIZ at age 7/ 8 or 9 years, birth order, maternal schooling, maternal marital status and SES asset quintile at child age 7/8 years, and
sedentary behavior and sleep trajectories.
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2 Figure has been adapted from previously published work and is intended to provide necessary background information
for the present study [8]. The use of this figure is goverend by the copyright release in the original manuscript.

Supplemental Figure 5.1. Trajectories of physical activity and sedentary behavior from Latent Class Growth Analysis,
Bt20+



5,449
Births registered in Soweto-lohannesburg
between April 23 and June 8, 1990

]

3,273
Children met cohort entry criterion of continued
residence in Soweto-lohannesburg for at least 6
months after birth

2 2

2,568
Black African children

L 4

1,444
(669 males, 745 females)
Participants who had physical activity, sedentary
behavior and sleep data at = 2 time points
between ages 12 and 17 years and were
therefore included in trajectories

1,337
(638 males, 699 females)
Participants who were included in adolescent
trajectories and had a BMI or waist
circumference measurement at age 18 years

958
(449 males, 509 female)
Participants who had fat mass, lean mass and
percent body fat measured using DXA at age 18
years

2,176
Moved out of study area/not eligible for
enrollment

705
White, Indian or of mixed ancestral
heritage

1,454
Did not have data at = 2 time points
and were not included in trajectories

107
Did not have a BMI or waist
circumference measurement at age 18
years

379
Did not have body composition

measurements via DXA at age 18 years

Supplemental Figure 5.2. Flow chart depicting the final sample of eligible participants included in the analysis, Bt20+
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Supplemental table 5.1. Comparison of characteristics of the study sample by data available and sex, Bt20+
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Males Females
Black- Anthro Black- Anthro
Africans Anthro + Africans Anthro +
Excluded ® P-value ® Only © DXA ¢ P-value Excluded P-value Only DXA P-value
N 608 189 449 623 190 509
Childhood characteristics
Birth order, %
First born 33 0.04 41 37 0.4 32 0.001 44 40 0.8
BMIZ at age 7/8 or 9y -- - 0.1(0.9) 0.0(0.9) 0.1 -- - 0.0(0.9) -0.1 (1.0) 0.6
Maternal characteristics
Schooling at child age 7/8 y, %
Matriculated 27 0.5 30 28 0.7 31 0.9 35 30 0.2
Marriage/union status, %
In union 36 0.3 41 39 0.4 43 0.03 35 35 0.9
Household characteristics
SES asset quintile at child age 7/8 y, %
1 (lowest) 23 0.07 12 18 0.09 26 0.1 24 24 0.007
2 19 20 21 23 17 18
3 29 32 29 24 32 28
4 16 22 23 17 14 20
5 (highest) 13 14 8 10 19 10
Adolescent Trajectories
informal activity, %
Decreasing over time 92 93 0.5 92 95 0.1
Increasing over time 8 7 7 5
Organized sports participation, %
Males
Consistently low 82 82 0.7
Decreasing from adequate to low 7 6
Increasing from low to adequate 10 12
Females
None 89 89 0.9
Consistently some 11 11
Walking to and from school, %
79 84 0.1 79 73 0.09

Consistently 150 min/week




Consistently 300 min/week
Overall physical activity ¢, %
Decreasing activity over time and do not
walk to school
Decreasing activity over time but
consistently walk to school
Consistently more active and consistently
walk to school
Sedentary behavior, %
Males

Consistently low
Consistently high
Increasing from low to high

Females
Initially low
Consistently high
School-night sleep, %
< 8 hours/night
> 9 hours/night
Young-adult characteristics (18 y)
BMI, kg/m2
Waist- circumference

21

21

50

30

66
15
19

69
31

20.7 (3.8)
71.2 (8.3)

16

22 0.7

51

27

83

11

69 0.9
31

20.1(2.6) 0.02
72.3 (6.6) 0.09

21

36

48

16

88
12

68
32

23.5 (4.9)
75.4 (17.0)

27

29

56

15

94

64
36

23.2 (4.4)
75.7 (10.9)
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0.01

0.3

0.2
0.8

2 Black-African participants who did not have movement behavior data at 22 timepoints and were therefore not included in adolescent trajectories and excluded

from the analysis.

b p-value for comparison of Black-African participants excluded from analysis to the participants (638 male and 699 female) who were included in adolescent

trajectories and had a BMI or waist circumference data at age 18 years.
¢Participants who had anthropometric data (BMI, waist circumference) at age 18 years, but not DXA body composition data (lean mass, fat mass, percent fat).
dParticipants who had both anthropometric data and DXA body composition data at age 18 years).
¢ Multi-trajectory groups made up of informal activity, organized sports and walking to and from school trajectories representing overall physical activity pattern.
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Discussion and Implications
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Chapter 6: Discussion

Preface

Extensive discussion of key findings in the context of current research can be found in empirical chapters
1 and 2. Here, | will focus on summarizing key findings and discussing the overall story, public health
implications, strengths and limitations, and future directions of this research.

6.1 Summary of Study Findings

There were two main aims to this dissertation. First, to add to the paucity of longitudinal data on
physical activity, sedentary behavior and sleep change over time from adolescents living in Africa.
Second, to offer new insights into the current adult overweight and obesity epidemic in South Africa by
examining the association of adolescent physical activity, sedentary behavior and sleep with
anthropometry and body composition at age 18 years. The consolidated findings from the empirical

chapters are summarized in table 6.1.

Table 6.1 Consolidated findings

e Objective

Key Findings

Identify physical activity, sedentary
3 la. behavior and sleep trajectories from
ages 12-17/18y

Using latent class growth analysis (LCGA), | identified:

- 2 informal activity trajectories each for males and females
(increasing over time, decreasing over time).

-3 organized sport trajectories for males (consistently low,
decreasing from adequate to low, increasing from low to
adequate) and 2 for females (none, some).

- 2 walking to and from school trajectories each for males
and females (approx. 150 min/week, approx. 300 min/week).
- 3 sedentary behavior trajectories in males (consistently
low, consistently high, increasing from high to low) and 2 in
females (initially low but increasing, consistently high)

- 4 school-night sleep trajectories in males (consistent 7, 8, 9,
10 h /night) and 3 in females (consistent 6.5, 8, 9 h/night)

-3 weekend sleep trajectories in males (consistent 7.5, 9.5, 11
h/night) and 4 for females (consistent 8, 9, 10, 11.5 h/night).
82% of males and 100% of females failed to meet the WHO
recommendation of 60 min per day of moderate-to-vigorous
physical activity throughout adolescence (indicated by the
organized sports trajectories).

By age 13 years, 100% of both males and females engaged in
more than 2 hours per day of sedentary behavior, which
persisted throughout adolescence.

95% of males and 92% of females reported sleeping between
8 and 10 hours per night on school-nights through, which
meets the American Academy of Sleep recommendation for
this age group.



1b.

1c.

1d.

2a.

2b.

Identify overall adolescent physical
activity patterns

See if physical activity, sedentary
behavior and sleep track together
over time in adolescence

Examine associations between
maternal and childhood socio-
ecological variables and adolescent
trajectories/multi-trajectory groups

Assess associations of categories of
longitudinal adolescent physical
activity, sedentary behavior and sleep
with anthropometry and body
composition at age 18 y.

Assess associations of overall
adolescent physical activity patterns
with anthropometry and body
composition at age 18y
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Using group-based multi-trajectory modeling with 3 physical
activity domains, | identified 3 distinct overall physical
activity patterns that were similar in males and females:
"Decreasing activity over time and do not walk to school",
"Decreasing activity over time and consistently walk to
school" and "Consistently more active and consistently walk
to school."

71% of males and 82% of females decreased overall physical
activity throughout adolescence.

Using group-based multi-trajectory modeling with physical
activity, sedentary behavior and sleep together did not result
in distinct groups. There was not enough heterogeneity in
the linkages between these behaviors to identify clusters of
individuals following similar patterns.

SES:

Higher SES was associated with:

-higher likelihood of increasing informal activity over time
(versus decreasing over time) in males

-higher likelihood of walking 150 min/week to and from
school (versus 300 min/week) in males and females.

-Not associated with organized sports trajectories in males or
females

Maternal schooling:

Higher maternal schooling was associated with:

-higher likelihood of walking 150 min/week to and from
school (versus 300 min/week) in males and females

-higher likelihood of engaging in consistently high amounts of
sedentary behavior (versus consistently low) in males

-Not associated with organized sports trajectories in males or
females

After adjusting for covariates:

Females who increased informal activity over adolescence
had significantly higher waist circumference than females
whose informal activity decreased.

Females who walked approximately 300 minutes per week to
and from school over adolescence had significantly higher
LMI than those who walked approximately 150 minutes per
week.

Females who engaged in consistently high amounts of
sedentary behavior over adolescence had significantly higher
waist circumference than those who engaged in initially low
but increasing amounts.

Males who reported sleeping 9 hours or more per night on
school-nights had significantly lower BMI, waist
circumference, FMI and percent body fat than those who
reported sleeping 8 hours or more per night.

After adjusting for covariates:

Males who decreased activity and walked to school over
adolescence had significantly lower FMI and percent body fat
and males who were consistently more active and walked to
school over adolescence had significantly lower waist
circumference FMI, and percent body fat at age 18 years
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when compared to males who decreased activity and did not
walk to school.

e  Females who were consistently more active and consistently
walked to school over adolescence had significantly higher
waist circumference at age 18 years than females who
decreased activity and did not walk to school over
adolescence

6.2 Overall story

Since South Africa’s political transformation with the first democratic election in 1994, the nation has
experienced rapid urbanization, globalization and other socioeconomic changes [1]. Like other LMICs,
these socioeconomic changes have led to an epidemiologic transition, where the burden of disease is
shifting from infectious to non-communicable diseases [2]. Now South Africa faces a high burden of
overweight and obesity, affecting 69% of women and 39% of men [3]. Given this high disease burden,
identifying and understanding modifiable factors contributing overweight and obesity are critically

important.

Physical activity, sedentary behavior and sleep are modifiable risk factors that have been shown to
contribute to overweight and obesity in high-income countries [4-6]. However, until now, there have
been no longitudinal studies on these modifiable behaviors in adolescents from Africa. This dissertation
focuses on these modifiable risk factors in adolescence, an age group that, until recently, has been
overlooked in public health research and policy, and largely ignored in Africa [7]. Most research on
physical activity, sedentary behavior and sleep take a one size fits all approach and assume that all
individuals in the population follow the same behavior pattern over time. However, adolescence is a
dynamic phase of life influenced by a wide range of biological, social and environmental factors, and

behaviors among individuals likely vary [8].

Using LCGA, | was able explore the variation in how physical activity, sedentary and sleep behaviors
develop over 6 years of adolescence in both males and females. LCGA generates categories, or

trajectories, of longitudinally observed variables. This method takes a “person-centered” rather than
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“variable-centered” approach to the analyses which allowed me to identify subsets of individuals whose
behaviors differed from the population norm [9]. For example, while 89% of females did not participate
in organized sports at all over adolescence, LCGA identified a small sub-set of 11% who did. In males,
89% decreased participation in organized sports over adolescence, but 11% increased. Standard
longitudinal methods would have generated a single growth curve, failed to distinguish these sub-sets,

and would not have described the behaviors in this population adequately.

While examining individual domains of physical activity is important, | was also interested in seeing if,
and how, the domains tracked together over time. Doing so would allow me to recognize “overall
physical activity” patterns in this population. Using group-based multi-trajectory modeling, | was able to
identify clusters of individuals who followed similar groupings of informal activity, organized sports and
walking to and from school over time. | found three distinct patterns of overall physical activity among
males and females in this population; two that concurrently decreased informal activity and organized
sport participation and varied only by level of walking to and from school, and one that maintained
higher levels of all three domains. By using this methodological approach, | discovered that while most
adolescents in the population experienced the age-related decline in overall physical activity seen in
other populations [10], 28% of males and 15% of females were consistently active throughout

adolescence.

Recently, there has been a paradigm shift from looking at the associations of physical activity, sedentary
behavior and sleep with overweight and obesity in isolation, to looking at them together [11]. Because
my data were questionnaire based, | was unable to take a compositional data analysis approach that is
often used with objectively measured data. To overcome this, and make use of the strong longitudinal
data, | took a novel approach and used group-based multi-trajectory modeling to identify “overall
movement behavior” patterns. This approach however, had limited success. While | able to create

groupings of trajectories, much of the information form the single trajectory analysis was lost, and there
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was little distinction between groups. There was not enough heterogeneity in the linkages between the
physical activity, sedentary behavior and sleep trajectories to create meaningful groupings of the
trajectories together, suggesting these adolescent behaviors have different etiologies. Because of this, |
decided to not include the “overall movement behavior” patterns in the subsequent analyses of this

dissertation.

Once | identified the trajectories for each physical activity domain, sedentary behavior and sleep and the
overall physical activity patterns, | was able to examine what were and were not predictors of each.
Understanding the factors that influence changes in behavior as adolescents age and develop is
necessary for informing public health efforts and interventions. For example, an intervention aiming to
increase the exceedingly low female organized sports participation in urban South Africa, may find it
useful to know that SES during childhood does not predict whether or not a female participates in
organized sports during adolescence, which would allow efforts to focus on other potential barriers to

female sports participation.

The socioecological predictors | selected a priori based on literature review and previous finding is this
population did not explain much of the variability in adolescent physical activity, sedentary behavior and
sleep trajectories or overall physical activity patterns. Adolescent behaviors that develop over time are
complex and therefore likely have a complex causal web [12]. Environmental and psychosocial factors
potentially play a greater role in the development of these behaviors over adolescence and should be a

focus of future research.

In Empirical Chapter 1, | wanted to identify groups of adolescents whose behaviors stood out from the
norm and examine what set them apart from the majority of this urban South African population.
Therefore, in the analyses for Empirical Chapter 1, | set the trajectory that included the highest

percentage of participants for each behavior as the referent group and compared the smaller
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trajectories to it. This method led to difficulties in interpretation and comparability of results with other
populations. To address this, for Empirical Chapter 2, | made the trajectory with the lowest duration of
each behavior as the referent group. This allowed me to examine if higher levels of physical activity,
sedentary behavior and sleep throughout adolescence were associated with more favorable body

composition at age 18 years.

The results of Empirical Chapter 2 showed that adolescent physical activity, sedentary behavior and
sleep were all related to young-adult body composition in urban South Africa, but that the contribution
of each behavior varies by sex. Being consistently physically active and getting more sleep per night
throughout adolescence was associated with more favorable body composition at age 18 years among
males. Being more sedentary over adolescence was associated with less favorable anthropometric
measurements among females. These findings suggest that adolescent physical activity, sedentary
behavior and sleep may be contributing to the high prevalence of overweight and obesity in urban South

Africa.

The first step in tackling the overweight and obesity epidemic in South Africa should be prevention.
Adolescence is a critical time to shape learning and behaviors, making it an ideal time for behavioral
interventions [8]. Healthy patterns of physical activity, sedentary behavior and sleep are usually
established and reinforced during adolescence [13]. These behaviors are modifiable risk factors that can
be targeted by public health interventions early in life. The findings from this dissertation suggest that
increasing physical activity, reducing sedentary behavior and maintaining adequate sleep duration
throughout adolescence are effective means to curb overweight and obesity in urban South Africa.
Public health efforts and interventions aimed at reducing overweight and obesity in this population

should focus on improving these behaviors in adolescence.
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6.3 Strengths and Limitations

The overarching strength of this dissertation is that it is the first longitudinal study of adolescent physical
activity, sedentary behavior and sleep in an African population. The data used for this research covered
six years of adolescence and followed up to age 18 years, covering multiple domains of physical activity,
sedentary behaviors and both weekday and weekend sleep. Another strength of this dissertation is the
use detailed body composition data obtained via DXA, the gold standard in body composition
measurement, in addition to anthropometric measurements. The use of DXA data allowed for the
distinction between fat mass and lean mass, providing a more accurate measure of overweight and
obesity than BMI. The main limitation of this dissertation was the use of self-reported physical activity,
sedentary behavior and sleep data, which is less reliable than objectively measured data. Additionally,
this dissertation did not include dietary data, and was therefore unable to address the potential impact

of adolescent dietary patterns on the relationship between movement behaviors and body composition.

A methodological strength of this dissertation was the use of LCGA to model changes in physical activity
sedentary behavior and sleep over time. This approach identified subsets of individuals whose behaviors
differed from the population norm, allowing a more complete picture of these behaviors over time in
this population. The use of LCGA presented some limitations, as validity of LCGA is occasionally
guestioned [14]. In LCGA, model fit statistics may not adequately differentiate between a model with
multiple latent classes and a single-class model with non-normal outcomes [14]. Further, trajectory class
membership is based on estimated posterior probabilities from a maximum likelihood analysis and not
all participants follow a trajectory perfectly [9]. An additional methodological strength of this
dissertation was the use of a novel approach in describing an overall physical activity pattern covering
multiple domains of physical activity. This approach was also used to identify an overall pattern of all

movement behaviors over time but was not as successful.
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Despite its limitations, this dissertation contributes prospective data on adolescent physical activity,
sedentary behavior and sleep from Africa. Further, the results of this dissertation offer new insights into
the role of these adolescent behaviors on the overweight and obesity epidemic engulfing South Africa

and other LMICs.

6.4 Directions for Future Research

This dissertation has unearthed the following research gaps:

1. This research was unable to address the potential impact of dietary patterns on the association
between adolescent movement behaviors and later adiposity. Future research should model
longitudinal adolescent dietary patterns alongside the movement behavior patterns and
examine their concurrent influence on body composition at age 18 years.

2. | conducted sex-stratified analyses but did not directly compare males and females. Additional
research is needed to see if sex mediates the associations between adolescent trajectories and
adult outcomes. This research may help in understanding the vast sex-differences in overweight
and obesity prevalence in South Africa.

IM

3. This study had limited success identifying overall “movement behavior” patterns using group-
based multi-trajectory modeling. This approach may still provide a novel way of summarizing
these behaviors over time, but more methodological testing is needed.

4. Socioecological factors in childhood did not predict much of the variability in adolescent physical
activity, sedentary behavior or sleep trajectories. Future studies should explore the associations
of environmental and psychosocial variables with adolescent physical activity, sedentary

behavior and sleep, as these variables may be more easily targeted by interventions and policy

changes.



124

5. This research examined the association of adolescent physical activity, sedentary behavior and
sleep with indicators of overweight and obesity at age 18 years. It is still unknown if and how
these behaviors are associated with outcomes later in adulthood. Future research in this cohort
should explore the prospective association of adolescent physical activity, sedentary behavior
and sleep, and cross-sectional association of current adult behaviors, with overweight and
obesity in later adulthood.

6. This research was conducted in an urban South African population and may not be generalizable
to more rural populations. Additional research is needed on the associations between
adolescent physical activity, sedentary behavior and sleep and young-adult overweight and
obesity in rural South Africa.

7. Household and family patterns may influence adolescent behaviors and young-adult body
composition. The intergenerational effects of household and family patterns are worth

examining in future research.

6.5 Public Health Implications

The findings from this dissertation can be used by public health researchers to design interventions,
prevention strategies and educational material aimed at reducing the burden of overweight and obesity
in South Africa. Taking a life-course approach to this research enabled the identification of risk factors
and higher-risk groups earlier in life, supporting current efforts for prevention and control of NCDs
before disease occurrence. Understanding how these modifiable risk factors develop over time and
which patterns are related to unfavorable body composition will ensure the concentration of
intervention resources and efforts where they will have the most impact. Starting public health
interventions earlier in adolescence or pre-adolescence will set up healthier lifestyle trajectories that

carry into and through adulthood. This research shows that addressing physical activity, sedentary and
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sleep behaviors earlier in adolescence is important in urban South Africa, as prevention of weight gain
may be more effective than weight loss in reducing obesity rates. Addressing these behaviors earlier in

adolescence has the potential to promote health in future adults as well as the next generation.

6.6 Conclusions

In conclusion, this dissertation has added to the considerable lack of longitudinal adolescent physical
activity, sedentary behavior and sleep data from Africa. The majority of this urban South African study
population failed to meet the WHO recommendation for physical activity and engaged in high amounts

of sedentary behavior, but reported receiving adequate amounts of sleep over adolescence.

This research has demonstrated the importance of allowing for heterogeneity when examining
adolescent physical activity, sedentary behavior and sleep longitudinally. It has shown that there are
subsets of individual adolescents in urban South Africa whose behaviors differ from those of the

population norm, and who may be at greater/reduced risk of overweight or obesity in young adulthood.

Being consistently physically active and getting more sleep per night throughout adolescence was
associated with more favorable young adult body composition in urban South African males. Being more
sedentary over adolescence was associated with less favorable anthropometric measurements in urban
South African females. These findings suggest that adolescent physical activity, sedentary behavior and
sleep are modifiable behaviors that may be contributing to the prevalence of overweight and obesity in
urban South African adults. These behaviors are modifiable and may be paths for public health

interventions to curb overweight and obesity in South Africa and other LMICs.
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