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Unstructured Abstract

Cardiovascular risk and functional burden, or the accumulation of cardiovascular risk factors
coupled with functional decline, may be an important risk state analogy to multimorbidity. We
investigated prospective associations of sedentary time (ST), light intensity physical activity
(LPA), and moderate to vigorous intensity physical activity (MVPA) with cardiovascular risk
and functional burden at midlife. Participants were 1,648 adults (mean + SD age=45+4 years,
61% female, 39% Black) from Coronary Artery Risk Development in Young Adults (CARDIA)
who wore accelerometers in 2005-2006 and 2015-2016. Cardiovascular risk and functional
burden was defined as =2 cardiovascular risk factors (untreated/uncontrolled hypertension
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and hypercholesterolemia, type 2 diabetes, reduced kidney function) and/or functional decline
conditions (reduced physical functioning and depressive symptoms). Prospective logistic
regression models tested single activity, partition, and isotemporal substitution associations of
accelerometer-measured ST, LPA, and MVPA with cardiovascular risk and functional burden 10
years later. In isotemporal models of baseline activity, reallocating 24 minutes of ST to MVPA
was associated with 15% lower odds of cardiovascular risk and functional burden (OR: 0.85; ClI:
0.75, 0.96). Reallocating 24 minutes of LPA to MVPA was associated with a 14% lower odds of
cardiovascular risk and functional burden (OR: 0.86; CI: 0.75, 0.99). In longitudinal isotemporal
models, similar beneficial associations were observed when 10-year increases in MVPA replaced
time in ST or LPA. Findings suggest that maintaining an MVPA dose reflecting daily physical
activity recommendations in early midlife is associated with lower odds of cardiovascular risk and
functional burden later in midlife.

Keywords
Aging; physical activity; accelerometers; functional decline; multimorbidity

Introduction

Previous research has focused on individual associations of moderate to vigorous intensity
physical activity (MVPA), sedentary time (ST), and light intensity physical activity (LPA),
with cardiovascular disease (CVD) risk. Regular MVPA reduces CVD risk,13 however,
less is known about ST and LPA and CVD risk. Accelerometer studies indicate more ST
may increase CVD risk.>6 Emerging evidence suggests any amount and intensity of daily
physical activity, including LPA, may protect against incident CVD.’

Multimorbidity, or the coexistence of chronic health conditions, leads to adverse outcomes,
increased hospitalizations, and higher medical costs.8-11 Previous studies have focused on
identifying multimorbidity in life-late, when older adults (+65 years) have already developed
multiple chronic conditions.}! Analogous to multimorbidity, having multiple risk states,
such as CVD risk factor clustering®2 in young adulthood3 and tracking into midlife,14 may
increase risk of CVD and mortality.1> Independently, poor physical function and depression,
comorbid conditions of CVD, are linked to premature mortality.16:17 An important risk

state analogy to multimorbidity may be cardiovascular risk and functional burden, or the
clustering of CVD risk factors with declining physical function and mental health. Self-
reported physical activity is inversely associated with multimorbidity,18-20 however, we do
not know if engaging in daily MVPA and LPA and limiting ST prevents the clustering of risk
conditions at midlife.

Constrained by the 24-hour day, ST, LPA, and MVPA are interdependent. Thus, changing
time spent in one activity, will automatically change time in another.2! Isotemporal
substitution is a novel statistical technique that estimates changes in disease risk if time
spent in one activity is reallocated to another.2! Isotemporal substitution investigates
increases or decreases in an activity, and highlights meaningful activity substitutions.
Previous isotemporal studies demonstrated shifting time in ST, LPA, and MVPA had
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meaningful associations with CVD risk factors.22-26 Few isotemporal studies have
incorporated longitudinal data to evaluate change in activities over time and associations
with CVD risk.26 Of these previous studies, Whitaker et al. observed shifts in activity over
a 10-year period were prospectively associated with cardiometabolic risk factors.?® This
study aims to build upon the Whitaker et al. findings, applying a longitudinal isotemporal
approach and simultaneously assessing the clustering of multiple CVD and functional risk
states.

Leveraging the Coronary Artery Risk Development in Young Adults (CARDIA) study our
objectives are to: 1) identify the prevalence of cardiovascular risk and functional burden in
a community-based sample at midlife (45-64 years); 2) evaluate cross-sectional reallocations
of time spent in ST, LPA, MVPA in 2005-2006 and associations with cardiovascular risk
and functional burden 10-years later (2015-2016); and 3) examine 10-year changes in

time spent in ST, LPA, MVPA (from 2005-2006 to 2015-2016) and associations with
cardiovascular risk and functional burden. While cross-sectional isotemporal models can
estimate Aypothetical changesin ST, LPA, MVPA, they do not represent real changes in
activity. The prospective isotemporal models examine 10-year changes in ST, LPA, MVPA
and associations with cardiovascular risk and functional burden. We hypothesize that lower
average ST and higher average LPA and MVPA in 2005-2006 are associated with lower
odds of cardiovascular risk and functional burden 10 years later. In 10-year change models,
we hypothesize that reallocating ST to increases in LPA or MVPA, is associated with lower
odds of cardiovascular risk and functional burden.

Study Sample

Measures

Between 1985-86, 5,115 black and white adults, from four locations (Birmingham, AL;
Chicago, IL; Minneapolis, MN; and Oakland, CA) were enrolled in CARDIA. To obtain

a representative cohort of black and white adult populations (ages 18-30), stratified
recruitment was used to enroll nearly equal numbers of black and white adults, females

and males, persons < and > 25 years of age, and persons with less and more than high
school education. In-person clinical exams were completed every 2 to 5 years, including a
year 20 (2005-2006; baseline) and year 30 (2015-2016; 10-year follow-up) exam. At these
visits, the CARDIA Fitness Study (baseline; n=2,332) and CARDIA Activity Study (10-year
follow-up; n=1,397) included a 7-day accelerometer protocol. CARDIA study design and
follow-up have been previously reported.2” Center Institutional Review Boards approved the
study and all participants provided written informed consent.

Accelerometer-measured physical activity and sedentary time—Accelerometer
data were collected using ActiGraph devices (ActiGraph; Pensacola, FL) at baseline
(7164) and 10-year follow-up (WGT3X-BT) using nearly identical protocols. Devices were
distributed at the exam; however, a few participants received mailed devices at follow-up.
Participants wore a hip-worn accelerometer for 7 consecutive days during waking hours.
After 7 days, participants returned accelerometers using a pre-paid mailer. Data were
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downloaded, compressed to 60 second epoch files, and screened for wear-time 28, with
valid wear defined as =10 hours per day for >4 days. Day-to-day intensity-specific estimates
were defined using Freedson count thresholds,29:30 consistent with previous CARDIA
analyses.25:31 Day-to-day estimates were summed and averaged across valid wear days to
create average minutes of ST, LPA, and MVPA.

In a CARDIA calibration study, the 7164 and GT3X-BT accelerometers were compared

in a subset of participants (N=100).32 A calibration factor was developed and applied to
GT3X-BT values. After calibration, no differences were observed between minutes per day
(min/day) for ST (513.2 versus 509.6), LPA (335.3 versus 338.7), or MVPA (33.1 versus
32.0). This analysis includes calibrated GT3X-BT ST, LPA and MVPA estimates.

Cardiovascular Risk and Functional Burden—We sought to identify cardiovascular
risk and functional burden by analogy with multimorbidity, and focused on identifying
individuals accumulating CVD risk factors and functional decline conditions at midlife.
Conditions were selected based on those commonly included in multimorbidity
definitions33-35, appropriate for middle-aged adults, and associated with increased CVD
risk.36-39 Cardiovascular risk and functional burden was defined as having two or

more of the following conditions: untreated or uncontrolled hypertension (systolic blood
pressure = 140 mm Hg or a diastolic blood pressure =90 mm Hg), untreated or

uncontrolled hypercholesterolemia (low density lipoprotein cholesterol (LDL-C) = 130 mg/
dL), hypertriglyceridemia (triglycerides = 150 mg/dL), type 2 diabetes (fasting glucose
levels (=126 mg/dl) and self-reported oral hypoglycemic medications or insulin at years 20,
25, and 30; 2-hour postload glucose (=200 mg/dl) during a 75 g oral glucose tolerance test
at years 20 and 25; or glycated hemoglobin (HbA1c) =6.5% at years 20 and 25), reduced
kidney function (estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m?), reduced
physical function (SF-12: physical components score (PCS) <40), and depressive symptoms
(Center for Epidemiologic Studies Depression Scale (CES-D) score = 16).

Outcome measures were collected using standardized protocols. Prior to exams, participants
fasted for at least 12 hours and refrained from smoking or physical activity for 2

hours. Blood pressure was measured using Omron blood pressure monitors. Cholesterol
and triglycerides plasma concentrations were measured using enzymatic assays by
Northwest Lipids Research Laboratory (Seattle, WA). LDL-C was calculated using the
Friedewald equation.4? Serum glucose was measured from fasting blood samples processed
by the Molecular Epidemiology and Biochemistry Research Laboratory (Minneapolis,
MN). Fasting insulin was measured using radioimmunoassay by Linco Research (St.

Louis, MO) at baseline and the Molecular Epidemiology and Biochemistry Research
Laboratory (Minneapolis, MN) at follow-up. HbAlc was measured using a Tosoh G7 high
performance liquid chromatography instrument (Tosoh Bioscience). Participants reported
taking medications for diabetes treatment. The 2009 CKD Epidemiology Collaboration
creatinine equation®! was used to calculate eGFR from serum creatinine measured by
nephelometry. Physical functioning was assessed with the validated SF-1242 PCS score,
with a score <40 representing reduced physical functioning.3® Depressive symptoms were
assessed with the validated CES-D,*3 with a score > 16 indicating depressive symptoms,
consistent with previous CARDIA analyses.38
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Covariates—Covariates were selected on clinical relevance and associations with the
exposure or outcome. Baseline questionnaires collected information on self-reported age,
sex, race (Black or White), years of education (highest year of school completed),
employment status (yes/no), health insurance status (yes/no), smoking status (never, former,
current), alcohol consumption (alcohol milliliters per day), drinking status (yes/no), and
self-reported sleep quality in the past month (1-5; higher scores poorer quality). Baseline
body mass index (BM1) was calculated using measured height and weight (kg/m?).

Statistical Analyses

We excluded participants with possible device malfunction (>14 hours MVPA per day; n=3)
and extreme MVPA (> 200 minutes/day; n=2) at baseline. For a complete case analysis, we
excluded participants with missing baseline covariates (n=7) or missing outcome measures
at baseline (n=131) or follow-up (n=135). Individuals with prevalent cardiovascular risk
and functional burden at baseline were also excluded (N=406). The final analytic sample
included 1,648 participants (Supplemental Figure 1). For the 10-year change analysis, data
were from participants with valid accelerometer data at 10-year follow-up (N=759).

Descriptive statistics were calculated and stratified according to baseline MVPA quartiles.
Age and sex standardized prevalence estimates of cardiovascular risk and functional burden
conditions were calculated by race (standardized to analytic sample).

Single Activity and Partition models—Prior to analyses, activity estimates were
divided by one standard deviation (SD), so a one-unit change represents a one SD change in
minutes per day.

Single activity logistic regression models were used to examine /individual associations of
minutes of ST, LPA, and MVPA at baseline with cardiovascular risk and functional burden at
10-year follow-up. Models included adjustment for wear time, baseline demographics (age,
sex, race, study center, education, health insurance status, and employment status), lifestyle
characteristics (smoking status, alcohol consumption, drinking status, sleep quality), but not
other activities.

Next, we tested /ndependent associations of ST, LPA, and MVPA at baseline with
cardiovascular risk and functional burden at 10-year follow-up. This model includes ST,
LPA, and MVPA, and aforementioned covariates.

Isotemporal substitution models—Isotemporal substitution models tested associations
with cardiovascular risk and functional burden of reallocating time in one activity for
another. The first models evaluated cross-sectional reallocations of activity at baseline with
cardiovascular risk and functional burden at 10-year follow-up. The second isotemporal
models examined longitudinal changes in activity between baseline and follow-up and
associations with cardiovascular risk and functional burden. Isotemporal model results are
reported for one SD substitution of each activity.

Isotemporal substitution models included a variable for each activity besides the activity of
Interest, total wear time, and the aforementioned covariates. Omitting one activity represents
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replacing time in that activity with an equal amount of time from another.2! Including total
wear time holds time constant, allowing for interpretation to be made about shifting time
from one activity to another.2! For longitudinal change models, variables represented change
in activity from baseline to follow-up. To account for differences in baseline activity, change
models included adjustment for baseline ST and MVPA.

We did not adjust for BMI in analyses due to potential for BMI to be in the causal
pathway for outcome conditions. To test if associations were independent of BMI, we
examined single activity and partition models with additional adjustment for BMI. In
sensitivity analyses, we reran isotemporal models stratifying the sample on number of
baseline prevalent conditions (0 or 1) to determine if results differed by health status.
Additionally, we tested for interactions by sex and race. Analyses were performed using R
software version 3.6.44

At baseline, 19.7% (n=406) of participants had prevalent cardiovascular risk and functional
burden. Compared to excluded CARDIA Fitness Study participants, included participants
were more likely to be female, white, have health insurance, be non-smokers, and have
lower BMI. (Supplemental Table 1).

Participants were on average 45.2 (SD: + 3.6) years at baseline. Approximately 61% of
participants were female, 39% were black and the average BMI was 28.1 (SD: + 6.0) kg/m?
(Table 1). At baseline, participants spent on average 486 (SD: + 102.0) minutes per day
(min/day) in ST, 364 (SD: + 84.3) min/day in LPA, and 36.2 (SD: £ 23.9) min/day in
MVPA. From baseline to follow-up, average ST minutes increased while average LPA and
MVPA minutes decreased (Supplemental Table 2; results previously reported3). Compared
to participants with the lowest MVVPA, participants with the highest daily MVVPA were
more likely to be male, have more education, less likely to be smokers, and have a

lower BMI. At 10-year follow-up, 482 participants (29%) developed cardiovascular risk
and functional burden. Of these participants, approximately 20% had two, 7% had three,
and 2% had 4 or more conditions. Participants with =2 conditions were more likely to be
black (Figure 1a.). Over the 10-year period, 34.3% developed untreated or uncontrolled
hypercholesterolemia and 17.6% had depressive symptoms. For black participants, the
standardized prevalence was higher for every condition, except hypercholesterolemia and
hypertriglyceridemia (Figure 1b). The most common combination of conditions was
hypertension and hypertriglyceridemia followed by hypercholesterolemia and depressive
symptoms (Supplemental Table 3).

In single activity models, baseline ST and MVPA were associated with cardiovascular risk
and functional burden at 10-year follow-up (Table 2). After adjustment for demographics
and lifestyle characteristics, ST was associated with 15% higher odds (Odds Ratio [OR]:
1.15, 95% Confidence Interval [CI]: 1.01 — 1.32) and MVPA was associated with 16%
lower odds of cardiovascular risk and functional burden (OR: 0.84, CI: 0.74 — 0.95). In
the partition model, MVPA remained associated with lower odds of cardiovascular risk
and functional burden 10 years later (OR: 0.85, Cl: 0.75 - 0.96). With adjustment for ST
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and LPA, each additional 24 minutes of MVPA was associated with 15% lower odds of
cardiovascular risk and functional burden; though not statistically significant, associations
for ST and LPA were in hypothesized directions.

In baseline isotemporal models after adjustment for demographics and lifestyle
characteristics, reallocating 24 minutes of ST to MVPA, while keeping LPA constant, was
associated with 15% lower odds of cardiovascular risk and functional burden (OR: 0.85, ClI:
0.75 - 0.96; Table 3). Replacing LPA with 24 minutes of MVPA was associated with 14%
lower odds of cardiovascular risk and functional burden (OR: 0.86, CI: 0.75 — 0.99). There
was no association with cardiovascular risk and functional burden when ST was replaced
with LPA (OR: 0.94, Cl: 0.83 — 1.06).

In longitudinal isotemporal models, with additional adjustment for baseline ST and MVPA,
a 24-minute increase in MVPA, replacing a 24-minute increase in ST or LPA, was associated
with lower odds of cardiovascular risk and functional burden, with similar magnitude of
associations (ST: OR: 0.62, Cl: 0.49 — 0.79; LPA: OR: 0.62, Cl: 0.48 - 0.79).

After additional adjustment for BMI, results remained mostly unchanged (Supplemental
Table 4). In sensitivity analyses, the pattern of associations observed in baseline isotemporal
models remained consistent across baseline health status (Supplemental Table 5). In
longitudinal isotemporal models, among individuals with zero conditions at baseline,
10-year reallocations to MVVPA had substantially larger beneficial associations with
cardiovascular risk and functional burden as compared to the same activity reallocation
among individuals with one condition at baseline. There was no evidence of effect
modification by sex or race.

Discussion

Identifying lifestyle opportunities to reduce the risk of accumulating cardiovascular risk
factors and functional decline conditions (cardiovascular risk and functional burden) is
critical before multiple conditions develop and pharmaceutical intervention is needed.

We sought to examine individual, independent, and isotemporal substitution associations
of ST, LPA, and MVPA with cardiovascular risk and functional burden at midlife in a
community-based sample of black and white adults. From our analysis, three key findings
emerged. First, cardiovascular risk and functional burden was highly prevalent in our
sample of adults at midlife, especially among black participants. Second, daily MVPA
was consistently associated with cardiovascular risk and functional burden 10 years later.
Third, isotemporal results suggest reallocating time to MVPA is associated with lower odds
of future cardiovascular risk and functional burden. Our results support the importance of
maintaining MVPA at midlife as a cardiovascular risk and functional decline reduction
strategy.

We investigated cardiovascular risk and functional burden as an early indicator of
multimorbidity, with a focus on identifying individuals accumulating midlife CVD risk
and functional decline conditions. This multi-risk population poses a unique challenge

to developing effective prevention strategies,? therefore identifying at-risk individuals and
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modifiable lifestyle factors may highlight opportunities for prevention. At baseline, 20%

of participants, 45 years old on average, had prevalent cardiovascular risk and functional
burden and were excluded from analyses. Over the 10-year study, 30% of the remaining
sample transitioned from having < 2 to = 2 conditions. These results indicate a critical period
for cardiovascular risk and functional burden prevention may be early adulthood prior to
midlife,*6 and future studies should consider identifying cardiovascular risk and functional
burden to detect at-risk populations.

The protective effects of MVPA against accumulation of CVD risk factors are well
supported,347 however evidence is needed to understand the effect of ST and LPA on
cardiovascular health.648 Previous studies relied upon self-reported measures of activity
prone to measurement error.4% In our analysis with accelerometer-measured ST, we found
the association of ST with cardiovascular risk and functional burden was not independent
of MVPA.. While our results do not support the harmful effects of ST, the 2018 Physical
Activity Guidelines for Americans (PAG) encourage limiting daily ST to decrease future
cardiovascular risk.>% The PAG also encourage daily minutes of physical activity at

any intensity. Contrary to our hypothesis, LPA was not associated with lower odds of
cardiovascular risk and functional burden. Taken together with disparate findings suggesting
LPA is related to lower CVD risk,31 our findings indicate daily LPA may be more
important for some age groups, including older adults. More accelerometer assessment of
LPA and ST is needed to better understand associations with CVD risk.

Previous isotemporal studies explored cross-sectional reallocations of daily ST, LPA, and
MVPA with cardiovascular health.22-2452 While cross-sectional isotemporal studies can
estimate associations of Aypothetical changes in activity, our longitudinal analysis estimates
associations of actual 10-year changes in activities. In our longitudinal models, we found
beneficial associations of reallocating time to MVPA. Our results are consistent with
longitudinal results from Whitaker, et al., in the CARDIA cohort.2> However, Whitaker,

et al., also found beneficial associations when ST minutes was reallocated to LPA,
suggesting beneficial effects of LPA on cardiometabolic health.2> We did not find beneficial
associations for substitution of ST with LPA, but we do not suggest substituting ST

with LPA is less important, but rather our results may be explained by our composite
outcome. Previous isotemporal studies found substituting ST with LPA is beneficially
associated with CVD risk factors,22:24:25 but not consistently associated with measures

of physical function or depressive symptoms.>3-56 A prospective isotemporal analysis by
Mekary et al. found self-reported intensity of activity mattered when replacing television
viewing for risk of incident depression. Few longitudinal isotemporal studies have included
accelerometer-measured ST, LPA, and MVPA with prospective outcomes.2® Our study
extends upon the Whitaker and Mekary findings and contributes to this literature gap, by
investigating longitudinal changes in accelerometer-measured ST, LPA, and MVPA with
future cardiovascular risk and functional burden. Our findings support the importance

of decreasing ST and increasing or maintaining MVPA throughout midlife. Of note, the
magnitude of association found when ST or LPA was replaced with MVPA was greater in
the longitudinal isotemporal models than in the cross-sectional models. These findings are
hypothesis generating and may suggest cross-sectional isotemporal models underestimate
the association of daily activities with CVD risk factors and functional decline conditions.
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Lastly, with no variation in associations across sex or race groups, our results indicate daily
MVPA is important for all middle-aged adults.

Compositional data analysis (CODA) is an alternative statistical approach to examining

the interrelationships of daily activities.>’~> CODA recognizes that together ST, LPA,
MVPA, and sleep make up the 24-hour day, and therefore relative contributions should be
analyzed. Using NHANES data, Chastin et al. found the composition of the 24-hour day
was associated with cardiometabolic markers, and for some markers, replacing ST with LPA
was as beneficial as replacing ST with MVPA. %% CODA and isotemporal substitution models
may differ theoretically (relative vs absolute time in activity), however they often produce
materially similar results.5% In our study, we only measured waking day activity with
accelerometers, without sleep, and for this reason we opted not to standardize the day (e.g.
10 hours) to form waking day compositions. Future studies with 24-hour accelerometer data
should explore 24-hour activity CODA reallocations with cardiovascular risk and functional
burden to further test our results.

Study strengths include accelerometer-measured ST, LPA, and MVPA at two timepoints
and thorough measures of cardiovascular risk and functional decline conditions. However,
several study limitations should be noted. Over the 10-year period, we are unable to
investigate whether changes in activity or the outcome occurred first, thus we draw no
conclusions on causality. Although waist-worn accelerometry provides accurate physical
activity measurement, its use to estimate ST is a limitation. Waist-worn accelerometers

do not capture standing without ambulation, potentially overestimating ST. Accelerometers
were worn only for waking wear, thus we were not able to include sleep in analyses. Lastly,
differences between the excluded and analytic samples were observed, and selection bias
may be present.

Conclusions

In summary, early adulthood, prior to midlife, may be a critical time to prevent the
development of cardiovascular risk and functional burden. Over a 10-year period, replacing
ST or LPA with MVPA had consistent beneficial associations with cardiovascular risk and
functional burden among black and white adults at midlife. Our findings support developing
effective strategies to help young adults decrease ST and increase or maintain daily MVPA
to minimize future cardiovascular risk and functional decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cardiovascular risk and functional burden may be an early marker of
multimorbidity

. Daily MVPA was linked to lower odds of cardiovascular risk and functional
burden

. Prospective isotemporal substitution showed benefits of reducing sedentary
time

. Early adulthood may be a critical period for preventing clustering of risk
factors
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