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Abstract

Background: Prenatal overnutrition due to maternal obesity or diabetes can
induce metabolic and physiologic changes in the fetus that increase the
child’s risk of developing cardiovascular disease later in life. These changes
may also alter the child’s physiological response to physical activity. Howev-
er, few studies have explored the potential interaction between prenatal
overnutrition and offspring physical activity as determinants of cardiovascu-
lar health.

Objective: We aimed to determine the extent to which children who experi-
enced prenatal overnutrition are more sensitive to the harmful effects of
physical inactivity on developing cardiovascular disease later in life.

Methods: We analyzed data from the National Longitudinal Study of Adoles-
cent and Adult Health (Add Health), a nationally representative cohort of US
adolescents followed into adulthood (2=20,745) with four data collection
waves between 1994 and 2008. The outcome was predicted 30-year cardio-
vascular disease (CVD) risk in early adulthood (Wave IV), computed by a val-
idated algorithm based on objective cardiometabolic measures. Using gen-
der-stratified multivariable linear regression, we modeled log-transformed
30-year CVD risk as a function of (1) low and high birth weight and (2) self-
reported moderate-to-vigorous physical activity (MVPA) frequency in ado-
lescence (Wave I) and young adulthood (Wave I1I), adjusting for age, smok-
ing, and sociodemographic factors.

Results: Greater MVPA frequency in adolescence was associated with lower
predicted 80-year CVD risk in high birth weight (HBW) females (3=-0.018
[95% confidence interval: -0.032, -0.005], p=0.02 for HBWxMVPA interac-
tion) and to a lesser degree in HBW males (3=-0.008 [95% CI: -0.019, 0.003],
$=0.09 for HBWxMVPA interaction). In females and males of low birth
weight (LBW) or normal birth weight, MVPA frequency in adolescence was
not significantly associated with predicted 30-year CVD risk and
LBWxMVPA interactions were not significant. In females and males of any
birth weight, MVPA frequency in early adulthood was not significantly asso-
ciated with predicted 30-year CVD risk.

Conclusions: Greater adolescent MVPA was most strongly associated with low-
er 30-year CVD risk in those who were born HBW, especially HBW females.
Children born at HBW may be especially sensitive to the effects of physical
activity on reducing risk of cardiovascular disease later in life, with important
implications for disease prevention and health policy.
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Introduction

Cardiovascular disease is the leading cause of death worldwide, accounting
for an estimated 17.5 million deaths in 2012.! Adult behaviors such as physical
inactivity, poor dietary habits, and smoking are long-established factors that
increase the risk of developing cardiovascular disease, and these are a major
focus of current individual and population-level interventions. Recently,
however, interest has grown in the role that developmental factors may play
in the pathogenesis of cardiovascular disease and other chronic diseases.

The developmental origins of health and disease (DOHaD) hypothesis first
proposed by David Barker posits that adverse conditions in early life can
predispose a person to chronic diseases such as heart disease, diabetes, and
obesity later in life.? A large and accumulating body of epidemiologic and
biological research supports and extends Barker’s hypothesis. This evidence
suggests that maternal health during the prenatal period in particular can af-
fect fetal development, altering physiology in ways that increase future risk
of cardiometabolic diseases.? In addition to ongoing research into genetic
and environmental mechanisms, a growing understanding of epigenetics has
shed light on the pathophysiology underlying developmental programming.
Epigenetic processes, including DNA methylation and histone modification,
can result in lasting changes to gene expression that are transmitted to off-
spring without changes in the DNA sequence.* Other mechanisms occurring
in early life may also contribute to cardiovascular disease (CVD) risk, includ-
ing abnormal organ development, fetal hormonal imbalances (e.g., glucocor-
ticoid overexposure, dysregulation of the renin-angiotensin system, elevated
leptin and insulin), oxidative stress, and sex-specific effects.’>6

Early studies by Barker and others focused on fetal undernutrition as the ini-
tial insult (“first hit”) that programs the fetus for adult disease.?”# Low birth
weight (LBW), a marker for fetal undernutrition and intrauterine growth re-
striction, has been associated with hypertension, insulin resistance, coronary
heart disease, renal disease, and diabetes.914

Prenatal overnutrition and cardiometabolic risk

With obesity and type 2 diabetes mellitus becoming increasingly prevalent
worldwide, fetal overnutrition is a relatively new avenue for research to ex-
pand understanding and suggest new preventive interventions. Overnutri-
tion is a form of malnutrition in which major nutrients are supplied in excess
of amounts required for normal metabolism, and is generally associated with
maternal obesity and maternal diabetes. High birth weight (HBW) is a result
of and indicator for prenatal overnutrition.!



A large body of literature supports an association between high birth weight
and later obesity.!®~18 Interestingly, several studies have found elevated adult
diabetes risk in those born at low birth weight (<2.5 kg) and in those born at
high birth weight (generally >4 kg); that is, a U- or J-shaped relationship be-
tween birth weight and risk of diabetes.!®!° With regard to cardiovascular dis-
ease, there is conflicting evidence. Many large observational studies have
shown a generally inverse relationship between birth weight and CVD,?20-23
despite the associations of HBW with diabetes and obesity, which are CVD
risk factors. However, high birth weight is a heterogeneous category that in-
cludes physiologically and developmentally normal babies, especially in old-
er cohorts that predate the current epidemic of obesity and type 2 diabetes;
relatively few studies with long-term follow-up have assessed cohorts born
since the rise of these diseases. Therefore, it is possible that disease associa-
tions with HBW may be fundamentally different in contemporary popula-
tions.

A recent prospective study found that children born large for gestational age
who displayed accelerated postnatal growth had higher blood pressure at five
years of age.?* In a study of a Canadian pediatric population, a positive asso-
ciation was found between high birth weight and diastolic blood pressure.?
High birth weight has been associated with atrial fibrillation?6?” and carotid
intimal media thickness."” A meta-analysis of 31 studies found that HBW was
associated with higher systolic and diastolic blood pressure in childhood but
lower blood pressures in adulthood.?® Other recent studies have not found
significant associations between HBW and later CVD risk.?3% However, re-
search examining prenatal overnutrition and cardiovascular outcomes in US
populations has been limited. To date there have been no large-scale cohort
studies, and none in adolescents or young adults.

Physical activity and cardiometabolic risk

It is well established that physical activity is a key behavioral determinant of
cardiovascular health, being linked to lower risk of heart disease and stroke.?!
Moderate-intensity exercise is associated with lower risk of type 2 diabetes in
prospective studies.?? Studies of children and adolescents using objective
measures of physical activity have linked higher physical activity levels and
cardiorespiratory fitness with lower adiposity3® and metabolic risk.* More-
over, adolescence and young adulthood represent a pivotal period for prima-
ry prevention of cardiovascular disease, as lifelong behavioral patterns are
established that prevent or promote obesity, insulin resistance, and hyper-
tension.®

Interaction between physical activity and prenatal overnutrition

Emerging evidence indicates that the long-lasting effects of excess nutrition
in the intrauterine period may be modified by physical activity, diet, and
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other behaviors long after birth. Given what is known about traditional car-
diovascular risk factors,?® developmental and behavioral factors together
may have an additive or even multiplicative effect on CVD risk (Figure 1).
Recent studies in animals and in humans have explored the potential interac-
tion between physical activity level and early life stressors as determinants of
cardiometabolic health. In laboratory experiments, improvements in meta-
bolic measures have been reported in exercised versus sedentary rats born to
obese dams.?7:38

Several human studies have explored the potential interaction between phys-
ical activity level and developmental factors as determinants of cardiometa-
bolic health. In studies of middle-aged and elderly populations, low cardi-
orespiratory fitness and physical activity levels were found to strengthen the
association of small birth size with metabolic syndrome?® and type 2 diabe-
tes.** In adolescents, weaker estimated effects of low birth weight on serum
leptin*! and on insulin resistance*? were observed in those with greater physi-
cal activity. All four studies had European populations and relatively modest
sample sizes. With respect to high birth weight, the analogous question is
whether those who experienced overnutrition in utero are more sensitive to
the salutary effects of physical activity later in life. A recent cross-sectional
study found that the effect of HBW on obesity in adolescents was mitigated
by greater physical activity, especially in girls.*® Other studies have not found
evidence that physical activity or fitness moderates the association between
birth weight and metabolic risk.*

None of these prior studies assessed CVD-specific outcomes. Further, none
used longitudinal design with prospective assessment of outcomes after
physical activity exposures; all assessed physical activity and outcomes of in-
terest at a single time. Therefore, we undertook the first study examining
longitudinal associations of birth weight and physical activity on later cardi-
ovascular risk in a large, nationally representative prospective cohort.

Physical
activity

Adult CVD
risk

Figure 1. Directed acyclic graph of hypothesized relationships
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Obijectives

Our principal aim was to determine the extent to which birth weight modi-
fies the estimated effect of physical activity on adult cardiovascular risk. We
hypothesized that children who experienced prenatal overnutrition or un-
dernutrition are more sensitive to the harmful effects of physical inactivity
on developing cardiovascular disease later in life, and therefore that physical
activity is more strongly associated with lower 30-year CVD risk in partici-
pants who had high or low birth weight.

Methods

Source data

We examined existing data from the National Longitudinal Study of Adoles-
cent to Adult Health (Add Health), a nationally representative cohort of
20,745 US adolescents followed into adulthood.** The primary purpose of
Add Health is to study how environments and behaviors in adolescence af-
fect health and academic and career achievement outcomes in young adult-
hood. Four “waves” of in-home interviews were conducted between 1994 and
2008, collecting data on socioeconomic, family, community, psychological,

Longitudinal Design

In-School In-Home
Administration Administration

Wave | = School Adolescents
1994-1995 s&’,"f{';s Admint in grades 7-12 [l T2
(79%) % 144 20,745 :
...................................................... ‘.

Wave Il ‘School Adolescents
1996 Admin in grades 8-12
(88.6%) 128 14,738

Wave Il Partners Young Adults
2001-2002 1507 Aged 18-26*
(77.4%) ! 15,197

Wave |V Adults
2007-08 Uy ?g‘:y Aged 24-32t
(80.3%) - 15,701

Wave V Adults
2015-18 Aged 31-42
Target: 19,831

* 24 respondents were 27-28 yearsold. 152 respondents were 33-34 yearsold.
1 144 schools participated in in-schooladmink ion. School inistration qu ires from 143 of these schools.

Figure 2. Add Health study design schematic



and health factors (Figure 2). Data were collected from participants, parents,
school administrators, siblings, and friends. Waves I and II represent the ado-
lescent period, whereas Wave III and Wave IV represent young adulthood.
Wave IV additionally included collection of clinical data from participants.

Participants

Selection criteria and sample design in Add Health

Add Health’s target population was all adolescents in the United States who
were in grades 7-12 in 1994-95. The study employed a school-based clus-
tered sampling design. From a sampling frame of 26,666 US high schools, 80
high schools and their feeder schools were selected using randomization that
weighted each school according to its size. The final sample included 145
schools in 80 communities, comprising more than 100,000 adolescent stu-
dents. Full details of the Add Health design are available on the study web
site.46

From this group, 90,118 students completed an in-school questionnaire for
the first stage of Wave I (1994-95). These respondents were then stratified
according to sex and grade and a core sample was selected (n=12,105), with
roughly equal individual-level and school-level sample sizes for each of the
12 strata (six grades and two sexes). Supplemental samples were drawn based
on responses to the in-school survey for several special groups (Cuban, Puer-
to Rican, or Chinese ethnicity; and blacks having a parent with a college de-
gree), adoption status, and disability. Sampling weights were applied to create
an overall sample that was representative of the US population of adolescents
at baseline. During the second stage of Wave I, participants in the core and
supplemental samples (2=20,745) and their parents were interviewed in their
home as described in the following section on data collection.

All adolescents who were initially in grades 7-11, as well as 12th graders in the
genetic sample and adopted sample were re-interviewed at home approxi-
mately one year later for Wave II (1996, n=14,738). Wave III (2001-2;
n=15,197) consisted of in-home interviews with Wave I respondents, then
aged 18-26, who could be located, as well as their partners. Wave IV (2008-9)
also consisted of in-home interviews with Wave I respondents, then aged 24—
32, who could be located; 80.3% participated, resulting in a sample size of
15,701. In Wave IV, biomarkers and other clinical data were obtained from
participants in addition to a new in-person questionnaire as described below.

Participant recruitment and consent

No new participants were recruited for our study. All data use was in compli-
ance with the Add Health restricted-use data contract. The research was de-
termined to be exempt from 45 CFR 46 regulations by the Institutional Re-
view Board of Oregon Health & Science University.
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Selection criteria and sample design for the current study

Starting with all participants in the core and supplemental samples (Figure
3), we excluded 7740 participants who did not participate in Waves I, III, and
IV because of the key variables drawn from each of these waves. We also ex-
cluded those who were pregnant at Wave IV (n=446) because we anticipated
that physiologic changes of pregnancy would interfere with interpretation of
associations. We then excluded participants who were missing any compo-
nent of the 30-year CVD risk prediction algorithm (2=1822) because con-
struction of the outcome variable required all of these (age, gender, systolic
blood pressure, total cholesterol, high-density lipoprotein cholesterol, smok-
ing status at Wave IV, hypertension medication status at Wave IV, and diabe-
tes mellitus status at Wave IV). Finally, we excluded participants missing
moderate-to-vigorous intensity physical activity (MVPA) (n=31), birth weight
(n=2152), race/ethnicity (including “other” race) (n=104), or smoking status at
Wave I or I1II (n=39).

Single hot deck imputation was used to replace missing data for household
income at Wave I and parental educational attainment at Wave I; thus, there
were no participants excluded for missing data for these variables. Imputa-
tion is a means of avoiding selection bias that can be introduced by listwise
deletion of participants with any missing data. Hot deck imputation is tech-
nique that replaces missing values for a particular participant with observed
values from another, randomly selected participant with complete data.*’
The notdeck module for Stata was used with the following syntax: hotdeck

[education variable] [income Variable].48

A final total of 8440 participants remained in our analytic sample. Our use of
sample weights reduced the impact of losses to follow-up by weighting the
remaining participants to be representative of the target population. Com-
pared with participants who were excluded from analysis, those who were
included were more likely to be female, be white, be smokers at Wave 111,
and have parents who attended college; those included were also slightly
younger and had a slightly lower predicted 80-year CVD risk. These differ-
ences were generally minor and expected. Notably, missingness was unrelat-
ed to MVPA at Wave I or Wave III or birth weight category.



20,774 participants in Add Health

\4

A 4

13,034 participated in Waves |, Il
&IV

v

7740 did not participate in 21 of
Waves |, Il & IV

A 4

12,588 non-pregnant

446 were pregnant at Wave IV

14% loss >

\ 4
10,766 with all variables to calcu-
late 30y CVD risk

0.3% loss

1822 were missing =1 compo-
nent of 30-year CVD risk calcula-

\ 4

A 4

10,735 with Wave | & Il MVPA

31 missing MVPA data for Wave |
&1

A 4

20% loss

A\ 4

2152 missing birth weight

8583 with birth weight

A\ 4

1.2% loss

A\ 4

104 “other” or missing race

8479 not “other” or missing race

0.5% loss >

A 4

39 missing smoking status at
Wave | or Il

8440 with Wave | & Ill smoking
status

A 4

0% loss

A 4

8440 in analytic sample

Imputed household income
and/or parent education at Wave
| for all missing

12,334 total excluded

Figure 3. Inclusion and exclusion criteria for analytic sample
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Data collection

Add Health questionnaires

At each data collection wave of Add Health, participants were asked to re-
spond to questions on topics such as health status, psychological status, soci-
oeconomic status, nutrition, behaviors, environmental context, health-
facility utilization, family and peers, and drug use. The majority of inter-
views took place in participants’ homes. An interviewer asked questions and
entered participants’ responses into a computer for less sensitive sections of
the questionnaire, whereas participants used an audio computer-assisted
self-interview for more sensitive sections to improve the reliability of self-
reported information.

Wave I (1994-95) included a parental questionnaire on demographic and
health information about themselves and their adolescent child, including
birth weight of the participant and parental diabetes and obesity at the time
of the interview.

Blood pressure and blood specimens

In Wave IV of Add Health, trained and certified field interviewers used ap-
propriately sized blood pressure cuffs and automatic monitors to measure
blood pressure. Systolic and diastolic blood pressure were measured (mm of
mercury) after the participant had rested at least five minutes in the seated
position, with three serial measurements at 30-second intervals. In Add
Health, the final measures were constructed as the average of measures 2 and
3 (98.8% of analytic sample). If either measure 2 or 3 was missing, the other
single measure was used (0.8% of analytic sample). In cases where both
measures 2 and 3 were missing, measure 1 was used (0.4% of analytic sample).

Field interviewers also collected dried capillary whole blood spots via finger
prick and applied to blood collection cards, which were sent to an external
lab for processing. Blood assays included lipid profile, measured by colori-
metric and fluorimetric assays (mg/dL)*°, and hemoglobin Alc, measured by
turbidimetric inhibition immunoassay (percent).’°

Study variables

Outcome

We selected the 80-year cardiovascular disease (CVD) risk prediction algo-
rithm developed by Pencina et al. as our outcome variable.’! This algorithm
quantifies overall cardiovascular health using a panel of established cardio-
vascular risk factors, and is derived from the Framingham Offspring cohort,
whose participants were followed prospectively from baseline examination
in 1971-74 for a median of 82 years.*? Data from participants aged 20-59



years (n=4506) were used to create the algorithm. The strengths of this algo-
rithm are that it is derived from a seminal longitudinal study of cardiovascu-
lar outcomes in a United States population, it includes a younger age group
than most other cardiovascular risk scoring systems, it accounts for the com-
peting risk of non-cardiovascular death, it was internally validated as a good
predictor of long-term cardiovascular risk, and it is compatible with a com-
bination of continuous and categorical risk factors.

Because the absolute incidence of cardiovascular events is very low in young
adults, analysis of associations with a CVD event-based outcome would be
difficult. Using predicted CVD risk as an outcome instead allows adequate
statistical power to establish associations. Moreover, because this algorithm
predicted a range of CVD events, it should capture more of those at risk than
would a single component (e.g., blood pressure).

We used the “full CVD” algorithm of Pencina et al., which predicts 80-year
risk of coronary death, myocardial infarction, fatal or non-fatal stroke, coro-
nary insufficiency, angina pectoris, transient ischemic attack, intermittent
claudication, or congestive heart failure. The algorithm uses age, sex, systolic
blood pressure, total cholesterol, high-density lipoprotein cholesterol, smok-
ing status, diabetes status, and hypertension medication status as inputs. Alt-
hough the outcome variable is computed as a percentage (estimated percent
risk of CVD over the ensuing 30 years), it is not a measure of counted events
per unit time; the risk of CVD is essentially a scoring system with a scale of O
to 100. The range in our sample was 1 to 59.

Age was measured at the time of the Wave IV questionnaire and ranged from
24-34. We constructed the variable using the formula (interview month &
year) - (self-reported month & year of birth). Only 52 respondents in our
sample were 33 or 34 years old at the time of interview; these were recoded
to age 32 to reduce imprecision at the upper end of the distribution.

Sex was derived from self-reported gender at Wave IV or the most recent
wave for which the participant reported a gender. Add Health did not record
transgender status, but in the analytic sample four subjects reported male
gender at Wave I and female gender at subsequent waves, and three subjects
reported female gender at Wave I and male gender at subsequent waves.

Systolic blood pressure (SBP) was measured as a continuous variable at
Wave IV using the constructed variable from Add Health as described above.

Total cholesterol (TC), an estimate of circulating cholesterol bound to all
lipoproteins, was measured from finger prick blood samples at Wave IV as
described above.



High-density lipoprotein cholesterol (HDL-C), a measure of circulating an-
ti-atherogenic particles, was measured from finger prick blood samples at
Wave IV as described above.

Unlike low-density lipoprotein cholesterol (LDL-C), TC and HDL-C do not
require a fasting blood sample. Many studies have shown that non-HDL-C
(TC minus HDL-C) is equal or superior to LDL-C as an estimate of cardio-
vascular event risk.’3-% Due to concerns about limited precision, Add Health
reported deciles for TC and HDL-C rather than absolute values, so we con-
verted deciles of these variables to median values of deciles derived from
NHANES 2007-8 and 2009-10 participants (Appendix Table Al), because
absolute values were required by the risk prediction algorithm.%6:57

Smoking status: We constructed a binary variable that defined current
smoking at Wave IV as >1 cigarette per day on each of the previous 30 days.
Numerous studies have demonstrated a large increase in CVD risk with even
one cigarette per day.58-6!

Diabetes status: We used the constructed variable C_JOINT from Add
Health to assign diabetes status. This variable classified participants as having
diabetes if they met one or more of the following criteria: Hemoglobin Alc
(HbAlc, glycated hemoglobin) of > 6.5%, fasting glucose > 126 mg/dL, non-
fasting glucose > 200 mg/dL, self-reported history of diabetes except during
pregnancy, or self-report of using anti-diabetic medication in the previous
four weeks.

Hypertension medication status: We constructed a binary variable based on
self-reported prescription medication use in the previous four weeks at
Wave IV. As part of the Add Health Wave 1V interview, a trained interviewer
looked up each reported medication in a medication information and classi-
fication database (Multum Lexicon™, Cerner Multum, Inc.; Denver, Colo.)
We included codes for medication classes that are used to treat hypertension;
these are listed in Appendix Table A2.

Primary exposures

Physical activity at Wave I and Wave III were our primary exposure varia-
bles. These were measured as self-reported weekly frequency of moderate-
to-vigorous intensity physical activity (MVPA), such as skating and cycling,
fitness exercise, or active sports, using a standard, interview-administered
activity recall based on self-report questionnaires that have been validated in
other epidemiologic studies.®? Participants were in grades 7-11 at Wave I
(1995) and aged 18-26 at Wave III (2001-2). Because of the typically different
life situations between middle/high school and young adulthood, we ex-
pected significant intraindividual changes in MVPA frequency from Wave I
to III. Given the similarity of these two variables, we checked for correlation
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and collinearity as detailed in the statistical analysis section below. Because of
changes in Add Health’s physical activity questions between waves, Wave 111
MVPA (33 activities per week maximum) was scaled to make it comparable to
Wave I MVPA (16.5 activities per week maximum) by multiplying by
(16.5/88), as other researchers have done.%3.64

Original survey questions from which these variables are derived, including a
list of activities asked in the questionnaire, are listed in Appendix Table A3.6°

Effect modifiers

Birth weight of adolescent participants was assessed in the parent interview
during Wave I and recorded to the nearest ounce. We used clinically relevant
thresholds for low and high birth weight that have been used in many prior
studies: Low, <2.5 kg (5 1b, 8 0z); Normal, 2.5-4 kg; High, >4 kg (8 b, 13 0z).

Gender is an established risk factor for cardiovascular disease; males have
significantly higher risk but also tend to be more physically active. Our
method of variable construction is detailed in the Outcome section above.
Given the potential for interactions between gender and other factors, we
stratified all analyses by gender. Gender differences in developmental pro-
gramming-related effects and gender interactions have been reported in
many studies and have biological plausibility.43:66-68

Potential confounders

We considered the following variables to be potential confounders because
they were likely to be associated with the primary exposures (physical activi-
ty) and the outcome (cardiovascular risk).

Age is an established risk factor for cardiovascular disease and tends to be
inversely correlated with physical activity. Wave IV age was used; see above
for details of variable construction. Although Wave IV age was a component
of the algorithm used to create the outcome variable (predicted CVD risk),
including it separately as a covariate was important to adjust for its expected
confounding effect, as it is clearly associated with both the primary expo-
sures and the outcome. Because age is independently associated with physi-
cal activity, it should be included as a confounder; the CVD risk algorithm
does not itself include physical activity. Moreover, model building revealed
age to be an empirical confounder, as removal of age from the full model re-
sulted in substantial changes in the coefficient for MVPA at Wave I in gender
and birth weight-stratified models and lesser but still large (>10%) changes in
the coefficient for MVPA at Wave IIL

Smoking is an established risk factor for cardiovascular disease and is associ-
ated with lower physical activity.5® Because smoking status at Wave IV was
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included in the composite outcome variable, it was not included as a covari-
ate in the regression model. Instead we included smoking status at Waves I
and III because they were expected to be associated with MVPA at Waves I
and III; these were constructed as binary variables in the same way as Wave
IV smoking, described above.

Race/ethnicity is correlated with social and environmental determinants of
health and disease. In broad terms, non-whites and Hispanics are more likely
to experience socioeconomic adversity and also tend to have higher risk of
cardiovascular disease. Differences in physical activity level by race/ethnicity
have also been reported.”” We constructed a categorical race/ethnicity varia-
ble using self-reported race or ethnicity. All Hispanics were coded as Hispan-
ic, and remaining participants were categorized as white, black, Asian, or oth-
er.

Education level is a socioeconomic factor that is associated with both cardio-
vascular disease and physical activity. Assessing educational attainment early
in adulthood (e.g., Wave III, ages 18—-24) poses problems as many people do
not complete their education until later in their 20s or 80s. As parental edu-
cation is generally considered a good predictor of offspring education, we
used self-reported educational attainment of participants’ parents at Wave 1.
We constructed a categorical variable with three levels: no college, some col-
lege, and college degree or higher. Hot deck imputation was used to replace
missing data for this variable.

Household income is a socioeconomic factor that is associated with both
cardiovascular disease and physical activity. Household income was reported
on the parent survey at Wave I and entered as a continuous variable. Hot
deck imputation was used to replace missing data for this variable.

Statistical analysis

Statistical analysis was performed with the software package Stata version
13.1 (StataCorp, College Station, Texas). Where possible, analyses were con-
ducted using established survey procedures with sample weights to adjust for
the clustered sampling design of Add Health. This ensured that estimates
were nationally representative and not biased by the clustered sampling or
unequal selection probabilities. In Stata, we identified the survey design
characteristics with the svyset command and use the svy prefix for data anal-
ysis commands. Per Add Health guidelines, we used the cross-sectional sam-
pling weight for the wave from which the outcome variable is drawn
(GSWGT4_2), rather than a longitudinal sampling weight.”! We stratified all
analyses by gender given the high potential for gender-early-life and gender-
behavioral interactions, as noted above.
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Descriptive analysis

We conducted descriptive analyses within strata defined by cross-
classifications of gender and birth weight category.

Univariate analyses were conducted within each stratum to characterize the
data. For continuous independent variables this included mean, standard de-
viation, distribution, and extreme values; for categorical independent varia-
bles this included tabulation and cell counts. As stratification exacerbates
problems of sparse data and because high and low birth weight are relatively
uncommon, checking cell sizes and missing data was important to ensure ad-
equate numbers for analysis.

One of the assumptions of linear regression is that the dependent variable
has a normal distribution. We assessed the distribution of the outcome varia-
ble using gladder in Stata in order to display histograms of several transfor-
mations according to the ladder of powers. The outcome was not normally
distributed; a natural logarithm transformation achieved an approximately
normally distributed dependent variable for linear regression analysis (Ap-
pendix Figure Al).

Bivariate descriptive analyses were performed for variable pairs (dependent
variable with each independent variable) to assess unadjusted associations,
determine unweighted cell sizes, and identify non-comparable distributions.
This included cross-tabulation, correlation matrices, and ¢-tests as appropri-
ate for each pair of variables.

Regression analysis

We modeled predicted 30-year cardiovascular disease (CVD) risk as a func-
tion of moderate-to-vigorous physical activity (MVPA) at Waves I and I1],
birth weight category as an effect modifier, and confounders using gender-
stratified multivariable linear regression. While our data for independent
variables were drawn from repeated measures in Waves I, III, and IV, our
dependent variable was measured at Wave IV only; therefore our statistical
models were not longitudinal models as there were no repeated outcome
measures or follow-up period during which the outcome was assessed.

First, we calculated crude associations between the independent variables
(including the primary exposures) and the outcome variable, stratified by
gender and birth weight. However, because behavioral exposures are typical-
ly highly confounded, the utility and interpretability of the crude associa-
tions was limited.

We modeled continuous independent variables (age at Wave IV, MVPA at
Wave I, MVPA at Wave I1I, and household income at Wave I) as linear terms
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in the final model based on the results of linearity assessments of their rela-
tionships with the outcome in gender- and birth weight-stratified, crude
models. Each continuous independent variable was modeled both linearly
and categorized into quintiles; coefficients were graphed and assessed visual-
ly. Grand-mean centered variables were created from the independent vari-
ables and then higher order transformations were applied, tested for statisti-
cal significance, and graphed. Though they do not fully accommodate com-
plex survey data, 1owess and nlcheck were run on each crude association and
further supported the linearity assessments.

Spearman's rank correlation coefficients between the primary exposure vari-
ables (MVPA frequency at Wave I and at Wave I1I) were 0.22 and 0.24 within
females and males, respectively; the variance inflation factor (VIF) for these
variables ranged from 1.41 to 1.48. These indicate that the MVPA variables are
not highly correlated and have an acceptably low degree of collinearity.

Second, we used multivariable linear regression analyses to model predicted
30-year cardiovascular risk as a function of self-reported weekly frequency
of MVPA at Wave I and at Wave III, birth weight category (low, normal,
high), and interactions between birth weight category and each of the MVPA
variables. A separate analysis (model) was conducted for each of the two gen-
ders. Interaction terms between the two physical activity measures or all
three independent variables were not included. Because birth weight was cat-
egorized into three levels, two binary indicator (dummy) variables were used
for LBW and HBW; other categorical variables with more than two levels
were also coded with indicator variables. The following a priori confounders
(controls) were included in the models: age, race, smoking, parental educa-
tion level, and household income. These fully adjusted models improve
comparability with the literature on associations between physical activity
and cardiovascular outcomes, which typically adjusts for these variables. The
regression model for each gender was defined as follows:

In(CVD risk) = Bo + Bi(BWiow) + B2(BWhigh) + Bs(MVPAI1) + Bs(MVPA3) +
Bs(BWiowxMVPAI) + Bs(BWiowxMVPAS3) + B7(BWhighx MVPA1) +
Bs(BWhighxMVPAs) + Bk[covariates] + ¢

In Stata, the 1incom function was used to aid interpretation of interaction co-
efficients by calculating gender- and birth weight-specific associations be-
tween each of the two MVPA variables and log-transformed CVD risk.

In order to quantify confounding by each a priori confounder and confirm
that their inclusion did not affect model precision, we conducted an empiri-
cal confounding assessment. Starting with the full, gender-stratified models,
we employed the following process for both models:
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We fitted the fully adjusted model, including the interaction terms
specified above, stratified by gender.

We performed an empirical confounding assessment of each control
variable (listed in Table 1) by removing each individually from each of
the full models. We evaluated potential confounders by comparing
crude and adjusted birth weight-specific regression coefficients for
the primary exposures (MVPA; and MVPAg); if removal of a variable
changed either the MVPA; or MVPAgs coefficients by at least 107%, it was
considered a confounder.

Next, we cumulatively removed covariates that were not confounders.
Starting with the full model, we removed the weakest confounder
found in Step 2 (i.e., that which yielded the smallest percent change in
the coefficients for the primary exposures). We then removed the
next weakest confounder, proceeding until the coefficients for either
primary exposure changed by more than 10%, compared to the full
model. The precision of each estimate was assessed by the width of its
95% confidence interval.

Empirical confounding assessment yielded the confounders shown in Table
1. Exclusion of variables that did not meet the 10% criterion for confounding
did not significantly affect the precision of the main exposure associations,
represented by width of the 95% confidence interval for the regression coef-
ficients for MVPA1 and MVPAs. Therefore, we left all variables in the models.

Table 1. Empirical confounders by gender and birth weight category

Females

Males

NBW

HBW

LBW

NBW

HBW

LBW

age (Wave V)

race

smoking (Wave |)

smoking (Wave Il)

education (Wave |)

income (Wave l)

The regression coefficients for MVPAi;, MVPAs, LBW, HBW, and related in-
teraction terms in the final gender-stratified models were used to estimate

effect sizes by birth weight category and gender.

Main effects were considered statistically significant if the two-sided p-value
was less than 0.05. Statistical significance of the interactions was assessed at

$<0.10.
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Model diagnostics

We assessed potential multicollinearity between independent variables using
the variance inflation factor (VIF) in the final models. Maximum VIF values
were 3.88 and 4.99 and mean VIF values were 1.99 and 2.21 for females and
males, respectively. A maximum VIF of less than 10 is generally considered
acceptable, so we concluded that collinearity was not a concern in our mod-
els.

We performed residual analysis with plots of raw, standardized, and studen-
tized residuals, which confirmed the linearity, independence, and homosce-
dasticity (constant variance) assumptions of linear regression. Q—Q plots of
residual versus fitted values confirmed normality of the dependent variable
given any fixed values of the independent variables. Shapiro-Wilk, Shapiro-
Francia, and skewness tests suggested non-normality of the residuals (p<0.05
for all), but this is common with large sample sizes even if the distribution
deviates only mildly from normal. Finally, we tested Cook’s distance on un-
weighted data and found no influential points (outliers).

Statistical software packages including Stata 18.1 are currently very limited in
supporting model diagnostics using survey weights; therefore, except for raw
residual and Q-Q plots, model diagnostics were performed without account-
ing for survey weighting.

Results

Descriptive statistics

Participant characteristics are summarized in Table 2. More males than fe-
males were in the high birth weight (HBW) category (14.4% vs. 9.47%,
$<0.0005). In both genders, LBW was more prevalent among blacks and
Asians and those of lower education and household income. Conversely,
HBW was more prevalent among whites and Hispanics, and those of higher
education and household income. The socioeconomic relationships were
stronger in females than in males. Compared to NBW and HBW males, LBW
males had a greater proportion of smokers at Wave I and Wave III. Across
strata of birth weight by gender, there were no significant differences for
MVPA at Wave I or III.

Table 3 shows participant characteristics for variables on which the outcome
algorithm predicting CVD risk is based. At Wave IV, LBW females had a sig-
nificantly higher proportion of diabetes and higher mean predicted 30-year
CVD risk. Within each gender, across strata of birth weight, there were no
significant differences for smoking status, systolic blood pressure, total or
HDL cholesterol, or hypertension medication use at Wave IV.
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Table 2. Participant characteristics by gender and birth weight category

Females Males
NBW HBW LBW NBW HBW LBW

Count [%, unweighted] 3573 (78.4) 427(9.4) 559(12.3) |2918(75.2) 560 (14.4) 403 (10.4)
Age, Wave IV mean (SE) 28.0(0.1) 282(0.2) 282(0.2) |282(0.1)  28.4(0.1) 28.2(0.2)
Race/Ethnicity [%]

White 81.2% 11.4% 7.4% 75.1% 18.6% 6.3%

Black/African-American 79.2% 5.1% 15.7% 75.6% 11.0% 13.4%

Asian/Pacific Islander 76.3% 9.0% 14.6% 86.4% 5.8% 7.8%

Hispanic/Latino 77.0% 13.2% 9.8% 74.5% 14.5% 11.1%
Parent’s Highest Education, Wave | [%]

No college 471% 42.6% 62.1% 47.0% 44.2% 52.6%

Some college 19.3% 20.3% 18.2% 19.9% 21.8% 17.1%

College degree or higher 33.6% 37.2% 19.7% 33.1% 34.0% 30.3%
Household income x$1000, Wave | mean (SE) 48.0(1.8) 47.3(2.1) 36.0(2.1) |45.3(1.6) 49.5(2.9) 40.7(2.8)
Smoker, Wave | [%] 11.2% 11.2% 9.5% 9.3% 10.1% 12.9%
Smoker, Wave IlI [%] 23.5% 27.1% 23.5% 27.2% 27.8% 29.9%
Smoker, Wave IV [%] 22.7% 25.0% 25.2% 27.3% 28.2% 25.4%
MVPA weekly frequency

Wave | mean (SE) 5.8 (0.1) 57(0.2) 54(04) [7.4(0.1) 7302 7.5(0.5)

Wave Ill [normalized] mean (SE) 2.4(0.1) 27(0.2) 25(0.2 3.2(0.1) 3.2(0.1) 3.6 (0.3)

Bold text indicates p<0.05; pairwise comparison with NBW as referent for continuous variables; x° test for any
difference for categorical variables. NBW: normal birth weight. HBW: high birth weight. LBW: low birth weight.
MVPA: moderate-to-vigorous physical activity. CVD: cardiovascular disease.

Table 3. Component variables of predicted 30-year CVD risk algorithm by gender and birth weight

Females Males

NBW HBW LBW NBW HBW LBW
Count [%, unweighted] 3573 (78.4) 427 (9.4)  559(12.3) |2918(75.2) 560 (14.4) 403 (10.4)
Age, Wave IV mean (SE) 28.0 (0.1) 282(0.2) 282(0.2) |28.2(0.1) 28.4(0.1) 282(0.2)
SBP, Wave IV mean (SE) 120.8(0.3) 120.2(0.8) 121.2(1.0) |130.7(0.3) 129.3(0.8) 130.7 (0.9)
Total cholesterol, Wave IV mean (SE) 186.8(1.1)  182.6(2.4) 186.0(2.5) |188.6(1.0) 186.6(2.7) 188.7(3.2)
HDL cholesterol, Wave IV mean (SE) 54.3 (0.4) 54.3(1.0) 53.3(1.0) 49.0 (0.4) 48.3(0.7) 48.6 (1.1)
Hypertension medication, Wave IV [%] 4.4% 5.8% 3.2% 3.8% 4.5% 6.9%
Diabetes, Wave IV [%] 5.9% 5.4% 10.8% 6.2% 57% 6.4%
Smoker, Wave IV [%] 22.7% 25.0% 25.2% 27.3% 28.2% 25.4%
30-year CVD risk %, Wave IV, mean (SE) 6.8 (0.1) 6.8 (0.3) 7.5(0.4) 12.1(0.2) 121(0.4) 12.2(0.6)

Bold text indicates p<0.05; pairwise comparison with NBW as referent for continuous variables; x* test for any
difference for categorical variables. NBW: normal birth weight. HBW: high birth weight. LBW: low birth weight.
CVD: cardiovascular disease.
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Table 4. Selected component variables of algorithm by quartile of predicted CVD risk, by gender

Females Males
Quartiles of predicted CVD risk Quartiles of predicted CVD risk

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
SBP [mmHg], Wave IV mean (SE) 114.8 121.9 125.1 133.0 117.8 124.6 128.7 135.3

(0.3) (0.5) (0.6) (1.0) (1.0 (0.6) (0.4) (0.5)
Total cholesterol [ng/dL], Wave 176.3 188.6 193.5 205.0 152.4 173.5 186.5 199.0
IV mean (SE) (1.3) (1.4) (1.8) (3.1) (3.0 (2.0) (1.4) (1.5)
HDL cholesterol [ng/dL], Wave IV 59.1 52.7 49.0 48.1 59.1 54.4 49.6 45.1
mean (SE) (0.5) (0.6) (0.7) (1.1) (1.6) (0.8) (0.6) (0.5)
Hypertension medication, Wave 0.6% 1.4% 8.5% 19.8% 0.0% 0.0% 1.1% 8.7%
IV [%]
Diabetes, Wave IV [%] 0.2% 3.1% 8.6% 33.1% 0.0% 0.4% 1.1% 13.0%

Quartiles are defined from pooled sample of both genders. Bold text indicates p<0.05; pairwise comparison with
QI as referent for continuous variables; x* test for any difference for categorical variables. MVPA: moderate-to-
vigorous physical activity. SBP: systolic blood pressure. HDL: high density lipoprotein. CVD: cardiovascular dis-

€ase.

Table 4 displays variables that are inputs of the risk prediction algorithm
with quartiles of the algorithm output (predicted 80-year CVD risk). Diabe-
tes, blood pressure, and hypertension medication track most closely with
predicted CVD risk.

Table 5 shows means and proportions of participant characteristics by quar-
tile of predicted 80-year CVD risk. Predicted risk was generally higher in
males than females, as expected based on the algorithm, which assigned
higher risk for male gender. In both genders, neither race/ethnicity nor birth
weight category differed across quartiles of CVD risk. Weekly frequency of
MVPA at Wave I was lower in higher quartiles of predicted CVD risk at Wave
IV in both genders, and a similar but weaker association was seen for MVPA
at Wave III.

Smoking prevalence at Wave I and Wave I1I was greater with increasing
quartile of predicted CVD risk at Wave IV in both genders. Education level
and household income at Wave IV were inversely associated with CVD risk
in both genders, and the trends were more pronounced in females, especially
for income.
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Table 5. Participant characteristics by gender and quartile of predicted 30-year cardiovascular risk

Females

Males

Quartiles of predicted CVD risk

Quartiles of predicted CVD risk

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Count [%, unweighted] 1960 (43.0)  1,359(29.8)  764(16.8)  476(10.4) | 150(3.9) 751 (19.4) 1,346 (34.7) 1,634 (42.1)
Age, Wave IV mean (SE) 27.4(0.1) 28.4(0.1) 285(0.2) 29.0(0.2) |266(0.2) 27.3(0.1) 28.2(0.1) 28.8(0.1)
Race/Ethnicity [%]

White 71.8% 71.2% 74.6% 77.5% 72.2% 71.6% 74.5% 75.8%

Black/African-American 14.6% 13.5% 13.3% 13.8% 13.7% 14.4% 11.0% 10.9%

Asian/Pacific Islander 3.0% 3.8% 1.5% 2.3% 4.9% 2.9% 3.7% 2.5%

Hispanic/Latino 10.5% 11.5% 10.6% 6.4% 9.3% 11.1% 10.8% 10.8%
Birth weight category (%)

Normal 79.9% 81.9% 79.4% 79.0% 75.7% 75.8% 75.3% 74.9%

High 12.1% 8.5% 10.8% 11.0% 22.5% 15.4% 17.5% 17.1%

Low 8.0% 9.6% 9.7% 9.9% 1.8% 8.8% 7.2% 8.1%
Smoker, Wave | [%] 5.7% 9.8% 16.6% 25.6% 0.0% 1.1% 6.8% 16.4%
Smoker, Wave Il [%] 11.9% 22.1% 38.2% 50.5% 13.0% 14.2% 18.2% 41.6%
Smoker, Wave IV [%] 4.1% 18.9% 48.2% 66.1% 1.9% 3.0% 14.9% 49.3%
Parent’s Highest Education, Wave | [%]

No college 43.3% 47.4% 52.3% 59.8% 35.4% 42.9% 43.7% 52.1%

Some college 18.2% 19.0% 20.6% 22.0% 19.0% 21.2% 20.6% 19.1%

College degree or higher 38.5% 33.6% 27.2% 18.2% 45.6% 35.9% 35.7% 28.8%
Household income x$1000, Wave | mean (SE) 51.2(2.2) 47.8(2.3) 38.8(20) 40.6(22) | 526(46) 47.9(3.3) 45.8 (1.8) 440(1.7)
MVPA weekly frequency

Wave | mean (SE) 6.2 (0.1) 5.6 (0.2) 5.2(0.2) 5.1(0.2) 8.3(0.4) 7.6(0.3) 7.6(0.2) 7.0(0.2)

Wave Ill [normalized] mean (SE) 2.6 (0.1) 2.6 (0.1) 2.0(0.1) 2.3(0.1) 4.0(0.3) 3.6(0.2) 3.3(0.1) 3.0(0.1)

Quartiles are defined from pooled sample of both genders. Bold text indicates p<0.05; pairwise comparison with Q1 as referent for continuous variables; ¥ test

for any difference for categorical variables. MVPA: moderate-to-vigorous physical activity.
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We next describe respondent characteristics across quartiles of the primary
exposures, MVPA at Waves I and III. Males and females of younger age and
who did not smoke at Wave I had higher MVPA at Wave I (Table 6). In fe-
males, white race, higher education, and household income were also corre-
lated with greater Wave I MVPA.

Race/ethnicity, parental education, and household income were more con-
sistently related to Wave III MVPA for males and females (Table 7). In males,
black race and Hispanic ethnicity were associated with greater Wave 111
MVPA. Smoking and MVPA were most strongly related in concurrent time
periods (i.e., measured at the same wave).

Weekly frequency of MVPA at Waves I and III were moderately correlated
(Spearman's rank correlation coefficients 0.22 and 0.24 for females and
males, respectively). No relationship was seen between birth weight category
and MVPA at either wave.
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Table 6. Participant characteristics by gender and quartile of Wave | MVPA

Females Males
Wave | MVPA quartile Wave | MVPA quartile
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Count [%, unweighted] 1455(31.9) 1,197 (26.3) 1,167 (25.6) 740(16.2) | 799(20.6) 777 (20.0) 1,135(29.3) 1,170 (30.2)
MVPA weekly frequency
Wave | mean (SE) 1.7 (0.0) 4.7 (0.0) 7.6 (0.0) 12.1(0.1) | 1.8(0.1) 4.7 (0.0) 7.8(0.0) 12.4(0.1)
Wave Ill [normalized] mean (SE) 1.9(0.1) 2.3(0.1) 2.7(0.1) 3.3(0.1) 2.3(0.2) 2.7(0.1) 3.3(0.1) 4.2 (0.1)
Age, Wave IV mean (SE) 28.6 (0.1) 28.2(0.1) 27.7(0.1) 27.3(0.1) | 29.0(0.1) 285(0.2) 28.0(0.1) 27.8(0.1)
Race/Ethnicity [%]

White 70.7% 68.7% 72.9% 82.9% 76.9% 76.2% 72.5% 73.5%

Black/African-American 17.0% 14.7% 13.0% 8.6% 10.8% 11.6% 12.2% 11.9%

Asian/Pacific Islander 1.6% 3.9% 3.3% 3.2% 2.4% 2.4% 3.5% 3.5%

Hispanic/Latino 10.7% 12.7% 10.8% 5.3% 9.9% 9.9% 11.8% 11.1%
Birth weight category (%)

Normal 78.2% 82.3% 80.6% 80.9% 74.2% 75.6% 76.1% 74.8%

High 11.3% 9.6% 10.8% 11.1% 19.3% 15.3% 16.8% 17.1%

Low 10.6% 8.2% 8.7% 8.0% 6.5% 9.1% 71% 8.1%
Smoker, Wave | [%] 15.4% 11.7% 8.6% 5.5% 15.7% 12.4% 8.2% 5.2%
Smoker, Wave lIl [%] 24.2% 23.3% 24.4% 23.6% 27.6% 31.0% 26.7% 26.0%
Smoker, Wave IV [%] 22.9% 23.6% 24.9% 20.5% 29.8% 29.4% 25.6% 25.9%
Parent’s Highest Education, Wave | [%]

No college 54.1% 49.1% 45.2% 38.6% 51.6% 50.4% 45.1% 43.4%

Some college 18.9% 18.8% 21.1% 18.3% 20.2% 18.7% 23.0% 17.7%

College degree or higher 27.0% 32.2% 33.7% 43.1% 28.3% 30.9% 31.9% 38.8%
Household income x$1000, Wave | mean (SE) 44.0(1.9) 44.9 (2.0) 46.2 (1.8) 56.1(3.2) 45.7 (2.6) 43.1(2.1) 46.0 (1.9) 47.0(1.9)

Quartiles are defined from pooled sample of both genders. Boldface indicates p<0.05; pairwise comparison with QI as referent for continuous variables; x* test
for any difference for categorical variables. MVPA: moderate-to-vigorous physical activity
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Table 7. Participant characteristics by gender and quartile of Wave 11l MVPA

Females Males
Wave lll MVPA quartile Wave Il MVPA quartile
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Count [%, unweighted] 1,781(39.1)  1,068(23.4)  994(21.8) 716(15.7) | 1,099(28.3)  867(22.3)  933(24.0) 982 (25.3)
MVPA weekly frequency
Wave | mean (SE) 5.1 (0.1) 5.5 (0.2) 6.2 (0.2) 7.1(0.3) 6.1(0.2) 7.1(0.2) 7.7(0.2) 8.9(0.2)
Wave Il [normalized] mean (SE) 0.4 (0.0) 2.0 (0.0) 3.6 (0.0) 6.8 (0.1) 0.4 (0.0) 2.0 (0.0) 3.7(0.0) 7.3(0.1)
Age, Wave IV mean (SE) 28.2(0.1) 28.1(0.1) 28.0(0.2) 28.0(0.2) 28.3(0.1) 28.3(0.2) 28.1(0.2) 28.1(0.1)
Race/Ethnicity [%]

White 69.2% 74.4% 74.0% 78.2% 78.9% 74.5% 73.1% 70.2%

Black/African-American 17.6% 12.3% 12.4% 9.1% 10.8% 11.8% 10.7% 13.8%

Asian/Pacific Islander 2.9% 2.7% 2.4% 3.9% 2.1% 2.8% 4.8% 2.6%

Hispanic/Latino 10.3% 10.6% 11.3% 8.8% 8.2% 11.0% 11.4% 13.3%
Birth weight category (%)

Normal 81.0% 80.6% 79.7% 79.2% 75.5% 75.5% 74.1% 75.8%

High 10.0% 10.3% 11.3% 12.2% 17.4% 16.9% 18.4% 15.6%

Low 9.1% 9.1% 9.1% 8.7% 71% 7.6% 7.5% 8.7%
Smoker, Wave | [%] 12.3% 10.9% 10.8% 8.4% 11.6% 10.5% 7.8% 8.4%
Smoker, Wave Il [%] 28.2% 21.0% 22.9% 18.4% 36.5% 28.7% 23.8% 19.0%
Smoker, Wave IV [%] 26.4% 22.6% 21.1% 18.7% 33.0% 27.4% 22.8% 24.7%
Parent’s Highest Education, Wave | [%]

No college 52.5% 49.1% 45.4% 38.1% 55.1% 42.4% 44.0% 44.1%

Some college 17.2% 20.5% 20.8% 20.9% 19.0% 21.5% 20.1% 19.7%

College degree or higher 30.3% 30.4% 33.9% 41.0% 25.9% 36.1% 35.9% 36.3%
Household income x$1000, Wave | mean (SE) 42.6 (1.5) 48.3 (2.3) 48.7 (2.6) 53.2 (2.7) 43.2(1.9) 45.4(2.2) 46.0 (2.1) 48.6 (2.6)

Quartiles are defined from pooled sample of both genders. Bold text indicates p<0.05; pairwise comparison with Q1 as referent for continuous variables; x° test
for any difference for categorical variables. MVPA: moderate-to-vigorous physical activity
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Regression model results

The fully adjusted model included age, race, smoking at Wave I, smoking at
Wave III, educational attainment, and household income at Wave IV. Model
coefficients and statistics, including models without birth weight and without
MVPA, are reported in Appendix Table A4 and Table Ab. In fully adjusted
models (Model 3), the coefficients for high birth weight and low birth weight
were positive for both genders, representing positive estimated effects of
HBW and LBW on predicted 30-year CVD risk at Wave IV (early adulthood),
given no physical activity (i.e., when MVPA;=0 and MVPAs=0). The coeffi-
cients for MVPA; and MVPAs were close to zero, representing small estimat-
ed effects of MVPA1 and MVPA3; on predicted CVD risk among those born at
normal birth weight. This suggests that frequency of physical activity in ado-
lescence and young adulthood does not have an appreciable independent as-
sociation with the adulthood cardiovascular risk factors that make up the risk
prediction algorithm.

Associations between MVPA frequency at Wave I (adolescence) and predict-
ed 80-year CVD risk at Wave IV (early adulthood) were significantly stronger
in HBW than NBW in females (interaction p=0.015) and males (interaction
$=0.094). Interactions between HBW and MVPA at Wave III were not signifi-
cant (interaction »>0.1). LBW did not modify the associations between MVPA
at Waves I or III and CVD risk (interaction p>0.1).

In both genders, coefficients for Wave IV age, Wave I smoking, and Wave III
smoking were positive, indicating positive estimated effects on predicted
CVD risk independent of other variables. Non-white race/ethnicity and
higher educational attainment generally had negative coefficients, suggesting
independent negative estimated effects on predicted CVD risk.

Physical activity—CVD risk relationships by birth weight category are depict-
ed graphically in Figure 4-7. In females born with high birth weight, greater
MVPA frequency at Wave I (adolescence) was associated with lower predicted
30-year CVD risk at Wave IV (early adulthood) (Figure 4). For example, a
HBW girl at the 10™ percentile for MVPA frequency at Wave I (1.5 MVPA
bouts per week) has a predicted 30-year CVD risk at Wave IV that is 0.9 per-
centage points greater (5.6% vs 4.7%, 19% increased risk) than a HBW girl at the
90™ percentile of Wave I MVPA (12.5 MVPA bouts per week), assuming mean
values for all other dependent variables. In females born with low or normal
birth weight, MVPA frequency at Wave I (adolescence) displayed a weak,
non-significant relationship with predicted 80-year CVD risk at Wave IV
(early adulthood). MVPA frequency at Wave III in females of any birth
weight was not significantly associated with Wave IV predicted CVD risk
(Figure 5).
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In males of any birth weight, MVPA frequency at Wave I (adolescence) and
Wave III (early adulthood) was not significantly associated with predicted 30-
year CVD risk at Wave IV (early adulthood) (Figure 6). For the association of
Wave I MVPA with CVD risk, the strongest relationship was an inverse asso-
ciation in HBW males. For the association of Wave III MVPA with CVD risk,
the strongest relationship was an inverse association in LBW males (Figure 7).
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Normal birth weight:

Bt=0.0010
(-0.0048, 0.0069)

High birth weight:
Bt=-0.0183
(-0.0317,-0.0049)

Low birth weight:
Bt=0.0026
(-0.0155,0.0207)

Bt = coefficient of natural
log-transformed CVD 30-
year risk (model used in
regression).

Normal birth weight:
Bt =0.0008
(-0.0090,0.0106)

High birth weight:
Bt =-0.0007
(-0.0223,0.0210)

Low birth weight:
Bt=-0.0013
(-0.0233,0.0207)
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Discussion

In this large, nationally representative longitudinal adolescent cohort, we
found important heterogeneity across birth weight and gender in the asso-
ciations between frequency of moderate-to-vigorous intensity physical activ-
ity and predicted 30-year cardiovascular risk. Central to our hypothesis was
the question of effect modification, or interaction. We observed a significant
interaction between birth weight and physical activity in adolescence for fe-
males and males. In particular, adolescent physical activity was more strong-
ly associated with predicted CVD risk in those who had high birth weight;
greater physical activity was associated with lower predicted CVD risk in this
subgroup. Our finding that adolescent physical activity but not adult physical
activity is inversely related to predicted CVD risk in those born at high birth
weight suggests that adolescence may be a sensitive window for the “second
hit” of physical inactivity on the pathway to cardiovascular disease in people
exposed to prenatal overnutrition in utero (the “first hit”).

That we found no significant association between physical activity assessed
in young adulthood and predicted CVD risk does not mean that adult physi-
cal activity is not important in cardiovascular health. There is abundant evi-
dence that physical activity is beneficial to health at all stages of life. Howev-
er, adolescence is a period of significant weight gain for many people, and it
may be that greater activity in adolescence has a particularly strong influence
in preventing obesity and other cardiovascular risk factors, with effects that
persist into adulthood. Another contributing factor may be that the lower
and smaller range of physical activity frequency reported among participants
in Wave III compared to Wave I effectively reduced statistical power and
therefore the ability to detect a significant association at Wave III.

The few previous studies on birth weight—physical activity interaction and
health outcomes have primarily focused on type 2 diabetes, metabolic syn-
drome, and obesity.39-#* These studies indicate that physical activity may
mitigate effects of low and high birth weight on metabolic outcomes, and our
results indicate that physical activity may also mitigate effects of high birth
weight on cardiovascular outcomes. Because many risk factors are common
to diabetes, obesity, and CVD, our findings make sense within the emerging
understanding of developmental programming effects on adult chronic dis-
ease, and suggest potential avenues to reduce disease risk.

With regard to gender, we found a stronger association between Wave I
MVPA frequency and predicted 30-year CVD risk in high birth weight fe-
males compared to high birth weight males. This is supported by gender-
specific effects in developmental programming of cardiovascular disease re-
ported in the literature.*366-68 An additional consideration is that mean birth
weight for males tends to be slightly higher than for females’?, but we used
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the same threshold for high birth weight, 4 kg (8 1b, 13 o0z), in both genders, as
others have.”?-7® Thus, the females in the high birth weight category tended
to be farther above the mean for their gender than the males in the same cat-
egory (1.04 kg greater versus 0.974 kg greater). Being more extreme in distri-
bution, the female HBW group may represent a greater influence of adverse
developmental programming, though any such influence would likely be
minor.

We also noted non-significant associations between birth weight and predict-
ed CVD risk that were stronger in females (Model 2, Appendix Table A4 and
Table A5) and stronger for low birth weight than high birth weight. This
gender difference is generally consistent with findings from literature. For
instance, in a Scottish cohort of more than 10,000 people followed prospec-
tively from birth, a stronger inverse association between birth weight and
coronary heart disease and stroke was seen in women.”8 A similar female-
specific effect has also been observed with respect to the interaction of birth
weight and physical activity on serum leptin, a marker of adiposity.*! A study
of more than 190,000 individuals from 20 Scandinavian cohorts indicated an
inverse association between birth weight and systolic blood pressure in men,
but a J-shaped curve in women, with SBP decreasing with increasing birth
weight below 4 kg but increasing with birth weight above 4 kg.%However, in
a western European cohort of healthy young adults, low birth weight was as-
sociated with an increased 10-year Framingham risk score for coronary ar-
tery disease in young adulthood, with a greater effect seen in men than
women.!©

As seen in Table 3, the proportion of low birth weight females who devel-
oped diabetes by Wave IV was approximately double that of normal and
high birth weight females (10.8% versus 5.9% and 5.4%, respectively), and this
appeared to underlie the significantly elevated mean predicted 30-year CVD
risk in the LBW female group (7.5% versus 6.8% and 6.8%). No such discrepan-
cy was seen in LBW males, and it is noteworthy that HBW individuals of
both genders had a slightly lower proportion of diabetes at Wave IV than
NBW individuals, despite being more likely to have a diabetic mother (risk
ratio 1.78 [95% CI, 1.86—-2.21]) or obese mother (RR 1.53 [1.88-1.76]). This indi-
cates that LBW and not HBW (and by extension prenatal undernutrition but
not prenatal overnutrition) was associated with higher predicted CVD risk
overall.

Public health implications

This research quantifies the importance of prenatal overnutrition, as approx-
imated by high birth weight, as a factor that increases susceptibility to the
effects of physical inactivity on cardiovascular health in adolescence and
young adulthood. Because the burden of diabetes and cardiovascular disease
is expected to expand worldwide over the coming decades, understanding
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the interaction between these risk factors has significant implications for
public health prevention strategies. The results of this study suggest that
identification of prenatal overnutrition and elevated cardiovascular risk in
young populations would allow tailored interventions to prevent and miti-
gate modifiable risk factors at an early stage. Our findings may aid clinicians
and policy-makers alike in deploying novel individual- and population-level
interventions to mitigate morbidity and mortality from cardiovascular dis-
ease in those with adverse early life exposures.

Our primary research question involved promising but little-studied interac-
tions between behavioral factors, which are modifiable at the individual lev-
el, and developmental factors, which are modifiable for future generations.
Thus, the public health implications are twofold, with both immediate and
long-term potential to mitigate and prevent cardiovascular disease. Lastly,
these findings may help shift focus from a deterministic view of develop-
mentally programmed disease toward actionable steps forward in the fight
against cardiovascular disease and diabetes.

Strengths and limitations

This study has several strengths. The data for analysis were drawn from a
very large, validated prospective cohort study with 14 years of follow-up;
therefore, this study has both a greater sample size and a longer measure-
ment period than previous research on this subject. Indeed, no studies have
sought to determine interactions of physical activity with prenatal factors
and their associations with the multiple outcomes that constitute overall car-
diovascular risk. Second, our use of repeated measures of physical activity
provided greater resolution in exposure assessment and demonstrated dif-
ferential effects of physical activity at different stages of life. Third, our out-
come was based on objective clinical measures that are established compo-
nents of cardiometabolic risk, using data from Add Health that have only re-
cently become available.

Our findings are subject to several limitations. First, although the data were
collected in a longitudinal survey, the outcome variable was measured at a
point in time (Wave IV) rather than over a period of follow-up. However,
temporality is clear given that exposure variables were measured before the
component variables of the outcome variable. Second, 4148 participants (33%)
were excluded due to missing data, which may have introduced selection bi-
as, although as noted above, the differences in characteristics between those
included and those excluded were relatively minor and did not include dif-
ferences in the major exposures of interest (MVPA at Wave I or III, or birth
weight category). Third, the exposure measures and control variables were
self-reported and thus subject to measurement bias from under- or overre-
porting, but our measures for these variables are similar to those in other
studies. For instance, the weighted smoking prevalence at Wave IV of 23.5%
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for women and 27.1% for men is close to that expected based on 2007
NHANES findings for adults age 25-44 (19.6% and 26.0%, respectively).” Also,
between high school and early adulthood, self-reported MVPA in this cohort
declined significantly, which is consistent with data from other cohorts.”®7
Our scaling of the young adulthood frequency values to account for ques-
tionnaire changes follows methods used previously in the Add Health co-
hort%3; although this adjustment may have altered the magnitude of associa-
tions, it is unlikely to have altered their direction or significance.

Fourth, high birth weight is an imperfect surrogate measure of prenatal
overnutrition, in part because of the heterogeneity within a group defined
solely by weight at birth, as noted above; size for gestational age would be
better but was not available in the Add Health study. The addition of mater-
nal measures of obesity and diabetes would increase specificity as well, but
Add Health’s parental interview only asked whether the mother was obese or
diabetic at Wave I, which was at least 12 years after the participants were in
utero. Fifth, the algorithm used in our outcome measure has not been vali-
dated in an external population to our knowledge. Although it was internally
validated by Pencina et al. and is an extension of earlier algorithms based on
the Framingham cohort that have been extensively tested in various cohorts,
some caution is nonetheless needed in generalizing our results.

Sixth, exact values of lipids were not reported in Add Health due to stated
limitations in reliability and precision of the measurements, which used
dried capillary whole blood and two assay methods; we converted the lipid
deciles into absolute values derived from NHANES 2007-08 and 2009-10 to
allow use of the risk prediction algorithm. Given the nationally representa-
tive sample in Add Health, it is unlikely that NHANES deciles differ signifi-
cantly, and differential misclassification that would inflate effect sizes is very
unlikely. Seventh, the estimated effect sizes we found were modest, but this
is not unexpected given the highly multifactorial nature of cardiovascular
disease and the young age of this population. Finally, the relatively small
numbers of low and high birth weight participants limited statistical power to
detect MVPA-CVD risk associations and MVPA-birth weight interactions
within birth weight groups. However, we still had a large overall sample and
we did observe significant interactions.

We note that the associations and interactions we found are between physical
activity, birth weight, and a panel of CVD risk factors rather than actual car-
diovascular events such as myocardial infarction and stroke. Thus, the effect
of physical activity that we have inferred from our results is an estimated ef-
fect upon the behavioral and modifiable components that contribute to CVD
risk (i.e., smoking, diabetes, blood lipids, and blood pressure); it is not an es-
timated effect derived from observed CVD events, which were not assessed
in Add Health. However, two of the largest contributors to CVD risk are age
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and sex, which are not modifiable in the same sense and cannot be acted up-
on by physical activity in a causal pathway, although our results confirmed
that they are indeed correlated with physical activity level. Future research
could answer this question in a long-term study that assessed birth weight,
adolescent physical activity, and incident cardiovascular events over long-
term follow-up into middle age or beyond.

Conclusions

In our overall analysis, physical activity in adolescence was not significantly
associated with predicted 30-year cardiovascular risk in early adulthood, but
this relationship was modified by birth weight and gender. Specifically,
greater adolescent physical activity was associated with lower long-term CVD
risk in those who had high birth weight, especially HBW females. These data,
in the context of recent literature in developmental programming, indicate
that adolescent physical inactivity may be a “second hit” in those who expe-
rienced prenatal overnutrition. Importantly, children born at high birth
weight may be especially sensitive to the effects of physical activity on reduc-
ing risk of cardiovascular disease later in life, with important implications for
health policy.
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Appendices

Table Al. Median cholesterol values for deciles derived from NHANES 2007-10
data

Decile | Total cholesterol (mg/dL) Decile | HDL cholesterol (mg/dL)
1 126 1 31
2 144 2 37
3 156 3 42
4 167 4 45
5 176 5 49
6 187 6 52
7 198 7 56
8 212 8 61
9 230 9 67
10 262 10 80

Table A2. Therapeutic classifications for prescription anti-hypertensive medica-
tions

Code | Therapeutic classification

041 | agents for hypertensive emergencies

042 | angiotensin converting enzyme inhibitors
043 | antiadrenergic agents, peripherally acting
044 | antiadrenergic agents, centrally acting
047 | beta-adrenergic blocking agents

048 | calcium channel blocking agents

049 | diuretics

052 | peripheral vasodilators

053 | vasodilators

055 | antihypertensive combinations
056 | angiotensin Il inhibitors

154 | loop diuretics

155 | potassium-sparing diuretics
156 | thiazide diuretics

274 | cardioselective beta blockers

275 non-cardioselective beta blockers

340 | aldosterone receptor antagonists
342 | renininhibitors
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Table A3. Add Health survey questions from which MVPA variables are derived

Wave Question Answer choices

Wave | During the past week, how many times did you go e Notatall
rollerblading, roller-skating, skate-boarding, or bicy- e lor2times
cling? e 3or4times
During the past week, how many times did you play e 5ormore
an active sport, such as baseball, softball, basketball, times
soccer, swimming, or football? e Don't know
During the past week, how many times did you do
exercise, such as jogging, walking, karate, jumping
rope, gymnastics or dancing?

Wave lll | Inthe past seven days, how many times did you bicy- e Notatall
cle, skateboard, dance, hike, hunt, or do yard work? e 1time
In the past seven days, how many times did you roller e 2times
blade, roller skate, downhill ski, snow board, play e 3times
racquet sports, or do aerobics? e 4times
In the past seven days, how many times did you par- e 5times
ticipate in strenuous team sports such as football, e 6times
soccer, basketball, lacrosse, rugby, field hockey, or ice e 7ormore
hockey? times
In the past seven days, how many times did you par- e Don't know

ticipate in individual sports such as running, wres-
tling, swimming, cross-country skiing, cycle racing, or
martial arts?

In the past seven days, how many times did you par-
ticipate in gymnastics, weight lifting, or strength
training?

In the past seven days, how many times did you walk
for exercise?
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Table A4. Coefficients from gender-stratified multivariable linear regression of natural log-
transformed predicted 30-year CVD risk: females

FEMALES
Model 1 Model 2 Model 3
Coefficient (95% Cl) p Coefficient (95% Cl) p Coefficient (95% Cl) p
High birth weight (HBW)* -0.025 (-0.074,0.024) 032 | 0.089(-0.030,0.208)  0.14
Low birth weight (LBW)* 0.031(-0.034,0.096) 0.34 | 0.029(-0.081,0.138)  0.61
MVPA at Wave | (MVPA1) -0.001 (-0.006,0.004)  0.67 0.001 (-0.005, 0.007) 0.73
HBW x MVPA1 -0.019 (-0.035, -0.004) 0.02
LBW x MVPA1 0.002 (-0.017, 0.020) 0.87
MVPA at Wave Il (MVPA3) 0.000 (-0.009,0.009)  0.96 0.0017 (-0.009, 0.011) 0.87
HBW x MVPA3 -0.001 (-0.025, 0.022) 0.90
LBW x MVPA3 -0.002 (-0.025, 0.021) 0.85
Age at Wave IV 0.095(0.084,0.106)  0.00 | 0.096(0.085,0.106) 0.00 | 0.096 (0.085,0.106) 0.00
Black race* 0.016 (-0.033,0.064) 0.52 | 0.013(-0.035,0.060) 0.60 | 0.013(-0.036,0.061) 0.61
Asian race* -0.044 (-0.152,0.063) 0.42 | -0.048(-0.158,0.062) 0.39 | -0.049 (-0.160, 0.062) 0.38
Hispanic ethnicity* -0.040(-0.110,0.031)  0.27 | -0.039(-0.108,0.031)  0.27 | -0.040 (-0.109, 0.030) 0.26
Smoking at Wave | 0.043(-0.030,0.117)  0.25 | 0.044(-0.030,0.119)  0.24 | 0.042(-0.031,0.114) 0.26
Smoking at Wave Il 0.325(0.274,0.377)  0.00 | 0.325(0.273,0.377) 0.00 | 0.325(0.273,0.377) 0.00
Parent some college at W1* -0.012(-0.063,0.038)  0.63 | -0.011(-0.061,0.038) 0.64 | -0.011(-0.061,0.039) 0.67
Parent college degree at W1* -0.112(-0.159,-0.064) 0.00 | -0.110(-0.156,-0.064) 0.00 | -0.109 (-0.156,-0.062)  0.00
Household income at Wave | -0.001 (-0.001,0.000) 0.00 | -0.001(-0.001,0.000) 0.00 | -0.001(-0.001,0.000) 0.00
Constant -0.883(-1.191,-0.575)  0.00 | -0.907 (-1.203,-0.611) 0.00 | -0.909(-1.215,-0.603)  0.00

Model 1: excludes BW variables and interaction terms. Model 2: excludes MVPA variables and interaction terms.

Model 8: fully adjusted model with BW indicator variables, MVPA variables, BWxMVPA interaction terms, age at
Wave IV, race/ethnicity, smoking at Wave I, smoking at Wave 111, educational attainment, and household income
at Wave IV. Analytic sample n=4559 females. * indicator variable. MVPA: moderate-to-vigorous physical activity.
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Table A5. Coefficients from gender-stratified multivariable linear regression of natural log-
transformed predicted 30-year CVD risk: males

MALES
Model 1 Model 2 Model 3
Coefficient (95% Cl) p Coefficient (95% Cl) p Coefficient (95% Cl) p
High birth weight (HBW)* -0.011 (-0.060,0.039)  0.67 | 0.058(-0.050,0.165)  0.29
Low birth weight (LBW)* 0.002 (-0.072, 0.076) 0.95 0.077 (-0.059, 0.212) 0.27
MVPA at Wave | (MVPA1) 0.000 (-0.004, 0.005) 0.86 0.003 (-0.002, 0.008) 0.28
HBW x MVPA1 -0.011 (-0.023, 0.002) 0.09
LBW x MVPA1 -0.008 (-0.023,0.007)  0.31
MVPA at Wave IIl (MVPA3) -0.005 (-0.011,0.001)  0.13 -0.005 (-0.013,0.002)  0.18
HBW x MVPA3 0.003(-0.012,0.018)  0.70
LBW x MVPA3 -0.004 (-0.034,0.025) 0.77
Age at Wave IV 0.086 (0.076, 0.096) 0.00 0.087 (0.077,0.097) 0.00 0.086 (0.077,0.096) 0.00
Black race* 0.028 (-0.032,0.089)  0.36 | 0.025(-0.037,0.086) 0.43 | 0.028(-0.032,0.088) 0.36
Asian race* -0.035(-0.143,0.073)  0.52 | -0.037(-0.144,0.071) 0.50 | -0.038(-0.147,0.071)  0.49
Hispanic ethnicity* -0.003 (-0.066,0.059)  0.92 | -0.007 (-0.069,0.055) 0.83 | -0.003(-0.066,0.060) 0.93
Smoking at Wave | 0.126 (0.069,0.184) 0.00 0.124 (0.068, 0.180) 0.00 0.126 (0.069, 0.184) 0.00
Smoking at Wave Il 0.270 (0.225,0.314) 0.00 0.274 (0.230,0.318) 0.00 0.270 (0.226,0.314) 0.00
Parent some college at W1* -0.031(-0.082,0.019)  0.22 | -0.032(-0.082,0.018) 0.21 | -0.030(-0.081,0.021) 0.25
Parent college degree at W1* -0.059 (-0.100,-0.019)  0.01 | -0.061(-0.102,-0.020) 0.00 | -0.058(-0.099,-0.018) 0.01
Household income at Wave | 0.000 (-0.001,0.000)  0.56 | 0.000 (-0.001, 0.000) 0.54 | 0.000(-0.001,0.000) 0.54
Constant -0.096 (-0.386,0.194)  0.51 | -0.120(-0.403,0.162) 0.40 | -0.117(-0.406,0.172) 0.43

Model 1: excludes BW variables and interaction terms. Model 2: excludes MVPA variables and interaction terms.
Model 3: fully adjusted model with BW indicator variables, MVPA variables, BWxMVPA interaction terms, age at
Wave IV, race/ethnicity, smoking at Wave I, smoking at Wave I1I, educational attainment, and household income
at Wave IV. Analytic sample 7=3881 males. * indicator variable. MVPA: moderate-to-vigorous physical activity.
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