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Abstract of Dissertation

Sedentary behavior and risk for cardiovascular disease and diabetes

by

John Bellettiere

Doctor of Philosophy in Public Health (Epidemiology)

University of California, San Diego, 2017

San Diego State University, 2017

Professor Andrea Z. LaCroix, Co-Chair

Professor Melbourne F. Hovell, Co-Chair

Background: Sedentary behavior has been associated with increased risk of
diabetes and cardiovascular disease (CVD), but most studies rely on self-reported
sedentary behavior measures, which are subject to reporting bias. Furthermore, there
is little evidence on these associations in adults over 80 years. The way sedentary
time is accumulated (i.e., sedentary accumulation patterns) has shown acute effects
on glucose and lipid metabolism in laboratory studies, but little evidence exists on

how accumulation patterns relate to diabetes risk factors among adults and there are
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no previous studies on how accumulation patterns are related to diabetes risk in older
adults.

Methods: This dissertation is composed of four separate studies. Data for Chapters 2
through 4 were from the Objective Physical Activity and Cardiovascular Health Study
(OPACH), a cohort of older women (n=6489; average age = 79x7) that wore
ActiGraph GT3X+ accelerometers around their hip for up to 7 days between 2012-
2014 and were followed for incident CVD and diabetes through September 30, 2016.
Data for Chapter 5 were from the 2011-2012 wave of the Australian Diabetes,
Obesity, and Lifestyle Study (AusDiab), a national, population-based cohort (n=739;
average age 58110 years) established to study the distribution and determinants of
diabetes.

Results: Chapter 2 results suggest that women in the highest (= ~11 hr/day) quartile
of sedentary time had higher risk for CVD events (hazard ratio (HR)=1.44; 95%
confidence intervals (Cl)=1.05-1.98) and coronary heart disease (CHD) events
(HR=2.19; 95% CI=1.09-4.40) than women in the lowest quartile of sedentary time (<
~9 hr/day) with a linear dose-response relation (P-linear<.05; P-nonlinear>.05 | all).
Results from Chapters 3 and 4 reveal that women in the highest quartile of sedentary
time had higher odds of prevalent diabetes (odds ratio (OR) = 1.96; ClI, 1.59-2.42)
than women in the lowest quartile, after adjustment for covariates. Those that
accumulated sedentary time with the most prolonged accumulation patterns (i.e.,
many long bouts of sedentary time with few short bouts and few interruptions) had
higher odds of prevalent diabetes than women with the most interrupted patterns,
though the ORs were weaker than for total sedentary time. Due to non-proportional

hazards by family history of diabetes (FH+/-), models of diabetes incidence were

XViii



stratified by FH. FH+ women in the highest quartile of sedentary time had higher risk
for diabetes (HR=2.38; 95% CI=1.05-1.98) than women in the lowest quartile. Women
with the most prolonged sedentary accumulation patterns had higher risk for new-
onset diabetes (HR=2.32; 95% CI=1.15-4.71) than women with the most interrupted
patterns. No significant associations were observed for FH- women. Results from
Chapter 5 indicate that accumulation patterns of frequently interrupted sitting
(compared to patterns with relatively more prolonged sitting) were significantly
beneficially associated with BMI, waist circumference, HDL cholesterol, triglycerides,
2-hour post-load plasma glucose levels (PLG), and fasting plasma glucose levels.
Significant interactions (p<0.05) showed that associations of sitting time with HDL,
triglycerides and PLG became more deleterious with longer usual bout durations
indicating a joint relationship between sedentary behavior and sedentary
accumulation patterns.

Conclusion: High levels of sedentary time were associated with increased risk for
CVD and diabetes in older women. Furthermore, prolonged sedentary accumulation
patterns were associated with increased diabetes risk in older FH+ women and were
deleteriously associated with several cardio-metabolic biomarkers in Australian
adults. Accumulation patterns interacting with total sitting time in relations with key
diabetes-related biomarkers (PLG, HDL, and triglycerides) provides further evidence
that the way in which sedentary time is accumulated may be a relevant factor in

diabetes etiology, in addition to the total amount of time sedentary.
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Chapter 1: Introduction
Introduction

Sedentary behavior is a class of behaviors that result in a low energy
expenditure (<1.5 metabolic equivalent of task units (METSs)) while awake and sitting
or reclining.! Sedentary behavior was first identified as a potential cardiovascular
disease (CVD) risk factor when British epidemiologists found higher rates of CVD
among office workers and bus drivers (jobs that required more sitting) when
compared to postal workers and bus conductors (active jobs).? Nine years later,
American physicians published similar findings showing clerks (whose jobs included
more sedentary behavior) had higher death rates than did railroad switchmen and
section men, jobs that require higher levels of physical activity (PA).2 Two laboratory
studies followed that showed how low levels of physical activity were associated with
changes in total cholesterol* and insulin sensitivity.*® At the time, the interpretation of
these studies focused on inadequate physical activity. We are now reconsidering

such studies in light of the sitting time involved.

In studying the mechanisms through which sedentary behavior affects cardio-
metabolic health, evidence emerged that the way in which sedentary behavior was
accumulated (i.e., sedentary accumulation patterns) had important consequences for
cardio-metabolic health. Experimental studies showed that sitting for long “unbroken”
periods compared to regularly interrupting sitting bouts with standing,®’ walking,”= or
simple resistance exercises,® were related to short-term detrimental effects on
postprandial glucose metabolism, insulin, C-peptide, triglyceride responses??, and
resting blood pressure;!! with the short-term effects on postprandial glycaemia being

consistently replicated.*? Epidemiologic studies have examined sedentary



accumulation patterns using primarily two measures, (1) the number of “breaks” in
sedentary time per day and (2) the amount of time spent in “long” sedentary bouts.
Figure 1.2 displays the human movement spectrum over time; red regions are bouts
of sedentary behavior, green regions are bouts of light intensity physical activity
(LIPA), and blue regions are bouts of moderate to vigorous physical activity (MVPA).
Transitions from sedentary behavior to either LIPA or MVPA are known as breaks in
sedentary time, which can be conceptualized as a measure of the frequency with

which sedentary behavior occurs.*?

More breaks per day have been beneficially associated with measures of
obesity? and measures of glucose and lipid metablism.** Time spent in “long”
sedentary bouts (210 minutes®®, 220 minutes?®, and 230 minutes!®>!"18) have shown
detrimental cross-sectional associations with HDL-cholesterol and triglycerides and
consistent relations with BMI and waist circumference. By contrast, time spent in
“short” bouts (< 5 minutes?®® and < 30 minutes'®) have shown beneficial cross-
sectional associations with adults’ BMI, waist circumference, and HDL-cholesterol
levels. Since long and short sedentary bouts are differentially associated with similar
cardiometabolic health outcomes (i.e., waist circumference, BMI, HDL cholesterol),
focusing only on time spent in longer bouts does not take into account the entire

sedentary accumulation pattern.

Two metrics (alpha and usual bout duration) have been developed to take into
account time spent in both long and short sedentary bouts, thus measuring the full
spectrum of sedentary accumulation patterns.'® Both metrics are consistent with the
underlying power-law distribution®® of sedentary bout durations (see Figure 1.2). The

first metric, alpha, characterizes the shape of the frequency distribution thereby taking



into account both the number of sedentary bouts and their respective durations. The
second metric, usual bout duration, indicates the bout duration above which half
(50%) of sedentary time is accumulated. Both metrics have been used to examine
changes in behavioral interventions,*32° but have not yet been tested in associations

with adults’ cardiometabolic health.

Alpha (a) is a unitless parameter that characterizes the frequency distribution
of sedentary bouts (see Figure 1.3). A high alpha is thought to be favorable
(compared to a low alpha) because it indicates that sedentary behavior is
accumulated in more short bouts and fewer long bouts. Because alpha indicates the
slope of the frequency distribution of sedentary bouts, it describes the relative
frequency of long vs. short bouts for a given person. Alpha is computed using
maximum likelihood estimation by fitting data (i.e., bout lengths for all valid days for

each person) to the following equation

-1
a:1+n[2?=1ln (pl] )

Pmin
where ¢ is the duration of each boutand ¢, . is the smallest observed bout duration

for each person.

The usual bout duration is the median value of the cumulative sedentary bout
duration distribution. It provides information about the bout duration in which half of all
sedentary time is accumulated. Non-linear regression (the Levenberg-Marquardt
algorithm) models are used to fit data (i.e., bout lengths for all valid days for each

person) to the following sigmoid:

"
o+ XI) '

y(p) =



where ¢ is each bout duration, y is the cumulative proportion of sitting time in bouts <

@, Xsq is the usual bout duration, and n is a free parameter.

The four chapters that follow will add to existing literature by examining
objectively measured sedentary behavior and incidence rates of two of the world’s
most debilitating chronic diseases, cardiovascular disease (CVD) and diabetes.
Furthermore, sedentary accumulation patterns and diabetes incidence will be
investigated for the first time. The studies that follow employ published metrics of
sedentary accumulation patterns,*>1°-24 that have never been tested in association
with cardio-metabolic health. The first three chapters focus on a cohort (n=6,489) of
older women (average age 79x7) that wore ActiGraph GT3X+ accelerometers for up
to 7 days and were followed for new diabetes and CVD events.?® The fifth chapter
investigates sedentary accumulation patterns in relation to cardio-metabolic risk
biomarkers in Australian adults (average age 58+10) who wore activPAL

accelerometers for up to 7 days and underwent an oral glucose tolerance test which

included a fasting blood draw.
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Figure 1.2 Population-level and individual-level (for person #100) frequency
distribution of SB bouts, measured using hip-worn ActiGraph GT3X+
accelerometers in 307 older men and women (mean age 84) who participated in
Jacqueline Kerr’s MIPARC intervention to increase physical activity in
retirement community-dwelling adults.?®
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plane while panel b plots the same distributions in log-log space.
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Background: Prior evidence examining sedentary time and incident cardiovascular
disease (CVD) relies mainly on self-reported measures which are known to be
inaccurate, especially in older adults. Few studies have investigated accelerometer-

measured sedentary behavior and CVD incidence in older adults.

Methods: Women aged 63-97 (n=5638, mean age=79+7) with no history of
myocardial infarction or stroke wore accelerometers for 4-7 days and were followed
for 2-4 years for incident CVD events. Hazard ratios (HR) for CVD and coronary heart
disease (CHD) events comparing the upper three quartiles of accelerometer-
measured sedentary time to the lowest quartile were estimated using Cox
proportional hazard models first adjusting for 9 confounders, then adding possible
mediators body mass index (BMI), diabetes, hypertension, and separately, CVD-risk
biomarkers (systolic blood pressure, fasting-glucose, HDL-cholesterol, and
triglycerides). Two self-report and 2 accelerometer measures of moderate-to-vigorous
physical activity (MVPA) were added separately to cofounder-adjusted models.
Accelerometer-measured MVPA, age, ethnicity, BMI, and physical functioning were
tested as effect modifiers. Restricted cubic splines tested for nonlinear dose-response

relations.

Results: There were 447 and 119 incident CVD and CHD cases, respectively.
Women in the highest (= ~11 hr/day) vs. the lowest (< ~9 hr/day) quartile of sedentary
time had higher risk for CVD events (HR=1.44; 95% Cl=1.05-1.98) and CHD events
(HR=2.19; 95% CI=1.09-4.40). The dose-response relation between sedentary time
and both outcomes was linear (P-linear<.05; P-nonlinear>.05 | all). Adjustment for

CVD-risk biomarkers attenuated HRs but a significant linear association persisted for
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CHD (p=.02). Accelerometer-measured MVPA, highly correlated with sedentary time
(r=-.72), attenuated HRs leading to loss of statistical significance after 2 of 4
adjustments (p-values: CVD=.05 & .04, CHD=.04 & .13). HRs were independent of
self-reported MVPA (p<.01 | all). No effect modification was observed by MVPA or

any other variable tested.

Conclusions: Higher sedentary time increased the risk for CHD in older women in a

linear dose-response manner independent of several known CVD-risk factors.
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INTRODUCTION

Throughout the 20™ century, cardiovascular disease (CVD) killed more
Americans than any other disease, currently causing one in three deaths annually.?’
Incidence rates of CVD increase with age and are highest for adults 285 years.?®
Incidence rates of coronary heart disease (CHD), responsible for 1 in 7 deaths
annually, also increases with age, with the highest rates among adults in the highest

age groups.?’

Significant evidence has amassed that physical inactivity,?® often defined as
failure to meet physical activity guidelines, is a major risk factor for CVD.* Despite
the known health benefits of moderate to vigorous physical activity (MVPA), guideline
recommendations are achieved by few adults, and even fewer older adults.?”3! In
recent years, high levels of sedentary behaviors — which are low energy expenditure
activities done while seated or reclining and awake! — have been shown to increase
CVD risk, often independent of MVPA levels.®?32 A recent meta-analysis, based only
on self-reported measures of sedentary behavior, found an 8% increased risk of CVD
associated with each additional hour spent sedentary.®* Authors of the meta-analysis
also reported that the dose response relationship between sedentary behavior and
CVD risk was nonlinear with elevated risk only among adults with >10 hours/day of
sitting time.3* Considering correlations between self-report and accelerometer-
measured sedentary behavior are low®® and some self-reports only capture certain
behaviors like TV watching, studies with better measurement are needed. Especially
for estimates of dose-response relations since they estimate the effect of an exposure
over increasing levels of the exposure, thereby relying on the exposure measure

twice.



12

While several mostly cross-sectional studies have shown that accelerometer-
measured sedentary time is associated with adverse levels of CVD risk
biomarkers,**%:37 no evidence of relations with incident CVD events has been
reported. Obtaining evidence using accelerometer-measured sedentary behavior
measures is a primary research objective of the American Heart Association®® and the
National Institutes of Health (NIH)*. Furthermore, nearly all of the existing evidence
was established among predominantly white cohorts of young-to-middle aged adults,
making the inclusion of ethnically diverse and America’s oldest adults an important
advancement to characterize the population-level burden of CVD morbidity and

mortality in relation to sedentary behavior.*

The objective of this study is to examine associations of accelerometer-
measured sedentary time with incident CHD and CVD in an ethnically diverse sample

of older adults with no prior history of myocardial infarction (MI) or stroke.
METHODS
Study Participants

Between 2012 and 2014, 7058 ambulatory community-dwelling women aged
63 and older were enrolled in the Objectively Measured Physical Activity and
Cardiovascular Health Study (OPACH). All participants were initially recruited from 40
clinical sites throughout the US beginning in 1993 as part of the Women’s Health
Initiative (WHI). More details on the OPACH study population are published

elsewhere.0

Upon enrollment, participants were distributed ActiGraph GT3X+

accelerometers to wear 24 hours per day on an elastic band over their right hip for a
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requested 7 days, removing devices when they were likely to get wet (e.g., showering
or swimming). Participants self-reported in-bed and out-of-bed times using sleep logs

on days when the accelerometer was worn.

Of the 6489 women who wore accelerometers, 6133 met the recommended
data processing criteria for estimating average daily sedentary time among older
adults (i.e., 2 10 waking hours on = 4 days per week).*! After excluding data from
495 women who had an Ml or stroke before OPACH baseline, data from 5638 women
were available for the present study. The protocol for this study was approved by the
Fred Hutchinson Cancer Research Center IRB and all women provided informed

consent either in writing or by telephone.
Coronary heart disease and total cardiovascular events

Outcomes for this study included incident CHD events (myocardial infarction
or coronary death) and incident CVD events (CHD, revascularization, angina,
congestive heart failure, stroke, or death from other cardiovascular disease) which
are described in detail elsewhere.*® At WHI baseline and each subsequent year,
standardized medical updates were collected from participants. All reported CVD-
related events were ascertained and adjudicated by WHI physicians through a review
of medical records.*> Among WHI adjudicators, inter-rater agreement on a range of
CVD-related outcomes was excellent to almost perfect with Kappas ranging from .67
to .94.%* Women with CHD and CVD events that occurred after OPACH baseline

through September 30, 2016 were considered incident cases.

Sedentary time
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ActiGraph GT3X+ accelerometers measured acceleration 30 times per
second. The resulting data were converted to 1-minute epochs using the low-
frequency filter supplied with Actilife version 6.** Periods of accelerometer non-wear
were removed from data by the commonly-used Choi algorithm applied to the vector
magnitude acceleration counts.*® Then self-reported in-bed and out-of-bed times were
used to remove times during which the participant was asleep. Missing bed times
were imputed using person-specific averages, when available, or the OPACH

population average otherwise (i.e., in-bed =10:45 pm; out-of-bed = 7:22 am).

Sedentary behavior was detected from accelerometer data based on whether
each minute had sufficiently low levels of movement (counts per minute of 99 or
lower) as measured by the vertical axis on the accelerometer, the most commonly
used*! measure of sedentary time. 64" Total sedentary time was computed for each
participant by summing the number sedentary minutes for each adherent day
(adherent day = waking wear time >10 hours) and dividing by the number of adherent

days.
Covariates

At WHI baseline, age, race/ethnicity, education, and family history of Ml were
measured by questionnaire. At or near the OPACH baseline, self-reported health
(measured on a likert scale from 1=excellent to 5=poor), physical functioning (using
10 items from the Rand-36), alcohol consumption, and current smoking were
measured by questionnaire nearest to the OPACH baseline. The number of chronic
health conditions (cancer, cardiovascular disease; cerebrovascular disease; cognitive
impairment; constructive obstructive pulmonary disease; depression; and

osteoarthritis) reported at or before OPACH baseline was categorized as 0, 1, or 22
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to account for multimorbidity.*® Prevalent diabetes*® and hypertension at OPACH
baseline were measured using self-reports of physician diagnoses over the entire
WHI follow-up period. A subset of participants (n=4458) received in-home visits at or
near the OPACH baseline as part of the WHI Long Life Study.*® At those visits, height
and weight were measured using a tape measure and calibrated bathroom scale,
respectively. BMI was computed from these measures as weight in kg divided by
height in meters squared. Fasting serum levels of glucose, insulin, creatinine, C-
reactive protein, high- and low-density lipoprotein cholesterol, triglyceride, and total
cholesterol were quantified at the University of Minnesota from fasting blood samples

collected at the visit.

Moderate to vigorous physical activity (MVPA) was measured using four
validated methods: MVPAmaTTHEWS = Mean minutes per day with vertical-axis
accelerometer counts per minute 2760 over all adherent days;*° MVPAopach = mean
minutes per day with 2519 vector-magnitude accelerometer counts per 15-second (a
measure calibrated for OPACH women);** MVPAwn = metabolic equivalent of task
(MET) minutes per week from moderate to strenuous activities (including walking)
measured by self-report using the WHI physical activity questionnaire;>? and
MVPAcHaves = MET-minutes per week spent in moderate intensity exercise activities
as measured by self-report using the Community Health Activities Model Program for

Seniors (CHAMPS) questionnaire.>?
Statistical Analysis

To account for differences in time spent wearing accelerometers while awake,
total sedentary time was adjusted for waking wear time using the residuals method

(i.e., regress awake wear time on total sedentary time to get the residuals and
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predicted total sedentary time values, then add the residual value from each
participant to the population average of predicted values), then stratified into

quartiles.>*

Socio-demographic and health-related characteristics were described using
means and standard deviations (continuous variables) or column percentages
(categorical variables) across quartiles of total sedentary time. Differences across
guartiles were tested using F-tests and Pearson’s chi-square tests for continuous and

categorical variables, respectively.

Hazard ratios (HR) for CVD and CHD events comparing the upper three
guartiles of sedentary time to the lowest quartile were estimated using multivariable
Cox proportional hazard models. Time to event was calculated as the number of days
from OPACH baseline to either the first event (CHD or CVD, depending on the
outcome), death unrelated to the outcome (censored outcome), or the last available
medical update (censored outcome). For each outcome, four progressively adjusted
Cox models were examined: Model 1 was adjusted for age and ethnicity while Model
2 was additionally adjusted for potential confounders (education level, family history
of MI, self-reported health status, physical functioning, alcohol consumption, and
smoking status). CVD risk factors thought to be in the causal pathway between
sedentary time and incident cardiovascular disease were investigated as possible
mediators in models 3a and 3b. Model 3a added history of hypertension, history of
diabetes, and BMI to Model 2 while Model 3b added measures of baseline serum
fasting glucose, triglycerides, HDL-cholesterol, and systolic blood pressure to Model
2. We report adjusted hazard ratios (aHRs), 95% confidence intervals, and p-values

from tests of linear trend, which were computed by re-running Cox models while
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treating total sedentary time as continuous. Proportional hazards assumptions were
assessed using tests based on Schoenfeld residuals® that were confirmed using
plots of the scaled Schoenfeld residuals over time. No variables violated the

assumption.

There is no consensus about whether MVPA should be treated as a
confounder, a causal intermediary, or an effect modifier of the association between
sedentary behavior and cardio-metabolic health.%%5” Furthermore, accelerometer-
measures of MVPA were highly correlated with total sedentary time among OPACH
participants making results from models employing mutual adjustment difficult to
interpret. Thus, to be comprehensive, we examined four measures of MVPA
(MVPAwmaTTHEWS, MVPAoPACH, MVPAwH, and MVPAchaves) as potential confounders in
separate proportional hazards models. We also tested for effect modification of
associations of CVD and CHD with total sedentary time by MVPAwmarTtHews and
MVPAGracH, as Well as with age, race/ethnicity, physical functioning, and BMI by
including interaction terms (effect modifier*total sedentary time) in confounder-

adjusted proportional hazards models.

The dose-response relations between the continuous variable total sedentary
time and incident CVD and CHD events were examined using 2 steps. First, we
tested the dose-response trajectory for nonlinearity by running confounder-adjusted
Cox regression models using restricted cubic spline functions of total sedentary time
(included in continuous form) implemented using the Regression Modeling Strategies
(rms) package®® in r. To test whether the shapes of dose-response trajectories were
sensitive to the number of number of knots used, we ran models separately with 3, 4,

and 5 knots placed at the default locations. Plots of the dose-response trajectories
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were reviewed for each outcome after each run and chi-squared tests for nonlinearity
performed. After determining the most appropriate functional form of the dose-
response trajectories, we plotted them for each outcome specifying the 10™ percentile
of the sedentary time distribution as the referent category to enhance interpretability

of the plots.>®

To explore the possibility of reverse-causation, all CVD and CHD cases that
occurred within 6 months after OPACH baseline were removed and confounder-

adjusted proportional hazards models were rerun.

All statistical tests were two-tailed with p < .05 considered significant. All
analyses were conducted within the R environment (R Foundation for Statistical

Computing; Vienna, Austria).
RESULTS

Over 3.1+0.8 years of follow-up, 447 women reported an incident CVD event
and over 3.3+£0.7 years, 119 incident CHD events were reported. Nearly all socio-
economic and health-related characteristics were associated with total sedentary time
(except smoking status and parental history of MI), with women in quartile 4 being the
oldest, disproportionately White, having the highest BMI, and often having the most
unfavorable cardio-metabolic biomarkers (i.e., systolic blood pressure, fasting plasma

glucose, HDL-cholesterol, and triglycerides; Table 2.1).

Incident CVD events were associated with total sedentary time with crude
incidence rates per 100 person-years of 14.4, 21.2, 29.4, and 39.0 in quartiles 1, 2, 3,
and 4, respectively (Table 2.2). Controlling for potential confounders, women in the

guartile 4 had 44% higher risk for incident CVD events than women in quartile 1
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(aHR=1.44; 95% CI=1.05-1.98; p-trend =.007). Hazard ratios were attenuated with
adjustment for potential mediators, and the linear trend was no longer significant after
simultaneously adjusting for fasting plasma glucose, HDL-cholesterol, triglycerides,

and systolic blood pressure (p=0.141).

Incident CHD events also increased across increasing quartiles of total
sedentary time with crude incidence rates of 2.6, 5.4, 6.5, and 12.6 per 100 person-
years, respectively. Risk for incident CHD events was more than two times higher for
women in quartile 4 than women in quartile 1 (aHR=2.19; 95% CI=1.09-4.40; p-trend
=.003) after adjustment for potential confounders. Adding potential mediators

attenuated aHRs slightly, though significant linear trends persisted (p-value =.02).

MVPAwmattHEWS @and MVPAopach Were correlated with total sedentary time with
Pearson’s r=-.79 and -.72, respectively (Supplemental Table 2.1). Adding measures
of MVPA to confounder-adjusted models of incident CVD events, aHRs comparing
women in quartile 4 to those in quartile 1 ranged from 1.37 (95% CI=0.90-2.07) to
1.53 (95% CI=1.11-2.12) and were generally higher when MVPA was measured by
self-report and lower when measured by accelerometer (Table 2.3). Statistically
significant linear trends were observed for all associations except when using
MVPAwmatTHEWS (P=.05). Inclusion of MVPA to confounder-adjusted models of incident
CHD events generally lowered aHRs, with significant linear trends persisting for all
measure of MVPA except when using MVPAopacH (p=.13). After adding MVPA,
guartile 4 (compared to quartile 1) aHRs for incident CHD events ranged from 1.39
(95% CI1=0.63-3.08) to 2.21 (95% Cl=1.09-4.48). Furthermore, the increased risks of
incident CVD and CHD associated with higher levels of sedentary time did not differ

between women with high and low MVPAwmartHews levels (interaction p-values:
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CVD=.46 and CHD=.92) and MVPAopacH levels (interaction p-values: CVD=.53 and

CHD=.95; Figure 2.1).

No statistically significant interactions were observed by age, BMI, physical
functioning, or race/ethnicity (interaction p-values = .08; Figure 2.1). However,
increased risk for CVD events associated with higher sedentary time tended toward
being lower for Hispanic women (than Black and White women; interaction p-
value=.79) and, similarly for CHD events, tended toward being lower for women <80

years (compared to women 280 years; interaction p-value=.11).

Dose-response trajectories were not meaningfully different between models
with 3, 4, or 5 knots so chi-squared tests were performed for restricted cubic spline
models with 3 knots to maximize statistical power. Chi-square tests indicated the
most appropriate functional form of the dose-response trajectories for incident CVD
events (P-linear=.02; P-nonlinear=.56) and incident CHD events (P-linear=.01; P-
nonlinear=.85) were linear. Trajectories were therefore plotted using multivariable
Cox linear regression models (Figure 2.2). Each 1 hour increase in sedentary time
was associated with a 1.11 times (95% CI; 1.03-1.19) increase in risk for CVD events
and a 1.26 times (95% ClI; 1.08-1.46) increase in risk for CHD events (Figure 2.1). As
shown by the 95% confidence intervals which did not include 1, compared to women
with 8 hours/day of sedentary time, there is significantly higher risk of CVD and CHD
events for sedentary times above 8 hours/day and significantly lower risk for

sedentary times below 8 hours/day.

Sensitivity analyses conducted after removing events that occurred within the

first six months of follow-up did not appreciably change the results.

DISCUSSION
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In this ethnically diverse cohort study of older community-dwelling women,
nearly half of whom were over age 80, we found a linear dose-response relation in
that each additional hour of total sedentary time, on average, was associated with an
11% increase in risk for incident CVD events and a 26% increase in the risk for
incident CHD events. The associations did not differ for women with high and low
MVPA or any other variable that was examined for effect modification. The
magnitude of the increased risk for CVD and CHD events was attenuated, though the
association for CHD events remained significant, following adjustment for CVD-risk
biomarkers, supporting their potential role in the causal pathway and suggesting
prospective studies of behavior-biomarker relations may help identify mechanisms
through which sedentary behavior impacts cardiovascular health.®637¢%  Qur results
were sensitive to statistical adjustment for MVPA (though they remained statistically
significant in 6 out of 8 tests), highlighting an interrelation between the activity-related
behaviors in relation to CVD and CHD, but suggesting that associations of sedentary

time with CVD and CHD are not fully explained or usurped by MVPA.

High sedentary time was associated with a higher risk for CHD events than for
CVD events, similar to results from the larger WHI Observational and Extension
Study that found women that reported sitting >11 hours per day (compared to women
with <4 hours per day of sitting time) had higher risk for CHD mortality (HR=1.27)
then for CVD mortality (HR=1.13).5* The aHRs observed in our study were higher
than those reported by Seguin et al. (2014) and higher than results from a recent
meta-analysis that included data from 10 studies, all of which used self-reported
sitting time.3* Lower effects reported in most previous studies could reflect an

attenuation of effect estimates resulting from the measurement error inherent in self-
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reported total sitting time.3562-° Differences could also indicate that there is higher
risk of CHD and CVD events attributed to sedentary time among older adults (none of
the studies in the meta-analysis included a large proportion of adults over the age of
80); a hypothesis supported by the higher CHD risk observed in our study for women
= 80 but requiring replication, especially since similar results were not observed for

CVD risk.

Higher levels of accelerometer-measured sedentary behavior was related to
CVD mortality among 3809 US adults over 40 (average age 53 years) and among
2918 US men aged 795 with similar magnitudes as those observed in our study for
CVD events, however the associations reported in both studies were not statistically
significant.”®* CVD mortality reflects cause of death and does not capture all incident
events that occur prior to death. The present study is novel for investigating the
important clinical outcome of incident CVD, which could account for the different
findings. Additionally, both studies of CVD mortality had notably smaller sample sizes
potentially limiting statistical power, and the larger study’ included sedentary time,
low intensity physical activity, and MVPA in their fully adjusted models, potentially
leading to over adjustment. A separate cross-sectional study among 1477 adults
(aged 62+11 years) from England used an isotemporal substitution approach to
statistically model how the association of CVD is affected by replacing sedentary time
with MVPA and light intensity physical activity.”> Replacing one hour of sedentary
time with 1 hour of MVPA or low intensity physical activity, respectively was
associated with 50% and 17% lower odds of CVD. These results suggest that
reductions in sedentary time may protect against CVD and the analytic approach

highlights a temporal interdependence between MVPA and sedentary behavior in
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relation to CVD.”? In the present study, sedentary time and MVPA were highly
correlated when both were measured by accelerometry, likely explaining the
attenuated aHRs observed when mutually adjusting for sedentary behavior and
accelerometer-measured MVPA. While the attenuation led to loss of statistical
significance on two occasions, the direction and magnitude of aHRs always indicated
higher risk associated with higher levels of sedentary time. This higher risk for CVD
and CHD events was entirely independent of self-reported MVPA. Furthermore, tests
for effect modification showed that women with high and low accelerometer-
measured MVPA had similar aHRs for incident CVD and CHD events. The totality of
this evidence suggests that in our study of older women without a history of Ml and
stroke, sedentary time increased the risk for CVD and CHD in ways that are separate
from the beneficial effects of MVPA, suggesting the two behavior classes may

represent separate, but related, risk factors.

We observed linear dose-response relations of sedentary time with incident
CVD and CHD events whereby women across the full spectrum of the sedentary time
distribution were at higher risk for CVD and CHD with higher levels of sedentary time.
In contrast, results from a recent meta-analysis indicated a nonlinear dose-response
relation whereby higher CVD risk in relation to higher sitting times was not observed
among adults with <10 hours per day of sitting.3* These differing results could be
attributed age as the average age of women in OPACH was more than 15 years older
than mean ages in all studies used in the meta-analysis. Differences could also be
attributed to the measurement error inherent in self-reported sitting time measures

that were used in all studies included in the meta-analysis.3>62-%9
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One of the proposed mechanisms through which high levels of sedentary
behavior increases risk for CVD events is through traditional CVD risk factors such as
BMI, lipid metabolism, and glucose metabolism.**"3 Results from our study, i.e., the
attenuated aHRs observed when adjusting for several traditional CVD risk factors,
support that hypothesis. It has also been shown that prolonged sedentary behavior
directly and indirectly impairs vascular structure and vascular functioning, and is
associated with inflammation and oxidative stress; which, taken together suggest
additional mechanisms through which high levels of sedentary behavior can increase

risk for atherosclerotic CvD."*

This was the first prospective study of sedentary behavior in relation to
incident CVD events among older adults using objective measures of sedentary time.
Other noteworthy strengths include the race/ethnic diversity of women who had a
wide range of physical and functional health characteristics. Nearly 50% of our
population were over the age of 80, which is a growing segment of the American
population who are at highest risk for CVD events and for sedentary behavior.?”#
Since all women in our study were participants of the initial WHI studies, we were
able to use up to 24 years of physician-adjudicated medical histories to help ensure
our sample were without a prior history of Ml or stroke and to control for
multimorbidity. Our large sample size and well characterized cohort enabled us to
consider sixteen variables as potential confounders or mediators including physical
function which has not typically been examined in past studies. We also conducted a
thorough investigation of MVPA using four different measures that included both

adjusted and stratified analyses.
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Some limitations are worth noting. While accelerometers were used to
objectively measure sedentary behavior, devices were worn over the right hip and the
resulting data were processed using commonly used techniques, precluding the
accurate detection of posture” — a key component of the sedentary behavior
definition.! As a result, standing still could be misclassified as sedentary time.
Sedentary behavior was measured during a seven-day period, which has been
shown to be a reliable measure 2-to0-3 year behavior patterns, but may not fully
capture usual sedentary time in all women.® Future studies should consider longer
measurement periods, if feasible. Finally, this study was conducted among a cohort
of women and it is unknown whether these findings can be generalized to older men.
Replication in prospective studies of older men is needed, as are studies investigating

gender differences.

In conclusion, our study shows that sedentary time is linearly related in a
dose-response manner to CVD in older women, with those who accumulate the most
sedentary time having a two-fold increased risk of CHD events compared to women
with the lowest sedentary time, independent of traditional CVD risk factors. Sedentary
behavior guidelines in several industrialized countries call for an overall reduction in
sedentary time.””’8 The results of this study support further consideration by public
health entities in the United States of guidelines to reduce sedentary time. Evidence
is needed from intervention trials to inform specific guidelines and to inform ecological
interventions in an effort to reduce the public health burden of CVD in our growing

population of older women and men.

Chapter 2, in full, is currently being prepared for submission for publication of

the material. Bellettiere, John; LaMonte, Michael J.; Di, Chongzhi ; Kerr, Jacqueline;



Lee, I-Min; Rillamas-Sun, Eileen; Buchner, David; Evenson, Kelly R.; Hovell,
Melbourne F.; LaCroix, Andrea Z. John Bellettiere was the primary investigator and

author of this material.
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Table 2.1 Baseline Socio-demographic and health-related characteristics, by
guartile of daily sedentary time (n=5638); OPACH (2012-2014).
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Figure 2.1 Adjusted hazard ratios (aHRs) and 95% confidence intervals (ClI) for
associations of incident cardiovascular disease events and coronary heart
disease events with a 1 hour change in total sedentary time, by selected
participant characteristics; OPACH (2012-2016). Associations are adjusted for age,
ethnicity, education, self-reported health, family history of MI, number of chronic conditions,
physical functioning (SF-36), alcohol consumption, and current smoking status (where
appropriate). Physical functioning and moderate to vigorous physical activity (MVPAuaTTHEWS)
were split at the median value.
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(a) Incident cardiovascular disease events
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Figure 2.2 Continuous dose-response relation of sedentary time with incident
CVD (panel a) and CHD (panel b) events estimated using multivariable linear
Cox regression models adjusted for age, race/ethnicity, education, self-
reported health, family history of myocardial infarction, number of chronic
conditions, physical functioning, alcohol consumption, and current smoking
status. To improve interpretability, the referent was set to the 10th percentile sedentary time
duration (i.e., 8 hours per day). Hazard ratios (solid lines) and 95% confidence intervals
(dotted lines) are plotted. Panel c shows the frequency distribution of total sedentary time.
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Supplemental Table 2.1 Pearson's correlation coefficients for linear
associations of sedentary time and moderate to vigorous physical activity

(MVPA)
(1) (2) 3) (4) (5)
(1) Total sedentary time® 1.00
(2) MVPAmaTTHEWS™P -.79 1.00
(3) MVPAopacH®* -72 .85 1.00
(4) MVPAw® -.24 .30 .33 1.00
(5) MVPAcHAmPs® -.26 .30 .30 .53 1.00

2 Adjusted for awake wear time using the residuals method.

® MVPA measured using 760 count per minute cutpoint with data from the accelerometer (vertical
axis only).

¢MVPA measured using 519 count per 15-second epoch cutpoint with data from the accelerometer
(vector magnitude).

4 Metabolic equivalent of task minutes per day in moderate to strenuous activities (including
walking) per day as measured by the WHI physical activity questionnaire.

¢ Metabolic equivalent of task minutes per week spent in moderate intensity exercises as measured
by the Community Health Activities Model Program for Seniors (CHAMPS) questionnaire.
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Aims: To examine cross-sectional associations of sedentary time and sedentary
behavior patterns with prevalent diabetes in an ethnically diverse cohort of older
women, and test whether associations between sedentary time and diabetes are
modified by age, race/ethnicity, body mass index (BMI), moderate-to-vigorous
physical activity (MVPA), physical functioning, and family history of diabetes.
Methods: Community-dwelling older women (n=6,116; mean age 79+7) wore
ActiGraph GT3X+ accelerometers on their hip 24 hours/day for up to 7 days.
Prevalent diabetes was measured as self-reported physician diagnosed diabetes
requiring oral hypoglycemic medication and/or insulin. Total sedentary time and three
measures of sedentary accumulation patterns were derived from accelerometry.
Associations between prevalent diabetes and sedentary behavior-related exposures
(categorized into quartiles) were assessed using progressively adjusted logistic
regression models, with BMI and MVPA added separately to main logistic regression
models that contained 9 covariates. Associations between sedentary time and
prevalent diabetes were estimated for subcategories of potential effect modifiers
using the main regression models to test whether associations varied across
subcategories.

Results: Twenty-one percent (n = 1282) of women reported diabetes at or before
accelerometry. Women in the highest quartile of sedentary time (=661 mins/day) had
higher odds of prevalent diabetes (odds ratio (OR) = 1.96; 95% confidence intervals
(CI), 1.59-2.42) than women in the lowest quartile (<538 mins/day), after adjustment
for main-model covariates. Associations were attenuated, but remained statistically
significant, after adjustment for BMI and MVPA. No effect modification was observed.

Women that accumulated sedentary time with the most prolonged patterns (i.e., many
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long bouts of sedentary time with few short bouts and few interruptions) had higher
odds of prevalent diabetes than women with the most interrupted patterns.
Associations remained significant after adjustment for BMI and, for one sedentary
pattern metric, after additional adjustment for MVPA.

Conclusions/interpretations: Higher levels of sedentary time and accumulating it in
prolonged patterns were associated with increased odds for prevalent diabetes
among an ethnically diverse cohort of older women. Sedentary time and prolonged
sedentary behavior patterns are potentially modifiable lifestyles factors that offer
promise as intervention targets for reducing the burden of diabetes in an aging

population.
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INTRODUCTION

Type |l diabetes is an often progressive chronic condition characterized by
insulin resistance’ that can lead to heart disease, stroke, blindness, and renal
failure.®° Approximately 37 million US adults (10.2%) had diabetes in 2010 and
prevalence is expected to increase to 53 million by 2030.8! At present, nearly 1in 5
older adults (265 years) have diagnosed diabetes.®? Older adults with diabetes are at
significantly higher risk than younger adults for hypoglycemia, stroke, ischemic heart
disease, and congestive heart failure with adults 275 years having the highest risk.%
Little data exist on the contribution lifestyle risk factors to diabetes burden among

adults over the age of 80.8

New cases of diabetes occur at similar rates for adults aged 46-64 as adults
aged 65-79,%° suggesting there are opportunities for prevention across the adult
lifespan. Among older adults, as many as 90% of new-onset diabetes has been
attributed to behavioral risk factors such as lack of physical activity, poor diet,
smoking, and alcohol use.?® Sedentary behavior — defined as activities resulting in
low energy expenditure (1.5 metabolic equivalents) while seated or reclining * — is
an emerging factor associated with diabetes.3287-8° Meta analytic results indicate that
adults with the highest self-reported sedentary time have double the risk for diabetes
than adults with the lowest levels of sedentary time.*®* However, since self-reported
sedentary time correlates poorly with objective measures,*%° especially for older
adults,®* and few studies have included adults over 75 years, studies using
accelerometer measures in older age groups are needed to advance our

understanding of sedentary behavior in relation to diabetes across the adult lifespan.
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Sedentary time is not a binary risk factor, as some is needed for rest and
relaxation. Conversely, sedentary time accrued in long, uninterrupted bouts is
increasingly being recognized for its acute deleterious effects on glucose control and
other cardio-metabolic risk factors.'*°2 Behavior patterns that are composed of many
long, uninterrupted sedentary bouts (i.e., prolonged sedentary behavior patterns) are
thought to increase risk for metabolic disease such as diabetes, but have seldom
been studied in that context outside of the laboratory.®®* Consequently there is little
known about how sedentary behavior patterns are associated with diabetes burden

and there is no existing data on those associations in older people.

The aims of this study were to examine associations of diabetes with
accelerometer-measured sedentary time and sedentary behavior patterns in older
postmenopausal women. As the extant literature on diabetes and self-reported sitting
time indicates differing associations for high and low risk adults,®*-° our second aim
was to test whether associations of sedentary time and diabetes were modified by
age, race/ethnicity, body mass index (BMI), moderate to vigorous physical activity,

physical functioning, or family history of diabetes.
METHODS
Sample and Design

The Objective Physical Activity and Cardiovascular Health Study (OPACH)
was conducted among a subset of participants from the Women’s Health Initiative
(WHI) Hormone Therapy Trial and Observational Study who were initially enrolled in
the Long Life Study (LLS). Details of the OPACH sample and design are published
elsewhere.*® Briefly, 7048 ambulatory women not residing in an institution and able to

provide informed consent were enrolled and given ActiGraph GT3X+ accelerometers
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along with wear instructions during a home visit. Accelerometers were worn on a belt
around the participant’s waist for a requested 24 hours per day (removed only when
showering or swimming) for up to 7 continuous days. Sleep logs were concurrently
collected to obtain data on participants’ in-bed and out-of-bed times. Accelerometers
were returned by 6721 (95.4%) participants with 6489 (91.2%) containing evidence of
human wear.®” Sociodemographic, behavioral, and health-related data, including self-
reported physician-diagnosed or treated diabetes, were obtained by interviews and

through self-administered questionnaires.
Dependent Variable

Women who answered “yes” to the following question at WHI baseline, “Did a
doctor ever say that you had sugar diabetes or high blood sugar when you were not
pregnant?” or who, before OPACH baseline, reported being treated with insulin or
oral hypoglycemic medication at any of the annual medical update collected during
the up to 24 years of WHI follow-up were considered to have diabetes. In the larger
WHI cohort, self-reported diabetes has a high degree of concordance with results
from physician-reviews of medical records with positive and negative predictive

values of 91.8% and 94.5%, respectivly.*®
Accelerometer Data Processing

ActiLife software (Version 6) was used to convert the raw accelerometer data
(30 hertz) to 1-minute epochs using the low-frequency filter.** Accelerometer non-
wear was removed using the Choi algorithm applied to the vector magnitude of
acceleration counts per minute.*® Then, sleep time was removed from the data using
self-reported in-bed and out-of-bed times from sleep logs. For missing bed times,

each person’s mean in-bed and out-of-bed time were used, or if all data were
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missing, the population mean in-bed (7:22 am) and/or out-of-bed (10:45 pm) time was
used. In accordance with recommended data processing protocol for older adults,
calendar days with = 10 hours of awake wear time were considered adherent days
and only adherent days were analyzed.** Furthermore, sedentary time and sedentary
behavior pattern metrics were designed to estimate behavior over the typical week
and therefore we required at least 4 adherent days to be considered in the analysis,

as recommended.*
Exposure Variables

Total sedentary time, prolonged sedentary time, and sedentary accumulation
patterns were derived from minute-level accelerometer data. Each 1-minute epoch
was classified as sedentary if the acceleration counts per minute (cpm) on the vertical
axis was < 100, a data processing protocol commonly used for older adults that has

been validated and was previously used to study sedentary behavior patterns.134%47

Total sedentary time was computed as the average number of sedentary
minutes per day, calculated over all adherent days. Consecutive sedentary minutes
are referred to as sedentary bouts that can range from 1 minute to several hours in
duration. Summarizing the frequency and duration of sedentary bouts is one way to
describe how sedentary time is accumulated (i.e., sedentary behavior patterns). This
paper used three sedentary behavior pattern metrics, each measuring the frequency
and/or duration of sedentary bouts; breaks in sedentary time (frequency), usual bout
duration (duration), and alpha (hybrid measure of frequency and duration). We also
report associations between diabetes and prolonged sedentary time (here defined as
the average number of minutes per day spent in sedentary bouts = 30 minutes) so

that results can be compared with other studies.'®%:% While prolonged sedentary
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time is useful in providing an easy-to-interpret measure related to sedentary behavior
patterns, metrics that take into account the frequency and/or duration of long and
short sedentary bouts is thought to provide a more complete picture of how sedentary

time is accumulated.

Breaks in sedentary time are transitions from a sedentary to non-sedentary
bouts and therefore account for the frequency with which sedentary bouts occur.
Higher frequencies indicate more interrupted patterns. Breaks in sedentary time was
computed by summing the number of sedentary bouts over all eligible days and

dividing by the number of eligible days.

The usual bout duration measures the bout duration above which half of all
sedentary time was accumulated. Higher values indicate a tendency to accumulate
sedentary time in longer sedentary bouts. The usual bout duration is the midpoint of

the cumulative distribution of sedentary bout durations.

Alpha is a single, unitless metric that simultaneously describes the frequency
and duration of all sedentary bouts, making it a hybrid measure of sedentary behavior
patterns.®* Accumulating sedentary time with frequent long bouts and relatively few
short bouts would result in a low alpha, while accumulating sedentary time in
relatively many short bouts with few long bouts would yield a high alpha. Both usual
bout duration and alpha were computed according to the methods described by

Chastin et al. (2010).131°
Covariates

Data collected by questionnaire at WHI baseline were used to measure age,

race/ethnicity (categorized into Black, White, or Hispanic), education (categorized into
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high school/GED or less, some college, college graduate or more), and family history
of diabetes (yes/no). At or near OPACH baseline, participants completed
guestionnaires that measured self-reported health status (categorized into
excellent/very good, good, fair/poor), physical function score from the Rand 36-Item
Health Survey (10 items, range 0-100), frequency of alcohol consumption
(categorized into non-drinker, <1 drink/week, = 1 drink/week, unspecified), and
current smoking status (smoker, nonsmoker; missing values (n=536) were coded as
nonsmokers). A subset of participants received in-home visits as part of the LLS
where height was measured to the nearest half-inch by tape measure and weight
measured to the nearest pound using a calibrated analog bathroom scale; from those
measures, BMI was computed as (weight, 1bs.)*703 / (height, in)*2. A measure of
multimorbidity, adapted from Rillamas-Sun et al. (2016), was included as the number
of chronic health conditions (cardiovascular disease; cancer; cognitive impairment,
depression; osteoarthritis; history of falls; chronic obstructive pulmonary disease,

hypertension; cerebrovascular disease) reported at or before OPACH baseline.*®

Four measures of moderate to vigorous physical activity (MVPA) with differing
correlations with sedentary time were used. The primary measure was derived from
the vertical axis accelerometer counts to be consistent with the method used for
measuring sedentary time; specifically, MVPAmatTHEWS Was defined as the average
minutes per day with accelerometer levels 2760 counts per minute.>®° MVPAopach,
calibrated for older adults similar in age to participants of OPACH, was measured as
the average minutes per day with vector-magnitude accelerometer counts = 519 per
15-second epoch.%* The WHI physical activity questionnaire was used to measure

typical metabolic equivalent of task (MET) minutes per day from moderate to
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strenuous activities (including walking; MVPAwH). MET-minutes per week in
moderate exercise activities common to older adult lifestyles was assessed by the
Community Health Activities Model Program for Seniors (CHAMPS) questionnaire

(MVPACcHAmps).%®
Statistical Analysis:

Variations in accelerometer wear time could impact measures of sedentary
behavior and MVPA so total and prolonged sedentary time, breaks in sedentary time,
MVPAwmatTHEWS, and MVPAopacH Were adjusted for awake wear time using the
residuals method.>* By design,*® usual bout duration and alpha were unrelated to

wear time and were therefore not adjusted.

Socio-demographic, health-related, and activity-related variables were
summarized for the total sample and by quartile of total sedentary time using means
and standard deviations for continuous variables and percentages for categorical
variables. Differences in these factors across quartiles of total sedentary time were
tested using F-tests for continuous variables and chi-square tests for categorical

variables.

Associations of diabetes prevalence (yes/no) with total sedentary time,
prolonged sedentary time, and sedentary accumulation patterns were assessed using
multivariable logistic regression. Women were grouped in quartiles of each sedentary
behavior-related exposure variable and quartiles were ranked so that quartile 1 (Q1;
the referent) was the lowest total or prolonged sedentary time and most interrupted
sedentary accumulation pattern. In this regard, odds ratios (OR) greater than 1.0
would reflect an adverse association with prevalent diabetes for all sedentary

behavior exposure variables. The p-value from linear tests for trend using exposure
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variables in their continuous form were reported. Four sequentially adjusted models
were fit for each exposure: Model 1 was unadjusted; Model 2 was adjusted for age
and race/ethnicity, Model 3 (the main model) added covariates (education level,
family history of diabetes, self-reported health status, physical functioning, alcohol
consumption, and smoking status) to Model 2, and Model 4 added BMI, a potential

mediator, to Model 3.

Relations between sedentary time, MVPA, and cardio-metabolic health are
unclear, with most studies treating MVPA as a confounder and some as a mediator,
though there is evidence against both treatments.>®1% Still, others view MVPA as an
effect modifier, asserting sedentary time has differing relations with cardio-metabolic
health for adults with differing levels of MVPA. In the present study, understanding
interrelations between MVPA and sedentary time with respect to diabetes was
especially difficult when using accelerometer measures because the two activity-
related behaviors were highly correlated. Therefore, we evaluated the impact of four
previously validated measurement methods of MVPA, two accelerometer-based and
two self-reported, on associations of total sedentary time and prevalent diabetes by
repeating Model 3 with addition of each MVPA measure (MVPAwartHEws, MVPAopacH,
MVPAwH, MVPAcHames), evaluated separately. Additionally, MVPAuartHews (median
split: < 54 minutes/day, = 54 minutes/day) was tested as an effect modifier using
Model 3 covariates. Less is known about how MVPA is related to sedentary
accumulation patterns so for analyses of diabetes with prolonged sedentary time and
accumulation patterns, MVPAwuartHews Was added to Model 3 treating it as a potential
confounder (Model 4b). Variance inflation factors (VIF) were inspected for evidence of

multicollinearity (i.e., VIF 25); no evidence was observed for any model.
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We also tested whether associations between total sedentary time and
prevalent diabetes differed between women in high and low risk groups by separately
examining age (<80 years, 280 years), BMI (<30 kg/m?, 230 kg/m?), physical
functioning (median split: <75, 275), race/ethnicity (White, Black, Hispanic), and
family history of diabetes (yes, no). Effect modification was assessed by including
interaction terms (effect modifier*total sedentary time) in multivariable logistic
regression Model 3 and testing the interaction effect with statistical significance set to

p<.05.

All statistical analyses were conducted in R (R Foundation for Statistical
Computing; Vienna, Austria). Statistical tests were two-tailed with significance set to

p<.05.
RESULTS

Of the 6489 women who returned accelerometers, 6133 provided =24 adherent
days of accelerometer measures and of them, 6116 had complete data on diabetes
diagnosis. Among the 6116 (94.3%) women in the final analytic sample (mean+SD
age 78.7+6.7 years), 1,282 (21.0%) reported physician-diagnosed diabetes or treated
diabetes at or before OPACH baseline (Table 3.1). Demographic and health-related

characteristics are described in Table 3.1.

Total and prolonged sedentary time

High sedentary time was associated with increased risk of prevalent diabetes
in unadjusted models and in each successively adjusted model (p-trend <0.001 all;
Table 3.2). Compared to women in quartile (Q)1, women in Q2, Q3, and Q4 had 1.48

(95% confidence interval (Cl)=1.22-1.80), 1.39 (95% CI=1.13-1.70), and 1.96 (95%
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Cl=1.59-2.42) times higher odds of prevalent diabetes, after controlling for potential
confounders (Model 3). Additional adjustment for BMI did not measurably change the

associations.

Adjustment for the four different MVPA metrics revealed attenuated odds
ratios (ORs) for sedentary behavior only when MVPA was measured by
accelerometry (Table 3.3). ORs for women in Q4 (compared to women in Q1)
reduced from 1.96 (95% Cl=1.59-2.42) when not controlling for MVPA to as low as
1.40 (95% CI=1.06-1.85) when including accelerometer-derived MVPA. Despite
attenuated ORs, significant linear trends between sedentary behavior and diabetes

persisted (p-trend < .003 all).

Associations between total sedentary time and prevalent diabetes were not
modified by categories of MVPA or by age, BMI, physical functioning, race/ethnicity,

or family history of diabetes (Figure 3.1).

Higher volumes of prolonged sedentary time were associated with higher odds
of prevalent diabetes (Table 3.4), though ORs were consistently lower than those for
total sedentary time. The odds of prevalent diabetes was 1.57 time higher for women
in Q4 than for women in Q1 (95% CI=1.28-1.93) after adjustment for Model 3

confounders.

Sedentary accumulation patterns

Women with the most prolonged patterns of sedentary behavior had higher
odds of prevalent diabetes than women with the most interrupted patterns (Table
3.4), but adjustment for Model 3 confounders attenuated all associations and

significant linear trends persisted only for usual bout duration and alpha. ORs for
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women with the highest usual bout duration (Q4) and an alpha that indicated
accumulation patterns composed of the fewest short bouts and the most long bouts
(Q4) had 1.57 (95% CI=1.28-1.92) and 1.61 (95% Cl=1.32-1.97) times higher odds,
respectively, than women with the most interrupted patterns (Model 3). Additional
adjustment for BMI slightly attenuated ORs, but did not measurably affect
associations or their significance. ORs were also attenuated after adjustment for
MVPA, with significant differences between the highest and lowest quartiles
persisting for usual bout duration and alpha and significant linear trends persisting

only for alpha.

For completeness, results for the continuous functional form of total sedentary
time are in Figure 3.1 and for prolonged sedentary time and sedentary behavior

accumulation metrics are in Supplemental Table 3.1.

DISCUSSION

High levels of sedentary time were associated with increased rates of
prevalent diabetes independent of several covariates and after additional adjustment
for BMI and MVPA. Compared to women with the lowest total sedentary time,
women with the highest total sedentary time had increased odds of prevalent
diabetes by 1.40 to 1.96. There was no evidence of effect modification when the
associations were examined across categories of relevant subgroups within the

cohort.

Prolonged sedentary patterns measured by alpha and usual bout duration
were associated with increased odds of prevalent diabetes, though associations

tended to be weaker than the associations observed with total sedentary time. Breaks
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in sedentary time, a measure of how often sedentary bouts occur, was not
significantly related to diabetes after adjusting for covariates. One explanation for
differing results among the accumulation metrics is that the frequency of sedentary
bouts (as measured by breaks sedentary time) may be less relevant for diabetes then
the duration of sedentary bouts only (as measured by usual bout duration) or the
combination of frequency and duration (as measured by alpha). Breaks in sedentary
time computed using data from hip-worn accelerometers may also be more
susceptible to measurement error than the other accumulation metrics as evidenced
by its accuracy compared to breaks measured with posture-based devices.%!
However, despite the low accuracy, the correlations between hip-worn accelerometer
sedentary breaks and those measured by direct observation have Pearson’s
correlation coefficients of between .64 and .86, suggesting adequate reliability.”® The
different pattern metrics could also be differentially susceptible to confounders, as
evidenced by the differential changes in ORs when adjusting for MVPAuaTTHEWS.
However, breaks are necessary for interrupting long bouts of sedentary time to
reduce usual bout durations and improve alphas, and while the frequency of breaks
are not significantly related to diabetes in this sample, their temporal placement (i.e.,
breaking long bouts into several shorter bouts) is critical for improving sedentary

behavior patterns.

A major strength of this study was the use of accelerometer measures of
sedentary behavior obtained during wear periods of 24 hours per day. This 24-hour
wear protocol likely gave us better estimates of sedentary behavior than in most
previous studies in which participants removed devices each night before going to

bed. Waking-day only protocols present opportunities for device non-wear before and
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after actual sleep time and are thought to differentially miss sedentary time since that
is the most common activity intensity category. The sedentary accumulation
measures used in this analysis have been previously characterized, and were
specifically designed to summarize patterns of sedentary behavior.***® While there
has been one cross-sectional study of alpha and usual bout duration in relation to
diabetes risk factors,? this is the first time the two sedentary pattern metrics have
been used to study the clinically-relevant outcome of diabetes. This is also the first
study of diabetes and accelerometer-assessed sedentary behavior, to our knowledge,
that focuses exclusively on older postmenopausal women including a large number
over the age of 75 years. As the aging population expands, both the absolute number
and the proportion of older adults living with diabetes will increase.®* This makes
characterizing potentially modifiable factors associated with diabetes burden in this

group of great public health importance.

Our study had some limitations. Accelerometers were unable to discriminate
posture because they were worn on the hip and the resulting data were processed
using the most commonly used methods.” As a result, pattern metrics were more
prone to error than if they were measured using devices designed to detect

posture. 1t

This study was cross-sectional which does not enable us to establish
temporality of associations between sedentary time and diabetes. Furthermore, the
WHI did not attempt to identify subclinical diabetes through routine monitoring of
fasting blood glucose, glucose challenge tests, or other methods. It was also not
possible to distinguish between type 1 and type 2 diabetes with the self-reported

diabetes question. However, the self-reported measures were evaluated in WHI for
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concordance with physician medical-records reviews and demonstrated high levels of
accuracy.® It is unknown whether these results can be generalized to populations of
older men or those too cognitively or physically disabled to participate in a study such
as OPACH. Our study was conducted within a relatively large sample that was
ethnically diverse and composed of women originally recruited from 40 sites
throughout the US. Furthermore, we observed associations among various
subgroups within our cohort including race/ethnicity, physical functioning, and age
indicating high levels of external validity of associations between sedentary time and

prevalent diabetes among older women.

The results of our study are in general agreement with previous studies of
diabetes and sedentary behavior defined as self-reported time spent watching
television. In a meta-analysis of 7 prospective and 3 cross-sectional studies, adults
with the most television time had 2.12 times higher risk for developing diabetes than
those with the least television time.3* Many of the reviewed studies adjusted for self-
reported MVPA, which has low concordance with accelerometer-measured MVPA.
Incomplete adjustment for MVPA could lead to overestimated relations between
sedentary time and diabetes in these previous studies. To address this, our study
included MVPA measured by self-report and by accelerometer, showing that
associations for sedentary time with prevalent diabetes were largely unchanged when
MVPA was measured by self-report and were smaller, though still statistically
significant, when measured by accelerometer. The attenuated associations following
adjustment for accelerometer-measured MVPA highlights an important interrelation
between the sedentary behavior and MVPA suggesting that replacement of sedentary

time with moderate to high intensity activity may reduce odds of diabetes through
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reduced sedentary time, increased MVPA, or both. Since linear associations between
sedentary time and prevalent diabetes persisted after adjustment for MVPA, our
results indicated that associations were independent of MVPA. Future studies are

needed to help untangle these related behaviors.

Three recent studies examined incident diabetes in relation to sitting time
measured by self-report, all studies demonstrating significant associations only
among adults with low leisure time MVPA levels and/or adults who were obese.%*96:103
Results from our study do not support differential associations between high and low
risk groups including those based on obesity and MVPA. The lack of interaction of
sedentary time with MVPA and BMI in OPACH differ from those studies, 496103
possibly due to measurement error inherent in self-reported sitting measures used by
the previous studies,*® the weaker correlation between BMI and actual body fat at
older ages,'* or by reduced influence that adiposity appears to have on metabolic
pathways in older adults.®® Accelerometer-measured sedentary behavior has not
often been used to evaluate associations of sedentary time and diabetes. Using hip-
worn accelerometers to study adults aged 45+3, Gibbs et al. (2015) found a 29%
increase in the relative odds for diabetes associated with, on average, each 1 hour
increase in total sedentary time.'% A larger study using posture-based
accelerometers among adults aged 60+8 reported nearly identical increases in
relative odds for diabetes (28%) associated with a 1 hour increase in total sitting
time.1%” Similarly, Stamatakis et al. (2012) reported that each additional hour of total
sedentary time was associated with a 24% increase in relative odds for diabetes in
adults aged 44+6, though the association did not reach statistical significance

(p=0.07). All previous estimates were higher than the 19% increased relative odds
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observed in our study (see Figure 3.1), but fell within our 95% CI (OR=1.19; 95% CI =
1.13-1.30). Thus, our results are generally consistent with these reports, but this
study extends the evidence base to include postmenopausal women, most of whom

were over the age of 75.

Studies of sedentary accumulation patterns and diabetes are scarce.
Experimental studies have demonstrated that prolonged sedentary behavior patterns
(compared to regularly interrupted accumulation patterns) lead to acute detrimental
effects on several key diabetes risk factors including postprandial glucose and lipid
metabolism.®-1292108 Epjdemiologic studies also suggest that accumulation patterns
composed of frequently interrupted sedentary time have favorable associations with
diabetes risk factors such as measures of obesity, triglycerides, 2-hour post-load
glucose, and HDL cholesterol.*>1* In the only study of sedentary accumulation
patterns and diabetes that we found, the authors reported that breaks in sedentary
time were not associated with prevalent diabetes, consistent with findings from the
present study.'®” Also consistent with our findings, van der Berg et al. reported that
prolonged accumulation patterns (measured as the number of sedentary bouts = 30
minutes and the average sedentary bout duration) were positively associated with
odds of diabetes in models that did not mutually adjust for accumulation patterns and
total sedentary time.2%” Notably, the sedentary accumulation measures employed by
our study, different from those employed by van der Berg et al. (2016),°” were
theoretically grounded (they take into account the highly non-normal distribution of
sedentary bout durations) and have been well characterized in previous studies, 31922
which enhances confidence in our results. A recent American Heart Association

scientific advisory recommended that standardizing sedentary-behavior related
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measurement procedures would enhance syntheses of results across studies and
should be a research priority and we believe the theoretically-grounded measures

used herein are a good place to start.®

In conclusion, our study indicates that higher total sedentary time, and
prolonged patterns of sedentary accumulation are positively associated with prevalent
diabetes among older women. These data support existing guidelines’”:’® and
recommendations®® that call for reducing overall sedentary behavior and regularly
interrupting prolonged sitting in order to mitigate metabolic aberrations associated

with chronic diseases such as diabetes.

Prospective epidemiologic studies are needed to establish the temporal order
of associations of sedentary behavior and patterns of sedentary behavior with
diabetes. Intervention trials comparing various methods of reducing sedentary
behavior and modifying sedentary accumulation patterns® are also needed to inform
more specific public health recommendations that may curb the diabetes epidemic

through improved sedentary habits.

Chapter 3, in full, is currently being prepared for submission for publication of
the material. Bellettiere, John; Healy, Genevieve; LaMonte, Michael J.; Kerr,
Jacqueline; Rillamas-Sun, Eileen; Di, Chongzhi; Buchner, David; Hovell, Melbourne
F.; Evenson, Kelly R.; LaCroix, Andrea Z. John Bellettiere was the primary

investigator and author of this material.
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Table 3.1 Baseline Socio-demographic and health-related characteristics of
women, by quartile of daily sedentary time; OPACH (2012-2014), n=6,116. Data
are mean (SD) or n (%)
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Table 3.2 Adjusted odds ratios and 95% confidence intervals for prevalent
diabetes by quartile of total sedentary time; OPACH (2012-2014), n=6,116

p-
Total Sedentary Time2b trend
[4

1 (low) 2 3 4 (high)
Model 14 (n=6116) 1 (ref) 1.60(1.33-1.93) 1.43 (1.18-1.73) 2.14 (1.79-2.57) <.001
Model 2¢ (n=6116) 1 (ref) 1.70 (1.41-2.05) 1.63 (1.34-1.98) 2.75 (2.27-3.34) <.001
Model 3% (n=5979) 1 (ref) 1.48 (1.22-1.80) 1.39(1.13-1.70) 1.96 (1.59-2.42) <.001
Model 4%¢ (n=5611) 1 (ref) 1.44 (1.17-1.76) 1.34 (1.09-1.66) 1.90 (1.53-2.36) <.001
aQuartile cutpoints for total sedentary time (min), Q1=199-538, Q2=539-601, Q3=602-660, Q4=661-921.
b Total sedentary time is adjusted for awake wear time using the residuals method.
¢ P-values from a linear test for trend chi square test executed using logistic regression including total
sedentary time in models in continuous form.
d (Model 1) unadjusted, (Model 2) age and race/ethnicity adjusted, (Model 3) Model 2 + covariates, and
(Model 4) Model 3 + body mass index.
¢ Covariates include education, self-reported health, family history of diabetes, number of chronic
conditions, physical functioning, alcohol consumption, and current smoking status.
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Overall association

Total sample ; = 1.19 (1.12-1.30)
Age ! 0803
=80 years ; = 118 (1.11-1.30)
>=80 years 5 e o 1.16 (1.08-1.30)
Body mass index 0.602
=30 kg/m2 E = 1.20 (1.12-1.30)
>=30 kg/m2 ; —=— 1.19 (1.10-1.30)
Physical functioning (SF-36) ' 0.583
Low ; 8 1.21 (1.14-1 30)
High O = 1.17 (1.09-1.30)
MVPA 0736
Low B 1.19 (1.09-1.30)
High = 1.16 (1.06-1.30)
Racel/Ethnicity 0923
White E —=— 1.20 (1.10-1.30)
Black 5 = 1.18 (1.09-1.30)
Hispanic = 1.19 (1.06-1.30)
Family history of diabetes E 0837
No i &= 1.19 (1.11-1.30)
Yes . | - . 1.20 (1.11-1.30)
08 10 12 14

Figure 3.1 Adjusted odds ratios (aORs) and 95% confidence intervals (Cl) for

associations of prevalent diabetes and total sedentary time (1 hour), by

selected participant characteristics; OPACH (2012-2014). Associations are adjusted

for age, ethnicity, education, self-reported health, family history of diabetes, number of chronic
conditions, physical functioning (SF-36), alcohol consumption, and current smoking status

(where appropriate). Physical functioning and moderate to vigorous physical activity (MVPA)

were split at the median value.
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Table 3.3 Adjusted odds ratios and 95% confidence intervals for prevalent
diabetes by quartile of prolonged sedentary time, breaks in sedentary time,
usual bout duration, and alpha; OPACH (2012-2014), n=6,116
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Supplemental Table 3.1 Adjusted odds ratios and 95% confidence intervals for
each standard deviation in prolonged sedentary time, breaks in sedentary time,
usual bout duration, and alpha; OPACH (2012-2014), n=6,116

Standardized 95% confidence

odds ratio? interval p-value
Model 1° (n=6116)
Prolonged sedentary time® 1.16 (1.09-1.23) <.001
Breaks in sedentary time®¢ 1.00 (0.94-1.07) .92
Usual bout duration 1.11 (1.05-1.18) <.001
Alpha? 1.19 (1.11-1.26) <.001
Model 2° (n=6116)
Prolonged sedentary time® 1.30 (1.22-1.39) <.001
Breaks in sedentary time®¢ 1.11 (1.04-1.19) .001
Usual bout duration 1.22 (1.14-1.30) <.001
Alpha® 1.31 (1.22-1.40) <.001
Model 3*¢ (n=5979)
Prolonged sedentary time® 1.18 (1.10-1.27) <.001
Breaks in sedentary time®¢ 1.05 (0.98-1.13) 14
Usual bout duration 1.12 (1.05-1.20) .001
Alpha? 1.20 (1.11-1.29) <.001
Model 4a®* (n=5611)
Prolonged sedentary time® 1.16 (1.07-1.25) <.001
Breaks in sedentary time®¢ 1.02 (0.95-1.10) .56
Usual bout duration 1.11 (1.03-1.19) .005
Alpha? 1.18 (1.09-1.27) <.001
Model 4b®¢ (n=5979)
Prolonged sedentary time® 1.07 (0.99-1.16) .09
Breaks in sedentary time®* 1.03 (0.96-1.10) A4
Usual bout duration 1.05 (0.98-1.13) .19
Alpha® 1.09 (1.00-1.18) .04

2 Units of measures for prolonged sedentary time and each sedentary behavior pattern variable:
prolonged sedentary time = 114 minutes/day; breaks in sedentary time = -16 breaks/day; usual
bout duration = 10.7 minute; alpha = -0.15 units.

b (Model 1) unadjusted, (Model 2) Model 1 + age and race/ethnicity, (Model 3) Model 2 + potential
confounders, (Model 4a) Model 3 + BMI, (Model 4b) Model 3 + MVPA.

¢ Adjusted for awake wear time using the residuals method.

4 Reverse coded so that higher values indicate higher risk.

¢ Potential confounders include education, self-reported health, family history of diabetes, number
of chronic conditions, physical functioning, alcohol consumption, and current smoking status.
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Background: Evidence is lacking on whether sedentary time affects risk for diabetes
in America’s oldest age groups. Furthermore, few prospective epidemiologic studies
of diabetes have used objective sedentary behavior measures and none has
evaluated how sedentary time is accumulated in relation to diabetes risk.

Methods: Women without diabetes (n=4834, age=79+7) wore accelerometers for 24
days and were followed for 3.1+0.8 years for new-onset diabetes. Total sedentary
time and sedentary accumulation patterns were derived from accelerometer data.
Hazard ratios (HRs) for new-onset diabetes were estimated across quartiles of
sedentary behavior-related exposure variables using Cox proportional hazard
models. Due to non-proportional hazards by family history of diabetes (FH+/-),
models were stratified by FH.

Results: FH. women with the highest total sedentary time (= ~11 hours/day) had
more than two times higher risk for diabetes (HR=2.38; 95% CI=1.05-1.98) than
women with the lowest sedentary time (< ~9 hours per day). The most prolonged
sedentary accumulation patterns increased risk for new-onset diabetes (HR=2.32;
95% CI=1.15-4.71) compared to the most interrupted patterns. Significant
associations were not observed for FH- women.

Conclusions: High levels of sedentary time and accumulating it in patterns indicating

frequent long sedentary bouts increased risk for diabetes among older FH. women.
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INTRODUCTION

Type 2 diabetes is epidemic in the US, affecting 12.3% of adults over the age
of 19 and 1 in 5 adults over age 64.82 Older adults with diabetes are at the highest
risk for complications such as vascular disease, renal impairment, and severe or fatal
hypoglycemia.!1%-112 Furthermore, diabetes and its complications accelerate the
decline of physical functioning,*** which is known to reduce independence and overall

quality of life.

Each year, 1.2% of older adults are diagnosed with diabetes for the first
time* and as many as 9 out of 10 of those new cases can be attributed to modifiable
lifestyle factors such as physical inactivity, poor diet, smoking, alcohol use, and BMI.8¢
In addition, several review papers have concluded that high amounts of sedentary
behavior (i.e., actions that take place while sitting) is a factor, separate from physical
inactivity, that contributes to the development of diabetes.3?338 However, nearly all
the studies that were reviewed measured sedentary behavior using reported time
spent watching TV, which underestimates total sedentary time and is confounded by
other metabolic risk factors such as socio-economic status and snacking.!'>1¢ More
recent studies found that high levels of time spent sitting were related to elevated risk
for diabetes, but only among adults with low physical activity levels®+° and/or high
BMI®>%, Low correlations between reported sitting time and objective measures of
sedentary time (such as those from accelerometers®) may contribute to the

inconsistent findings.

Several mostly cross-sectional studies have used accelerometers to assess
sedentary behavior, but they have primarily focused on risk factors related to

diabetes.'* The few studies that examined associations specifically with diabetes
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have reported mixed results and none had a majority focus on adults over 75 years
old.196107.117 The paucity of high quality evidence relating sedentary behavior to
incident diabetes and other hard outcomes has led to consensus that evidence from
prospective studies that use objective sedentary behavior measures is a research

priority.3°

Using data from accelerometers not only improves measurement accuracy, it
also enables the separation of each minute of the day into sedentary and non-
sedentary time, which allows for the study of sedentary accumulation patterns. Not
all sedentary time is harmful, some is needed for rest and relaxation. However,
sedentary time accrued in prolonged, uninterrupted periods has particularly adverse
acute health consequences including the impairment of glucose control.2%? The long-
term effects of these sedentary accumulation patterns, including how they relate to

risk for metabolic diseases such as diabetes, have not yet been investigated.®

To address this lack of evidence, 4834 older women without self-reported
diabetes wore accelerometers for up to 7 consecutive days and were followed for
new-onset diabetes. We tested whether accelerometer-measured sedentary time and
sedentary accumulation patterns were associated with risk for new-onset diabetes
among a cohort of older postmenopausal women initially free of diabetes. We
hypothesized that the longest total sedentary times and most prolonged accumulation
patterns (i.e., patterns composed of many long periods of sedentary time with few
interruptions) would be associated with the highest risk for new-onset diabetes in

older women.
METHODS

Study Participants
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As part of the Women’s Health Initiative (WHI) Extension Study, 9252 non-
institutionalized women that were 263 years consented to join the Long Life Study
(LLS) of healthy aging and cardiovascular disease risk factors. Of these, 7058
ambulatory women were enrolled in the Objectively Measured Physical Activity and
Cardiovascular Health Study (OPACH). Detailed methods have been previously
published.*® Briefly, at OPACH baseline (March 2012 and April 2014), women were
asked to wear ActiGraph GT3X+ accelerometers around their waist 24 hours per day
for 7 days (except when showering or swimming) and to record in-bed and out-of-bed
times using sleep logs while wearing accelerometers. Women were subsequently

followed annually for morbidity and mortality.

The analytic sample for the present study consisted of women that wore
accelerometers (n=6489) for at least 4 eligible days (=10 hours of awake wear time;
n=6133), had follow-up data available (n=6116), and were without physician-

diagnosed diabetes at OPACH baseline (n=4834).
Identification of diabetes

At WHI baseline, participants were asked whether a doctor ever diagnosed
them with sugar diabetes or high blood sugar when not pregnant. At regular intervals
(semi-annually or annually) during follow-up through the present, standardized
medical history updates were mailed to participants that included questions about
new physician-diagnosed diabetes requiring insulin or oral hypoglycemic medication.
Prevalent diabetes at OPACH baseline was defined as any reported physician
diagnosed diabetes at WHI baseline, or new physician-diagnosed diabetes requiring

treatment with insulin or oral medication before OPACH baseline.
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New-onset diabetes cases were defined as any participant with physician-
diagnosed diabetes treated with insulin or oral medication after OPACH baseline
through September 30, 2016 among women initially free of diabetes at the time of
accelerometer measures. A separate study of 715 WHI participants showed that self-
reports of new-onset diabetes were concordant with expert medical record review in
82% of women and reports of being without diabetes was concordant in 95% of
women.*® This measure of new-onset diabetes has also demonstrated construct

validity by having been used in several studies by WHI investigators (e.g., %:118119),
Sedentary time and sedentary accumulation patterns

Accelerometer data measured at 30 Hz were converted to 1-minute epochs
using Actilife version 6, employing the low-frequency filter. The Choi algorithm was
used to remove data that were collected while devices were unworn,* then periods
while participants were in-bed were removed from data using recorded times from
sleep diaries. When at least one in-bed or out-of-bed time was missing, each
woman’s average time was used if available, otherwise the overall mean in-bed

(10:45pm) and out-of-bed (07:22am) times were used.

Sedentary behavior was operationalized as any 1-minute epoch with vertical
axis accelerometer counts per minute < 100.*’ Total sedentary time was then

computed as the average number of sedentary minutes per day over all eligible days.

Sedentary time is accrued in long and short uninterrupted periods called
sedentary bouts that, when summarized, describe patterns of sedentary-time
accumulation. Prolonged sedentary time, here operationalized as average minutes
per day spent in long (230 minutes) sedentary bouts,® has been commonly used in

epidemiologic studies, though it is not an accumulation pattern itself but a product of
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sedentary accumulation patterns (i.e., a person with prolonged accumulation patterns
will engage in high amounts of prolonged sitting). This measure was included so

results could be compared with those from previous studies.

Sedentary accumulation patterns can be targeted by behavioral
interventions,31% though it is not yet known whether different aspects of
accumulation patterns (frequency and/or duration) relate to disease risk. The present
study explores three accumulation pattern metrics; 1) breaks in sedentary time (a
frequency measure); 2) usual bout duration (a duration measure); and 3) alpha (a

hybrid frequency and duration measure).

Breaks in sedentary time summarizes the frequency of sedentary bouts,
providing a measure of the number of times sedentary time is typically interrupted. It
was computed by summing the total number of sedentary bouts over all eligible days

and dividing by the number of eligible days.

Usual bout duration summarizes the duration of sedentary bouts. It is the
midpoint of the cumulative distribution of sedentary bout durations'® and indicates the
duration above which 50% of sedentary time is accumulated. Lower usual bout
durations reflect accumulation patterns that were more regularly interrupted (i.e.,

patterns composed of shorter bouts).

Alpha, a unit-less metric that characterizes the highly skewed distribution of
sedentary bout durations, summarizes both the frequency and duration of sedentary
bouts for a given person,!® making it a hybrid measure of accumulation patterns.:* A
person accumulating sedentary time with frequent long bouts and relatively few short

bouts would have a lower Alpha than someone with a regularly interrupted
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accumulation pattern. Usual bout duration and alpha were computed as described by

Chastin et al (2010).%°
Covariates

Age, race/ethnicity, education level, and family history of diabetes were
measured by questionnaire at WHI baseline. Family history of diabetes was
measured with the following question, “Did your mother or father, or full-blooded
sisters, full-blooded brothers, daughters, or sons ever have sugar diabetes or high
blood sugar that first appeared as an adult?” Self-reported health status, physical
functioning (from the Rand 36-Item Health Survey), alcohol consumption, and current
smoking status (smoker, nonsmoker; missing values were classified as hon-smokers)
were measured by questionnaire at OPACH baseline. Near OPACH baseline, trained
research assistants conducted in-person visits as part of the LLS and measured
height (to the nearest half-inch) and weight (to the nearest pound) after shoes,
excess heavy clothing, and pocket contents were removed. BMI was computed as
(weight (Ib)/[height (in)]?* 703) . Multimorbidity was measured as the number of
chronic health conditions (cardiovascular disease; cancer; cognitive impairment;
depression; osteoarthritis; history of falls; chronic obstructive pulmonary disease,

hypertension; cerebrovascular disease) reported at or before OPACH baseline.*®

Selected apriori to be consistent with the method used to compute sedentary
behavior-related exposures, moderate to vigorous physical activity (MVPA) was
derived from vertical axis accelerometer counts and was defined as the average daily
number of minutes with accelerometer counts per minute 2760 (MVPAwmaTTHEWS); @
cutpoint commonly used for epidemiologic studies of MVPA.%%%° For sensitivity

analyses, we examined 3 additional measures of MVPA,; average minutes per day
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with accelerometer counts (vector-magnitude) per 15-second epoch = 519
(MVPAopacH), an age-specific cutpoint determined in the OAPCH calibration study;>!
typical metabolic equivalent of task (MET) minutes per day from moderate to
strenuous activities (including walking) measured by the WHI physical activity
guestionnaire (MVPAwn); and self-reported moderate exercise activities (MET-
minutes/week) assessed by the Community Health Activities Model Program for
Seniors (CHAMPS) questionnaire (MVPAcrames) designed specifically to obtain
detailed information on various types of physical activity germane to older adult

lifestyles.*°
Statistical Analysis

Total and prolonged sedentary time were adjusted for awake wear time using
the residuals method.>* Breaks in sedentary time was adjusted for total sedentary
time using the residuals method*>* so the resulting metric represented how frequently
sedentary time was interrupted.” Usual bout duration and alpha were not related to

accelerometer wear time, by design,'® and therefore were not adjusted.

Sedentary time, sedentary accumulation patterns, and potential covariates
were summarized for the total sample and by quartile of total sedentary time using
means and standard deviations for continuous variables and column percentages for
categorical variables. F-tests and Pearson’s chi-square tests tested for differences

among continuous and categorical variables, respectively.

Multivariable Cox proportional hazards (PH) models estimated hazard ratios
(HRs) of new-onset diabetes in relation to total sedentary time, prolonged sedentary
time, and sedentary accumulation patterns. Time to event was computed as the

number of days from OPACH baseline to the date that new-onset diabetes was
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reported or the date of either death or when the last medical update was received.
HRs were estimated for quartiles of each sedentary behavior-related exposure
variable, which were coded such that women in quartile 1 (the referent category) had
the lowest total or prolonged sedentary time and the most interrupted sedentary
accumulation patterns. Four models were fit for each sedentary behavior-related
exposure variable as follows: Model 1 = age and race/ethnicity adjusted, Model 2 =
Model 1 + potential confounders (education level, family history of diabetes, self-
reported health status, physical functioning, alcohol consumption, and smoking
status), Model 3 = Model 2 + BMI, and Model 4 = Model 2 + MVPAwmattHEWS. Tests for
linear trend in diabetes risk were conducted using Cox regression models by treating
all sedentary behavior-related exposure variables as continuous. Cox PH
assumptions were assessed using tests based on Schoenfeld residuals® then
reviewing plots of the scaled Schoenfeld residuals over time to visually confirm any
detected violations. Variables that violated the assumption were included in Cox
regression models as multiplicative interaction terms with all other potential
confounders to test for effect modification, which, if found, would require results to be
presented separately for each level of the effect modifier (i.e., the variable in
violation). If no effect modification was detected, any variable in violation was treated

as a stratification variable within the Cox models using the strata() function in R.12°
Sensitivity analyses

The choice to mutually adjust for sedentary time and MVPA is controversial,*®
but common practice. In our sample of older women, the decision was additionally
problematic because sedentary time and accelerometer-measured MVPA were highly

correlated, making it difficult to assess “independent” effects. As a result, we explored
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how adding various measures of MVPA with differing correlations with sedentary time
affected HRs for total sedentary time and new-onset diabetes by repeating Model 2
while separately including each of the 4 MVPA measures described above
(MVPAwmaTTHEWS, MVPAOPACH, MVPAWH, and MVPAchavpes). We also acknowledge that
new-onset diabetes and its complications could cause increased total sedentary time,
meaning any identified associations could reflect reverse causation. To address this,
we removed new-onset diabetes cases that occurred in the first 6 months from

OPACH baseline and repeated analyses.

All statistical tests were two-tailed with significance levels set to 0.05.
Analyses were conducted using R statistical software (R Foundation for Statistical

Computing; Vienna, Austria).
RESULTS

During a mean follow-up time of 3.1+0.8 years, 252 women were diagnosed
with new-onset diabetes requiring oral medication or insulin. Health-related
characteristics are described in Table 4.1. Generally, women in the fourth quartile of
total sedentary time were oldest, in the poorest health as measured by self-rated
health and physical functioning, and had the highest rates of alcohol consumption
and current smoking. Women in the highest quartile of sedentary time also had the
lowest levels of MVPAuatTHEWS (Mean+SD=27.0+18.2 minutes per day), the highest
volume of prolonged sedentary time (35099 minutes per day), the fewest sedentary
breaks (77.0+£15.7 breaks per day), and the most prolonged sedentary accumulation
patterns as measured by usual bout duration (28.3+11.3 minutes) and alpha

(1.72+0.08). In this sample, total sedentary time was strongly correlated with
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MVPAwmatTHEWS (1= -.78), prolonged sitting time (r= .85), usual bout duration (r=.74),

and alpha (r= -.88; Supplemental Table 4.1).

Age, ethnicity, and family history of diabetes violated the PH assumption
(p<0.05). Age (categorized as 63-69, 70-79, 80-89, 290) and ethnicity were not effect
modifiers and were therefore treated as stratification variables in the survival models.
A significant interaction between family history of diabetes and total sedentary time
was detected (p=0.02); accordingly HRs were estimated separately for women with

(FH+) and women without (FH-) a family history of diabetes.

Total sedentary time

Associations between total sedentary time and new-onset diabetes for all
women (presented only for context) and separately for FH. and FH- women are
shown in Table 4.2. Among FH- women, there were no significant associations
between total sedentary time and new-onset diabetes. For FH. women, the crude
incidence rate of new-onset diabetes increased in a dose response manner over
increasing quartiles of total sedentary time from 11.0/1000 person-years in quartile 1
to 17.1, 20.5, and 30.2 per 1000 person-years in quartiles 2, 3, and 4, respectively.
After adjustment for potential confounders, the dose response pattern persisted and
women in the quartile 4 had 2.38 times higher risk for new onset diabetes than
women in quartile 1 (aHR=2.38; 95% CI=1.20-4.74). The aHRs were not appreciably
changed after additional adjustment for BMI or MVPAwmattHeWS, though following

adjustment for MVPAwatTHEWS the p-value for trend increased to 0.06.

Prolonged sedentary time and patterns of sedentary accumulation
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New-onset diabetes was not significantly associated with prolonged sedentary
time or sedentary accumulation patterns among FH- women (Table 4.3). Among FH-
women, prolonged sedentary time, usual bout duration, and alpha were significantly
associated with incident diabetes in age and race/ethnicity-adjusted models (p’s
<0.05), with the largest aHRs observed for alpha (Table 4.4). After adjustment for
confounders, only alpha remained significantly associated with new-onset diabetes.
Crude incidence rates for women with the most interrupted patterns as measured by
alpha were 9.31/1000 person-years in quartile 1, while rates for women in quartiles 2,
3, and 4 were 21.5, 21.4, and 25.8 per 1000 person-years, respectively. After
adjustment for potential confounders, FH. women with successively more prolonged
accumulation patterns had higher risk for new-onset diabetes than women with the
most interrupted patterns (quartile 1); aHRs were 2.05 for quartile 2 (95% CI=1.03-
4.09), 2.18 for quartile 3 (95% CI1=1.08-4.39), and 2.32 for quartile 4 (95% CI=1.15-
4.71). The linear trend of this association persisted after additional adjustment for BMI

(p=0007) and MVPAMATTHEWS (p:OO4)
Sensitivity analyses

Among FH. women, the hazard ratio for a 1 standard deviation (90 minutes)
increase in total sedentary time was 1.37 (95% Cl=1.07-1.74) after adjustment for
potential confounders (Supplemental Table 4.2). Additional adjustment for MVPAww
and MVPAcHawes slightly increased standardized aHRs to 1.44 (95% CIl=1.12-1.85)
and 1.44 (95% Cl=1.12-1.84). Adjustment for accelerometer-measured MVPA yielded
mixed results. When adjusting for MVPAwmatTHEWS, the standardized aHR slightly
increased to 1.42 (95% CI=0.99-2.02); when including MVPAopacH, the standardized

aHR was reduced to 1.29 (95% CI=0.95-1.75). Both adjustments for accelerometer-
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measured MVPA resulted in loss of statistical significance. Notably, self-report
measures of MVPA were positively related to new-onset diabetes among FH. women,
contrary to expectation, while accelerometer-measured MVPA was not significantly

related with new-onset diabetes independent of sedentary time.

To account for potential reverse causation, 36 women (out of 252 total cases;
14.3%) treated for new-onset diabetes within the first 6-months of follow-up were
removed and analyses repeated. For total sedentary time, magnitudes of the aHRs
for FH. women were slightly reduced, but similar patterns were observed (See
Supplemental Tables 4.3-4.5). For prolonged sitting time, usual bout duration, and
alpha, aHRs among FH. women increased, but the overall associations remained
unchanged though following adjustment for MVPAwmartHews the p-value for trend

between alpha and new-onset diabetes increased to 0.07.
DISCUSSION

FH. women who were sedentary 211 hours per day had more than double the
risk for new-onset diabetes compared to women who were sedentary for <8.9 hours

per day after adjustment for potential confounders and BMI.

The amount of time spent in sedentary bouts 230 minutes (i.e., prolonged
sedentary time) was not significantly associated with new-onset diabetes among FH.
or FH- women. However, sedentary accumulation patterns measured using alpha
were related to increased risk for new-onset diabetes among FH. women. Those with
the most prolonged accumulation patterns compared to FH. women with the most
interrupted accumulation patterns had more than two times higher risk for new-onset

diabetes. The magnitude of increased risk was similar for women in quatrtiles 2, 3,
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and 4 suggesting there may be a “threshold effect” associated with prolonged

accumulation patterns in older FH. women.

While high breaks in sedentary time indicates frequently interrupted sedentary
time, it does not directly account for the presence or prevalence of long sedentary
bouts (e.g., the interruptions can all occur during the first 20 minutes of a 120-minute
bout, resulting in the accumulation of sedentary time in several short bouts and one
long 100-minute bout). On the other hand, interrupted accumulation patterns as
measured by usual bout duration and alpha indicate that interruptions are spread
throughout long sedentary bouts effectively breaking them into several shorter bouts.
As shown in the results for this study and those from our previous work,? alpha
tends to have stronger and more robust associations with cardio-metabolic health
than prolonged sitting and other measures of sedentary accumulation for reasons that
are not yet known. It could be that the combined effects of frequency and duration (of
sedentary bouts), which is captured only by alpha, are stronger than the cardio-
metabolic health effects of each aspect of sedentary accumulation (frequency and
duration) individually. Alpha may also be differentially susceptible to confounders as
evidenced by the varying correlations among different measurements of MVPA

(Supplemental Table 4.1).

We did not observe significant associations of total sedentary time, prolonged
sedentary time, or sedentary accumulation patterns with new-onset diabetes among
FH-women. The decision to stratify on family history was not hypothesized a-priori,
but was made based on model diagnostics for the proportional hazards assumption.
This finding may have occurred by chance, or may reflect the importance of genetic

influences on risk of incident diabetes in women who have survived to ages 63 and
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above without a prior diabetes diagnosis.'?1'?? The short duration of follow-up could
also influence this finding in that the highest risk women as evidenced by FH. may
have developed diabetes the earliest with high volumes of sedentary time and more
prolonged accumulation patterns. Results could also be attributed to ascertainment
bias since new-onset diabetes was measured by physician diagnosis. According to
American Diabetes Association guidelines, testing in asymptomatic adults should be
considered when BMI 225 and at least one other risk factor is present (e.g., family
history of diabetes) which could lead to higher rates of diabetes detected in FH.
women and more occult diabetes in FH- women. The importance of this interaction
should be evaluated in other prospective studies and in this one after longer durations

of follow-up.

Our results for FH. women were similar to those reported for FH. and FH-
adults combined in a comprehensive meta-analysis based on sedentary behavior
measured using TV time.* In the meta-analysis, adults with the most TV time had
2.12 times higher risk for diabetes compared to adults with the lowest; in the present
study, FH. women with the highest versus lowest sedentary time had 2.38 times
higher risk for diabetes. Most of the studies included in the review controlled for family
history of diabetes, but none reported on effect modification by family history of

diabetes, preventing us from making direct comparisons.

Similarly, three studies of incident diabetes and self-reported sitting time did
not test for effect modification by family history of diabetes. However, all three studies
reported significant effect modification in other high risk groups, specifically, among
adults with low physical activity and/or who were obese.®*%1% For example, 88,829

participants of the WHI Observational Study (aged 62+7 years) were followed for an
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average 14.4 years and obese women that self-reported sitting 216 hours per day
had 1.25 times higher odds of new-onset diabetes than obese women reporting
sitting <7 hours per day.®® Significant associations were not observed for normal
weight or overweight women. Several differences between the studies could account
for the varying results such as durations of follow-up times, differences in age at
baseline,'1%123 or our use of objective measures of sedentary time vs. the self-reports
used in the previous study, which have low correlation with accelerometer

measures.®

Accelerometer-based measures of sedentary behavior were used in just one
prospective study of diabetes, to our knowledge. Over a 5-year period, 81 cases of
incident diabetes were reported among 1718 American adults aged 45+3 and the
odds of incident diabetes did not significantly vary by total sedentary time.% This
study was limited by a relatively small sample size without time to event data, which
may have led to insufficient statistical power to detect associations. Differences could
also be attributed to underlying effect modification by environmental or genetic factors
that were not tested for by Gibbs et al. or by their sample’s relatively young age,
which is particularly relevant considering diabetes pathophysiology differs for younger

vs. older adults.110123

Our study was the first prospective epidemiologic study of sedentary
accumulation patterns and incident diabetes. After thorough investigation, our
findings revealed that accumulation patterns measured by alpha were associated with
incident diabetes in FH. women only. Experimental studies consistently show that
prolonged compared to interrupted sitting patterns lead to higher postprandial plasma

glucose levels in both high risk and low risk adults.'29? Similarly, several cross-
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sectional studies have demonstrated that time spent in long sedentary bouts was
deleteriously associated with some cardio-metabolic risk factors while time in short
bouts was beneficially associated with cardio-metabolic health.'518% The totality of
the evidence to date suggests that prolonged sedentary accumulation patterns may
contribute to diabetes risk through frequent prolonged postprandial glucose
excursions. If these hypothesized long-term effects of prolonged sedentary
accumulation patterns are confirmed, this indicates that interventions to reduce
sedentary time may lead to enhanced improvements in diabetes risk if they focus on
regularly interrupting long sedentary bouts in a way that shifts alpha to higher,

potentially safer, levels.

Associations between high sedentary time and risk for new onset diabetes
among FH. women were sensitive to adjustment for MVPA with aHRs always
indicating higher risk associated with higher levels of total sedentary time, but the
magnitude of associations and the statistical significance of the linear trend varied
depending on the measurement method used. Objective measures of MVPA were
highly correlated with objective measures of sedentary behavior, tended to have
lower standardized aHRs than seen for total sedentary time, and were not
independently related to new-onset diabetes. Nevertheless, the sensitivity of
sedentary time associations with new-onset diabetes in mutually adjusted models
highlights an interrelation between sedentary time and MVPA with respect to incident
diabetes that should be carefully investigated in future studies of incident diabetes in

older women.

This study was limited by having shorter follow-up time than previous studies

of sedentary behavior and incident diabetes. Despite the short follow-up, we had
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sufficient power to detect associations even after stratification by family history of
diabetes, likely due to the relatively large effect size, our use of objectively measured
sedentary behavior, and our relatively large sample size. The self-reported diabetes
guestion used to identify diabetes did not distinguish between type 1 and type 2
diabetes, however, the measure has demonstrated high accuracy for any diabetes
diagnosis when evaluated for concordance with physician medical-records reviews.*
The detection of sedentary accumulation patterns in the present study was limited by
measurement using hip-worn accelerometers, which are less accurate for identifying
postural transitions than devices specifically designed for this purpose (e.g.
activPAL™).75101 Sych measurement error may account for the null findings for
breaks in sedentary time and usual bout duration observed in this study. Future
studies should employ posture-based devices to evaluate sedentary accumulation
patterns in relation to new-onset diabetes. Additionally, accelerometer data were
collected over a period of < 7-days, which is adequately reproducible over a two-to-
three year period,’® but may not reflect longer-term patterns of sedentary behavior.
The present study was also conducted among older women only and generalizability

would be enhanced by testing these associations in cohorts of older women and men.

Notable strengths of our study are the relatively large cohort in which new-
onset diabetes was assessed using valid outcome measures and objective measures
of sedentary behavior using a 24-hour per day wear protocol. Objective measures are
important for characterizing sedentary behavior because sitting is the default position
for many older adults, making it an automatic behavior that is difficult to quantify by
self-report.® Furthermore, the availability of high-resolution objective measures of

sedentary behavior permitted us to explore how sedentary accumulation patterns



86

relate to diabetes, thereby adding insight into how sedentary behavior interventions
might approach interrupting sedentary time to optimize health benefits. This was the
first study to investigate new-onset diabetes in a racially/ethnically diverse cohort.
Furthermore, this is the first diabetes study we are aware of with more than half the
participants over the age of 75. The need to better characterize diabetes among this
older age group was a major theme of a recent consensus statement by the
American Diabetes Association.’** The prospective design of the study is also a
distinct strength in that it helps establish temporal order of the association between

sedentary behavior and diabetes.

In conclusion, our study shows that high levels of sedentary time and
prolonged sedentary accumulation patterns were related to new-onset diabetes
among women with a family history of diabetes. At least one government agency has
already issued guidelines targeting improved sedentary accumulation patterns, even
in the context of limited evidence to date.”” The results from this study support
conducting intervention trials to inform guidelines that recommend both reductions in
sedentary time and regularly interrupting prolonged sedentary time to prevent
diabetes and other salient health outcomes. Until such data are available, the totality
of the evidence supports recommendations to reduce sedentary time in whatever
ways are feasible, safe, and easy to incorporate into daily life and suggests the

benefits may be optimized by regularly interrupting long sedentary bouts.

Chapter 4, in full, is currently being prepared for submission for publication of
the material. Bellettiere, John; Healy, Genevieve; LaMonte, Michael J.; Kerr,

Jacqueline; Rillamas-Sun, Eileen; Di, Chongzhi; Buchner, David; Hovell, Melbourne



F.; Evenson, Kelly R.; LaCroix, Andrea Z. John Bellettiere was the primary

investigator and author of this material.
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Table 4.1 Baseline Socio-demographic and health-related characteristics of
women, by quartile of daily sedentary time; OPACH (2012-2014), n=4,834. Data
are mean (SD) or n (%).
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Table 4.3 Adjusted hazard ratios for new-onset diabetes across quartiles of
prolonged sedentary time, breaks in sedentary time, usual bout duration and
alpha for women without a family history of diabetes (n=3,216); OPACH (2012-

2014)
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Table 4.4 Adjusted hazard ratios for new-onset diabetes across quartiles of
prolonged sedentary time, breaks in sedentary time, usual bout duration and
alpha for women with a family history of diabetes (n=1,597); OPACH (2012-
2014)
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Supplemental Table 4.1 Pearson's correlation coefficients describing linear
relations between sedentary behavior and physical activity measures

b 2 B @ (63 6 (7 (@) (9 (10)

(1) Total sedentary time? 1.00
(2) Prolonged sedentary

time® .85 1.00

(3) Breaks in sedentary

time® -29  -57 1.00

(4) Usual bout duration® .75 95 -61 1.00

(5) Alphat -88 -78 .49 -72 1.00

(6) MVPAmaTTHEWS™® -78 -5 -05 -44 52 1.00

(7) MVPAopach®® -72  -53 -02 -42 .50 .86 1.00

(9) MVPAwHf -24 -19 05 -16 .17 .31 .34 1.00

(8) MVPAcHAmPSE -.26 -.20 .05 -.16 .19 31 .30 .52 1.00
(10) Awake wear time .01 .01 .55 .02 -02 .01 -02 .06 .08 1.00
Abbreviations: MVPA = moderate to vigorous physical

activity

2 Total sedentary time and prolonged sedentary time are adjusted for accelerometer wear time
using the residuals method.

b Breaks in sedentary time is adjusted for total sedentary time using the residuals method.

¢Usual bout duration and alpha are not adjusted for wear time or total sedentary time.

4MVPA measured using 760 count per minute cutpoint with data from the accelerometer (vertical
axis only).

¢ MVPA measured using 519 count per 15-second epoch cutpoint with data from the accelerometer
(vector magnitude).

fMetabolic equivalent of task minutes per day from self-reported number of minutes spent in
moderate to strenuous activities (including walking) per week as measured by the WHI physical
activity questionnaire.

8 Metabolic equivalent of task minutes per week spent in moderate intensity exercises as measured
by the Community Health Activities Model Program for Seniors (CHAMPS) questionnaire.
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Supplemental Table 4.2 Adjusted hazard ratios for associations of incident
diabetes with sedentary time (1 standard deviation ) and moderate to vigorous
physical activity (MVPA; 1 standard deviation) measured objectively and by
self-report, stratified by family history of diabetes; OPACH (2012-2014)

Total sedentary time®® MVPA?
aHR 95% ClI p-value aHR 95% ClI p-value
All women
Model 1¢ 1.14 (0.99-1.32) 0.069 - - -
Model 1 +
MVPAwmaTTHEWS® 1.08 (0.87-1.33)  0.492 092  (0.73-1.15) .46
Model 1 + MVPAopacH®® 1.04 (0.86-1.25)  0.676 0.86  (0.70-1.05) .13
Model 1 + MVPAwn 1.17 (1.01-1.36) 0.032 1.10 (0.97-1.25) .15
Model 1 + MVPAcHawps® 1.19 (1.02-1.37)  0.023 1.17  (1.06-1.29)  .003
Women without family history of diabetes
Model 1¢ 1.03 (0.86-1.24) 0.740 - - -
Model 1 +
MVPAwmaTTHEWS® 0.92 (0.70-1.20)  0.521 0.85  (0.64-1.12) .25
Model 1 + MVPAopack®® 0.92 (0.72-1.16)  0.477 0.83  (0.65-1.07) .15
Model 1 + MVPAwH 1.04 (0.87-1.26)  0.646 1.00  (0.85-1.19) .96
Model 1 + MVPAcHawps® 1.06 (0.88-1.28)  0.513 1.15  (1.02-1.29) .03
Women with family history of diabetes
Model 1¢ 1.37 (1.07-1.74) 0.011 - - -
Model 1 +
MVPAwmaTTHEWS® 1.42 (0.99-2.02)  0.056 1.05  (0.72-1.55) .79
Model 1 + MVPAopach®® 1.29 (0.95-1.75) 0.104 0.90 (0.64-1.27) .55
Model 1 + MVPAwx 1.44 (1.12-1.85)  0.005 1.25  (1.02-1.53) .03
Model 1 + MVPAcHawps® 1.44 (1.12-1.84)  0.004 1.25  (1.02-1.54) .04

Abbreviations: aHR = adjusted hazard ratio; Cl=Confidence interval; MVPA=moderate to vigorous
physical activity

@ Adjusted for awake wear time using the residuals method.

b One standard deviation of total sedentary time = 89.8 minutes.

¢ Model 2 adjusts for age, ethnicity, education, self-reported health, family history of diabetes,
number of chronic conditions, physical functioning (SF-36), alcohol consumption, and current
smoking status.

4MVPA measured using 760 count per minute cutpoint with data from the accelerometer (vertical
axis only).

¢ MVPA measured using 519 count per 15-second epoch cutpoint with data from the accelerometer
(vector magnitude).
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Supplemental Table 4.2 Adjusted hazard ratios for associations of incident
diabetes with sedentary time (1 standard deviation ) and moderate to
vigorous physical activity (MVPA; 1 standard deviation) measured objectively
and by self-report, stratified by family history of diabetes; OPACH (2012-
2014), Continued.

fMetabolic equivalent of task minutes per day from self-reported number of minutes spent in
moderate to strenuous activities (including walking) per week as measured by the WHI physical
activity questionnaire.

8 Metabolic equivalent of task minutes per week spent in moderate intensity exercises as measured
by the Community Health Activities Model Program for Seniors (CHAMPS) questionnaire.
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Supplemental Table 4.3 Associations of incident diabetes with total and
prolonged sedentary time after removing incident cases in first 6 months of
follow-up.; OPACH (2012-2014)
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Supplemental Table 4.4 Associations of incident diabetes with breaks in
sedentary time and usual bout duration after removing incident cases in first 6
months of follow-up.; OPACH (2012-2014)
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Background: High amounts of time spent sitting can increase cardiovascular disease
risk and are deleteriously associated cardio-metabolic risk biomarkers. Though
evidence suggests that accruing sitting time in prolonged periods may convey
additional risk, verification using high-quality measures is needed. We examined this
issue in adults from the Australian Diabetes, Obesity and Lifestyle Study, using
accurate measures of sitting accumulation.

Methods: In 2011/12, 739 adults aged 36 to 89 years (mean+SD 58+10 years) wore
activPAL3™ monitors (which provide accurate objective measures of sitting); 678
provided 24 valid days of monitor data and complete cardio-metabolic biomarker and
confounder data. Multivariable linear regression models examined associations of
sitting time, sitting time accrued in 230 minute bouts (prolonged sitting time), and
three measures of sitting accumulation patterns with cardio-metabolic risk markers:
body mass index (BMI), waist circumference, blood pressure, high- and low- density
lipoprotein (HDL and LDL) cholesterol, triglycerides, glycated haemoglobin (HbAlc),
fasting plasma glucose (FPG) and 2-hour post-load glucose (PLG). Interactions tests
examined whether associations of sitting time with biomarkers varied by usual sitting
bout duration.

Results: Adjusted for potential confounders, greater amounts of sitting time and
prolonged sitting time were significantly (p<0.05) deleteriously associated with BMI,
waist circumference, HDL cholesterol, and triglycerides. Total sitting time was also
significantly associated with higher PLG. Sitting accumulation patterns of frequently
interrupted sitting (compared to patterns with relatively more prolonged sitting) were
significantly beneficially associated with BMI, waist circumference, HDL cholesterol,

triglycerides,PLG, and with FPG. Effect sizes were typically larger for accumulation
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patterns than for sitting time. Significant interactions (p<0.05) showed that
associations of sitting time with HDL, triglycerides and PLG became more deleterious
the longer at a time sitting was usually accumulated.

Conclusions: Adding to previous evidence reliant on low-guality measures, our study
showed that accumulating sitting in patterns where sitting was most frequently
interrupted had significant beneficial associations with several cardio-metabolic
biomarkers and that sitting for prolonged periods at a time may exacerbate some of
the effects of sitting time. The findings support sedentary behavior guidelines that

promote reducing and regularly interrupting sitting.
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INTRODUCTION

Diabetes mellitus and cardiovascular disease (CVD), on a global scale,
account for more than one in four deaths annually.?® In addition to lack of physical
activity, sedentary behaviors — defined as time spent sitting or reclining while awake
with low energy expenditure! — have emerged as a new risk factor.323388 Moreover,
time spent sedentary has also been shown to be detrimentally associated with key
biomarkers pertinent to both type 2 diabetes mellitus and CVD, notably excess

adiposity and disordered lipid and glucose metabolism.437

Australian and UK sedentary behavior guidelines’”"® incorporate messages
specifically targeting the reduction of prolonged sitting — that is, sitting for prolonged
periods at a time. Reducing prolonged sitting time may yield benefits by reducing the
total time spent sedentary and increasing activity, and may convey further benefits
that are specific to reducing this type of sedentary behavior. Experimental studies
have shown that by comparison with sitting that has been interrupted with small
amounts of activity, sitting continuously for prolonged periods has acute detrimental
effects on blood pressure and lipid metabolism?!192126 and on postprandial glucose
control,®® with some effects persisting for up to 24 hours.”12:92108127 The gbserved
beneficial effects could be attributed to breaking up sitting into shorter periods and/or
to the small amounts of additional activity. Cross-sectional studies have observed
statistically significant, detrimental associations of prolonged sitting time (variously
defined) with waist circumference,*189 BMI,1518.98 HDL-cholesterol,>18
triglycerides,*® and diastolic blood pressure.'® Likewise, this may reflect benefits of
sitting less and/or specifically avoiding sitting for long periods at a time. Contrary to

results from experimental studies, cross-sectional studies have typically not observed
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significant associations between prolonged sitting and biomarkers of glucose

control.16:18.98

More rigorous evaluation of the effects of sedentary accumulation patterns is
needed to better inform whether sedentary behavior guidelines® should be placing
emphasis on prolonged sitting time and regularly interrupting sitting. Sedentary
accumulation patterns refer to the degree to which sedentary time is accumulated in
long, uninterrupted periods versus shorter, interrupted periods. Variously defined,
sedentary accumulation patterns have shown cross-sectional associations with
cardio-metabolic risk biomarkers, including BMI, waist circumference, insulin
sensitivity, and triglycerides.'?1* Many associations have persisted after statistical
adjustment for the amount of time spent sedentary,%16:37128-130 gyggesting that not all
of the effects of prolonged sedentary accumulation patterns are produced by a
greater amount of sedentary time they likely entail. When examined separately as
time spent in long and short sedentary bouts, the effects of sedentary time have
typically appeared larger for time spent in long bouts.'®% However, verification with
valid measures is needed, as nearly all of the evidence regarding sedentary

accumulation patterns has been derived using low-validity measures.”>10?

Using data from an activity monitor with good validity for measuring both
sedentary behavior and sedentary accumulation patterns,*67>13! we examined
sedentary accumulation patterns in relation to cardio-metabolic biomarkers in a
population-based study of Australian adults aged 35 years and over (n=678).
Specifically, we tested associations of sitting time, prolonged sitting time and sitting

accumulation patterns with cardio-metabolic biomarkers. We also tested whether
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sitting time has associations with cardio-metabolic biomarkers that vary depending on

how long at a time the sitting time was usually accumulated.
METHODS
Sample and design

The Australian Diabetes, Obesity, and Lifestyle study (AusDiab) is a national,
population-based cohort study established to understand the distribution and
determinants of diabetes and other cardiovascular risk factors. Details of the original
sampling methods and response rates are presented elsewhere.**? Briefly, in 1999-
2000, 11,247 adults aged 225 years completed questionnaires and underwent
biomedical assessments. Participants were followed up in 2004-2005* and again in
2011-2012,*3* with 4,562 adults (all now aged >35 years) attending one of the 46
testing centers across Australia in the 2011-2012 follow-up. Participants were
ineligible for the 2011-2012 follow up if they requested not to be contacted, were
deceased, moved overseas, or if they were severely/terminally ill and/or moved into a
nursing facility classified for high care. A sub-sample of 1,014 participants attending
the 2011-2012 onsite assessment were invited to join an ancillary study described in
detail elsewhere®® where participants were asked to wear activity monitors, including
the activPAL3™, for seven consecutive days (beginning the next day). A total of 782
adults (77%) agreed to participate. Pregnant and/or non-ambulatory participants were
not eligible for the ancillary study. All participants provided informed written consent.
Protocols for the study were approved by the Alfred Health Human Ethics Committee

(project no. 39/11).

Measures
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Cardio-metabolic outcomes. Upon arrival to the testing center, a fasting blood

sample was drawn from each participant by venipuncture. Serum triglycerides, high-
density lipoprotein (HDL) and total cholesterol were assayed by enzymatic methods.
Low-density lipoprotein (LDL) cholesterol was estimated using the Freidewald
equation.*® Glycated hemoglobin (HbA1c) was measured by a high-performance
liquid chromatography method (Bio-Rad Variance Hemoglobin Testing System; Bio-
Rad, Hercules, CA, USA). Participants underwent a 75 g oral glucose tolerance test
unless it was contraindicated (e.g., pregnancy, taking medication for diabetes).
Fasting plasma glucose (FPG) and 2-hour post-load glucose (PLG) were determined
by the hexokinase method using a Seimens Advia 2400 (Siemens AG, Munich,
Germany). All blood specimens were analyzed at a central laboratory operated by
Healhscope Pathology in Clayton, Victoria. Systolic and diastolic blood pressure were
each calculated as the mean of the first two (of three) readings from an automated
sphygmomanometer (Dinamap DP 101-NIBP; GE Medical Systems, Freiburg,
Germany) after = 5 minutes rest. Body mass index (BMI; kg/m?) was calculated from
height and weight, measured to the nearest 0.5 cm and 0.1 kg (respectively) with
participants removing shoes and excess clothing. Waist circumference was measured
to the nearest 0.5 cm by tape measure between the lowest point on the ribs and the
iliac crest on a horizontal plane, using the mean of two measures (or three measures,

when the first two differed by = 2 cm).

Minimum differences of interest (MDI) for the cardio-metabolic biomarkers,
selected in discussion with a clinician to reflect clinically meaningful differences, were:
5% BMI (i.e., 1.36 kg/m?); 2 cm waist circumference; 5% HDL- and LDL-cholesterol

(i.e., 0.08 and 0.15 mmol/L, respectively); 10% triglycerides (i.e., 0.11 mmol/L); 5
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mmHg systolic blood pressure; 3 mmHg diastolic blood pressure; and 10% FPG, PLG

and HbA1c (i.e., 0.54, 0.56, and 0.57 mmol/mol, respectively) .

Potential confounders. Socio-demographic, behavioral, and health-related

characteristics measured by interviewer-administered questionnaire are described
elsewhere!® and listed in Supplemental Table 1. Overall energy intake (MJ/day), fiber
intake (g/day), alcohol consumption (g/day), sodium intake (mg/day), and percentage
of energy intake derived from fat and saturated fat were measured using the 80-item

Dietary Questionnaire for Epidemiological Studies v2.1%¢
Sedentary time and sedentary accumulation patterns

Being sedentary a certain number of times (bout frequency), each for a certain
period (bout duration), adds up to the total volume of sedentary time*® and,
collectively, bout frequency and bout duration constitute sedentary accumulation
patterns. There is no universally accepted indicator of sedentary accumulation. Most
studies have examined “breaks” in sedentary time, which is a measure of how often
people sit (when not accounting for sitting time) or of how often a certain amount of
sedentary time is interrupted with activity (when accounting for the amount of sitting
time). We examined three indicators of sedentary accumulation: transitioning from a
seated to upright posture (sit-stand transitions, a similar concept to “breaks”), usual
bout duration (also known as w50 or x50), and alpha.® Usual bout duration and alpha
are theoretically sound measures of sedentary accumulation based on the distribution
of sedentary bout duration'®!° that each have slightly different measurement
properties 3. Usual bout duration is the midpoint of the cumulative distribution of
sedentary bout durations (Supplemental Figure 5.1).131° Half of all sedentary time is

accumulated in bouts longer than the usual bout duration. Alpha is a unitless
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measure that characterizes the frequency distribution of sedentary bout durations
(Supplemental Figure 5.1).1° Lower values of alpha indicate sedentary time has been

accumulated in relatively more long bouts and relatively fewer short bouts.

All of the activity measures were collected using the thigh-worn activPAL3™
monitor, which has high accuracy for measuring time spent sitting, standing, stepping
and sitting accumulation patterns.*¢:"5137 Rather than using the term sedentary, as this
monitor specifically measures sitting, we refer to our results in terms of sitting time,
prolonged sitting time (here, time spent sitting continuously for 230 minutes) and
sitting accumulation patterns. The protocols and data processing procedures are
described previously.*® Briefly, participants were asked to wear the monitor 24 hours
per day, and record sleep and monitor removals in a diary. Data were downloaded
and initially processed using activPAL software version 6.4.1 (PAL Technologies
Limited, Glasgow, UK) using default settings. Time spent sleeping, monitor non-wear,
and invalid days (wear for <80% of waking hours and waking wear time <10 hours
when diary data on sleep were missing) were removed using the diary and monitor
data. Totals each day, averaged across valid days, were obtained for the number of
sit-stand transitions and time spent: sitting; sitting in 230 min bouts; standing;
stepping; and, stepping at = 3 METs (i.e., moderate to vigorous physical activity;
MVPA). The residuals method®*%° was used to correct sitting time, prolonged sitting
time, and MVPA for waking wear time, and to correct sit-stand transitions for sitting
time. The accumulation measures were calculated as outlined elsewhere!®*3® (and

detailed in Supplemental Figure 5.1).

Statistical analyses
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Out of the initial monitor subsample (n=782), only participants who wore the
monitor (n=741) for at least four valid days (h=720) who were not pregnant (n=718)
and provided data on covariates and outcomes (n=678, and n=639 for PLG) were
included. All statistical analyses were performed using Stata 14.0 (StataCorp LP,
College Station, TX, USA) using linearized variance estimation to account for the

survey design of AusDiab3. Significance was set at p<0.05 (two-tailed).

Multivariable linear regression was used to model the associations with each
cardio-metabolic outcome of the prolonged sitting time and sitting accumulation
patterns, adjusting for age, gender, and potential confounders. Results for sitting time
have been reported previously®® and are included here to place the effect sizes
observed for prolonged sitting time and sitting accumulation patterns in context. Log
transformation was used to improve the normality of BMI, triglycerides, HbAlc,
glucose, and PLG. The sitting-related exposures were all examined as quintiles, with
the first quintile (Q1; the referent category) always denoting the most time spent
sitting or most prolonged (i.e., least interrupted) sitting accumulation pattern (see
Supplemental Table 5.2). From the linear regression models, we report on pairwise
comparisons of marginal means with all covariates set to their mean values, overall p-
values, and p-for-trend. Potential confounders (Supplemental Table 5.1) were
determined for each outcome using backwards elimination (p<0.20 for retention).
Detrimental effects on biomarkers may occur through sitting displacing MVPA and via
increases in body weight. Though MVPA and BMI could be confounders and/or
causal intermediates, they were treated as the latter and therefore not adjusted as
potential confounders in the main analyses.®® MVPA-adjusted results are in

Supplemental Tables 5.5 and 5.6 to allow comparison to results of prior research and
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assess how sensitive conclusions were to the choice to adjust or not adjust. Age and
gender interactions were explored in all models with a strict level of significance of

p<0.001 because of the large number of tests performed.

Models do not adjust for sitting time as a confounder®® because increasing
the volume of sitting is one of the ways in which sitting for long periods may impact
biomarkers. Instead, we tested whether the associations with the biomarker outcomes
of sitting time (h/day, mean-centered) varied by usual bout duration (minutes, mean-
centered) using interaction terms. Interactions meeting a generous threshold of
p<0.1 were reported. To better describe the magnitude of any interaction detected,
we report what the effects each hour per day of sitting time were when accumulated
in “very long” and “very short” bouts. The mean value of Q1 and Q5 were used to

represent “very long” and “very short” bouts.
RESULTS

The analytic sample included 678 adults (n=639 for analyses of PLG) with a
mean age (+ SD) of 57.8+9.8 years, after excluding participants who were pregnant
or had any missing data (Table 5.1). Additional participant characteristics are

described in Table 5.1 and Supplemental Table 5.3.

Figure 5.1 depicts participants’ sitting accumulation patterns (bout frequency
and bout duration) in relation to total sitting volume. The longer at a time that
participants usually accumulated their sitting, typically the fewer the number of sitting
bouts. An increase in either bout frequency or bout duration appeared to be non-
linearly related to accruing a greater amount of sitting time. Sitting times of 6 to <10
h/day were seen over a diverse range and combination of sitting bout frequencies

and durations. Notably, sitting times of 10 h/day or more almost exclusively occurred
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with above-average usual bout duration. Sitting times of < 6 h/day almost exclusively

occurred when participants had both fewer and shorter bouts than average.

Associations with cardio-metabolic biomarkers

Table 5.2 shows the associations of daily sitting time, prolonged sitting time,
and sitting accumulation patterns with measures of adiposity and lipid measures. BMI
and waist circumference decreased significantly across increasing quintiles of each of
the measures. Mean differences (95% CI) between the top and bottom quintiles (Q5
versus Q1) were often of a sizeable magnitude (i.e., equivalent to the MDI or greater),
ranging from -1.34 (-2.55, -0.13) to -3.54 (-4.90, -2.18) kg/m? for BMI and -3.48 (-6.69,
-0.27) to -10.54 (-13.93, -7.16) cm for waist circumference. The observed differences
were largest by alpha and smallest by sitting time. Only sitting time, prolonged sitting
time, and alpha showed significant associations with HDL-cholesterol and
triglycerides. These observed differences were also sizeable, ranging 0.14-0.15
mmol/L (HDL-cholesterol) and 0.20-0.29 mmol/L triglycerides. Associations of the
other sitting accumulation measures with HDL-cholesterol and triglycerides were also
beneficial in direction, but weaker and non-significant. No significant associations

were observed with LDL cholesterol.

Table 5.3 shows the results for blood pressure and glucose. All associations
with blood pressure and HbAlc were small (i.e., less than the MDI) and not
statistically significant. Only alpha showed a statistically significant association with
FPG; a small difference favoring patterns with more interrupted sitting (-0.20, 95% CI:
-0.36, -0.04 mmol/L for Q5 versus Q1) was observed. Significantly lower PLG was
observed with less sitting time (-0.50, 95% CI: -0.85, -0.14 mmol/L for Q5 versus Q1)

and higher alpha (-0.64, 95% CI: -1.00, -0.29 mmol/L for Q5 versus Q1).
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None of the associations reported in Tables 5.2 and 5.3 differed by age or
gender at p<0.001 (Supplemental Table 5.4). Mostly, the associations reported in
Tables 5.2 and 5.3 were only partially attenuated by statistical adjustment for MVPA
(Supplemental Tables 5.5 and 5.6). Complete loss of significance was observed only

for associations of usual bout duration with adiposity, and of sitting time with PLG.
Effect modification by usual bout duration

Usual sitting bout duration significantly modified associations of sitting time
with HDL-cholesterol (p=0.005), triglycerides (p=0.03), and PLG (p=0.04)
(Supplemental Table 5.7). In all instances, sitting time showed associations with
biomarkers that were more strongly detrimental the longer at a time that sitting time
was usually accumulated (Figure 5.2). For example, at an average usual bout
duration (26.2 minutes), each hour per day spent sitting was associated with 0.04
(95% CI: 0.03, 0.06) mmol/L lower HDL cholesterol (Figure 5.2). By contrast, this
lowering of HDL cholesterol with each hour per day spent sitting was 0.03 (95% CI:
0.01, 0.04) mmol/L with sitting time usually accumulated in very short bouts and 0.07
(95% CI: 0.04, 0.09) mmol/L with sitting time usually accumulated in very long bouts

(Figure 5.2).
DISCUSSION

This study evaluated sedentary accumulation in relation to cardio-metabolic
biomarkers in a large, general population sample of adults. To our knowledge, this
study is among the first to examine this topic with accurate measures of sitting
accumulation.*®° Many of the previous findings concerning sedentary accumulation
that had been established with low-validity measures were corroborated. Although

sitting many times per day and accumulating sitting time in long bouts were both
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relevant in terms of how much sitting time adults ultimately accrued, additional time
spent sitting did not appear to be the only relevant correlate of prolonged

accumulation patterns.

The only other study of which the authors are aware that has tested
associations of patterns with adult cardiometabolic biomarker outcomes using high-
quality measures of sitting patterns was the Maastricht Study.%” Adjusting only for
confounders, not competing time uses, the authors found that sitting patterns
(measured as breaks, number of 230 min sitting bouts and average sitting bout
duration) had statistically significant associations with both metabolic syndrome and
glucose metabolism status (normal, impaired fasting glucose/impaired glucose
tolerance, type 2 diabetes mellitus). Effects typically indicated the healthiest
participants had the most interrupted sedentary patterns though associations were
not significant with all of the pattern measures. A meta-analysis of associations
between adiposity and sedentary accumulation patterns concluded that there is
“some certainty” that more interrupted patterns (specifically, more breaks in sedentary
time) are significantly associated with lower BMI and, with less certainty, smaller
waist circumference.? These same associations were present using our three
indicators of sitting accumulation patterns. Previously, a review had concluded there
was “some evidence” that sedentary accumulation patterns are associated with
triglycerides and there was “inconclusive evidence” of an association with HDL-
cholesterol.** Our findings were in favor of an association with both cardio-metabolic
biomarkers. Consistent with prior studies,'® we did not observe significant
associations of sitting accumulation patterns with LDL cholesterol. The null results for

HbAlc were consistent with the typically null results in the extant literature!®®® and
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our null results for blood pressure did not conflict with prior results, which are
mixed.16:98:128.140 Degpite the potential biases in previous findings, our findings with
high-quality measures did not contradict any of the previous conclusions regarding

these biomarkers.

The greatest dissimilarity between our findings and the extant literature based
on observational studies was for glucose metabolism. In most — but not all 16128 —
previous cross-sectional research, significant associations of sedentary accumulation
patterns with FPG and PLG have not been observed.** Notably, our findings were
dependent on the accumulation measure employed; both these associations were
detected only with alpha. Similarly, in the Maastricht study, associations with glucose
metabolism were not significant for “breaks” as a measure but were significant for
average bout duration and number of prolonged bouts.'®’ It is possible that different
indicators of accumulation patterns may have different capabilities to detect true
effects, and different susceptibilities to unmeasured confounders. Alternatively, our

findings could be an aberration or the result of multiple hypothesis testing.

Though the adjustment or non-adjustment for MVPA is a contentious issue on
both epidemiologic and statistical grounds,®4! it did not appear to strongly affect
what conclusions were drawn in our study concerning sedentary accumulation
patterns. Adjustment for MVPA (not a procedure we advocate in general) led to only
partial attenuation of results — seldom to complete loss of statistical significance. The
limited degree of attenuation also suggests that the beneficial associations with
cardio-metabolic biomarkers that we observed for our sitting-related exposures are
likely to involve mechanisms other than those induced by, or operating through,

additional MVPA. By contrast, causation more generally, particularly as concerns
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adiposity, remains unresolved and is important to establish in further research with
longitudinal and/or experimental designs. Many of our findings could be explained by
heavier bodyweight inducing individuals to transition between postures less

frequently.

The present study provides some evidence to support prolonged sitting as a
specific target of sedentary reduction messages. Waist circumference, BMI, HDL
cholesterol and triglycerides were significantly associated with sitting time and
prolonged sitting time. PLG was further significantly associated with total sitting time.
Although effect sizes for these outcomes were similar when examining sitting and
prolonged sitting, rather than suggesting all types of sitting are the same, this likely
reflects the problems in examining only one subtype of sitting in isolation. Comparing
participants according to their sitting accumulation patterns consistently showed
greater differences between the top and bottom quintiles than either sitting or
prolonged sitting time, especially by the alpha measure. Crucially, the longer at a time
participants accumulated their sitting, the stronger the effects of each hour per day of
sitting time on several biomarkers (HDL cholesterol, triglycerides and PLG). This is
consistent with the previous research that has aimed to examine or compare short
and long sedentary bouts,®% but has been limited by the reliance on low-quality
measures and other analytic issues, including the somewhat arbitrary divisions
between short and long bouts. Though generally supportive that being sedentary for
longer periods at a time may magnify the health risks of sedentary time, more
research is needed to develop specific recommendations, such as how long is too

long to be sitting without taking a break.
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Measurement quality of the exposure variables was a key study strength. The
exposure variables were measured over a requested 7-days, which is sufficient to
produce reliable measures of total sedentary time over a 3-year period.’ That said, to
date, no studies have assessed the degree to which measures from a 7-day
sedentary accumulation pattern measurement protocol reflect longer-term patterns of
behavior and our results should be interpreted in consideration of this potential
limitation. Future studies should consider longer measurement protocols. Key
limitations were the cross-sectional design, which makes results subject to reverse-
causality bias (e.g., cardiovascular disease, diabetes, and/or BMI could cause
prolonged patterns of sitting accumulation), and the sample size, which was not
chosen a priori and sometimes provided insufficient precision as indicated by the 95%
confidence intervals of some associations that were not statistically significant
containing effects of a magnitude 2 MDls. The sample, though covering a broad
cross-section of Australian adults, was not population representative, with loss to
follow-up prior to this third wave of data collection, and some biases in the
subsampling and subsample participation,® with potential consequences both to
internal and external validity. Residual confounding may exist from unmeasured
variables and variables measured with error (e.g., educational status was not current
as at 2011/12). Many hypotheses were tested, and some results could be spurious.
Of all the findings, the most caution is warranted concerning glucose — the literature
has mixed findings and our results varied depending on the measure and statistical
adjustment choices. In general, the internal consistency within this study in the
direction of the associations and the similarity between our findings and those of

other studies suggest that most of our findings are sound.
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This study adds important, robust evidence to a growing body of research
supporting that in addition to high volumes of time spent sitting, the manner in which
sitting time is accumulated has relevance for key areas of cardiovascular and
metabolic health — lipid metabolism, glucose metabolism, and adiposity. Evidence
concerning causation for long-term effects, such as from longitudinal and/or long-term

intervention studies, is needed.

Chapter 5, in full, has been published in PLOS ONE. Bellettiere, John;
Winkler, Elisabeth A.H.; Chastin, Sebastien F.M.; Kerr, Jacqueline; Owen, Neville;
Dunstan, David W.; Healy, Genevieve N. (2017) Associations of sitting accumulation
patterns with cardio-metabolic risk biomarkers in Australian adults. PLoS ONE 12(6):

€0180119. John Bellettiere was the primary investigator and author of this material.
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Table 5.1 Selected sociodemographic, medical, cardio-metabolic, and sitting-
related characteristics of the final analytic sample, (AusDiab 2011-12; n=678).

Age, years 57.8(9.8)
Men, n(%) 297 (45)
Ethnicity, n(%)
Australia/New Zealand (Non-Indigenous) 550 (81)
Australia/New Zealand (Aboriginal/Torres Strait Islander) 4 (1)
Other English speaking 75 (11)
South Europe 8 (1)
Other Europe 19 (3)
Asia 18 (3)
Other 4 (1)
Family history of diabetes, n(%) 191 (28)
Prior cardiovascular disease diagnosis?, n(%) 41 (6)
Body Mass Index, kg/m2 27.4 (4.9)
Waist circumference, cm 93 (13.7)
Systolic blood pressure, mmHg 126.3 (17.3)
Diastolic blood pressure, mmHg 72.7 (10.5)
Fasting blood glucose, mmol/L 5.3(0.73)
HbA1c (IFCC), mmol/L 5.6 (0.35)
High-density lipoprotein cholesterol, mmol/L 1.6 (0.41)
Low-density lipoprotein cholesterol, mmol/L 3.0(0.82)
Triglycerides, mmol/L 1.3 (0.66)
2-hour postload plasma glucose, mmol/L° 5.6 (2.02)
Daily sitting time®f, h/day 8.8(1.7)
Time in sedentary bouts >30 minutes f, h/day 4.0(1.6)
Sit-stand transitions?, n/day 54.1 (14.5)
Usual bout duration (min) 26.2 (8.9)
Alphag 1.3 (0.039)
Moderate to Vigorous Physical Activity®f, h/day 1.2 (0.4)

Abbreviations: IFCC, International Federation of Clinical Chemistry and Laboratory Medicine

Table reports mean (standard deviation) or n(%); means, standard deviations, and % are corrected for
the complex sampling design using linearized variance estimation. Results are for the analytic sample
that was obtained using complete case analysis.

@ Heart attack, stroke or angina.

b 2-hr postload plasma glucose data were missing from 39 participants.

¢ Variables standardized to device wear time using the residuals method.

4 Variable standardized to daily sitting time using the residuals method.

¢ Measured via activPAL as "stepping" equivalent to > 3 METs.

fEstimates are similar to those previously reported in Healy et al. Eur Heart J. 2015, differing slightly
due to small differences in inclusion criteria.

& Alpha is a unitless measure of sitting accumulation ranging from 1.22 to 1.51. Higher values indicate
accumulation patterns with relatively more interrupted sitting than prolonged sitting.
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participant.
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Table 5.2 Associations and all potential covariates, of sitting and prolonged
sitting time, and sitting accumulation with measures of adiposity and lipid
metabolism in Australian adults aged 36 to 80 (AusDiab 2011-12; n=678).
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Table 5.3 Associations of sitting and prolonged sitting time, and sitting
accumulation with measures of blood pressure and glucose control in
Australian adults aged 36 to 80 (AusDiab 2011-12; n=678?%)
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Figure 5.2 Cross-sectional associations of each hour of daily sitting time with
(a) HDL-cholesterol, (b) triglycerides, and (c) PLG glucose by how long at atime
the sitting was usually accumulated. Solid lines indicate the estimated association
between total sitting time and each biomarker with the dashed lines indicating 95% confidence
intervals.
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Supplemental Table 5.1 List of all variables considered or adjusted for as
potential confounders in multivariable models.
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Model

Potential covariates considered or adjusted in final analyses

Considered for all outcomes

Age (as continuous [years] or categorical [35-44 years; 45-54 years; 55-64 years; 65-74 years; >75 years))
Gender (male/female)

Menopausal status (post-menopausal/going through menopause/pre-menopausal/not applicable
[male])

Contraceptive pill use (yes/no/not applicable [male])

Blood pressure tablets (yes/no)

Cholesterol tablets (yes/no)

Diabetes medication (yes/no)

Ethnicity (Australian or New Zealand/Other English speaking/Other)

Present occupation or previous if not working (managers or professionals/technical & trade or community
& personal service/clerical & administrative or sales/machinery operator & driver or laborer/never worked
orunknown)

Annual household income before tax (< $30k/$30 to < $60k/560k to < 100k/> $100k/refused or don't
know or missing)

Employment status (full time/part time/retired/other not working/missing)

Fiber intake (g/day)

Fat, %E

Saturatedfat, %E

Alcoholintake (g/day)

Sodlium intake (mg/day)

Potassium intake (mg/day)

Fruit and vegetable serves (serves/day)

Body massindex (kg/m?)

age category, gender, blood pressure tablets, cholesterol tablets, depression score category, diabetes
medications, fat intake, energy-adjusted fiber intake

Waist circumference (cm)

age category, gender, blood pressure tablets, cholesterol tablets, depression score category, diabetes
medication, height, employment status, saturated fat intake, energy intake, alcohol intake, sodiumintake

(Sﬁ&cg?lood pressre age, gender/menopausal status, blood pressure tablets, main lifetime occupation, diabetes medication

Diastolic blood pressure age category, gender, blood pressure tablets, ethnicity, main lifetime occupation, family history of diabetes,

(mmHg) ownership of current residence, height, saturated fat intake, energy intake, alcohol intake, sodium intake

Fasting glucose (mmol/L) age, gender/menopausal status, cholesterol tablets, main lifetime occupation, diabetes medication,
housing type, sodium intake, calcium intake

HbAx (%) age, gender/ menopausal status, blood pressure tablets, cholesterol tablets, depression score category,
main lifetime occupation, diabetes medication, housing type, height, employment status, alcohol intake,
fruitand vegetable intake

Total cholesterol (mmol/L) age category, gender/menopausal status, cholesterol tablets, ethnicity, diabetes medication, saturated fat
intake, alcoholintake

HDL cholesterol (mmol/L) age category, gender/menopausal status, cholesterol tablets, smoking, housing type, main lifetime
occupation, history of CVD, alcohol intake

LDL cholesterol (mmol/L) age category, gender/menopausal status, cholesterol tablets, ethnicity, saturated fat, energy-adjusted fiber

intake

Trighycerides (mmol/L)

age category, gender/menopausal status, cholesterol tablets, smoking, depression score category,
ownership of current residence, income category, fruit and vegetable intake

2-hour post load glucose
(mmol/L)

age, gender, ethnicity, smoking, married or defacto, family history of diabetes, housing type, height, calcium
intake
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Supplemental Table 5.3 Sociodemographic, behavioral, medical,
cardiometabolic, and sitting-related characteristics of the final analytic sample,
Australia, 2011/12.
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Final analytic sample

(n=678)
Socio-demographic
Age, years 57.8 (9.8)
Age category, n(%)
35-44 years 68 (10)
45-54 years 191 (28)
55-64 years 238 (35)
65-74 years 142 (21)
>75 years 39 (6)
Men, n(%) 297 (45)
Height, cm 169.4 (8.9)
Ethnicity, n(%)
Australia/New Zealand 554 (82)
Other English speaking 75 (11)
Other non-English speaking 49 (7)
Married/defacto, n(%) 524 (78)
Employment status, n(%)
Full time 254 (37)
Part time 148 (22)
Retired 200 (30)
Other/not working/missing 76 (11)
Occupation (current or previous if retired or not currently working)
n(%)
Managers/Professionals 282 (42)
Technical & Trade/Community & Personal service 85 (13)
Clerical & Administrative/Sales 159 (23)
Machinery operator & driver/Laborer 45 (6)
Never worked/Unknown 107 (16)
Housing (house), n(%) 619 (92)
Owns residence (yes), n(%) 602 (89)
Annual household income before taxes, n(%)
< $30k 92 (14)
$30k to <$60k 161 (24)
$60k to <100k 145 (22)
>= $100k 241 (36)
refused/don’t know/missing 39 (5)
Behavioral
Dietary intake
Fat, %E 34.8(5.2)
Saturated fat, %E 13.8(2.8)
Energy intake, MJ/day 7621.9 (2937.4)
Fiber intake, g/day 21.4 (8.8)
Total alcohol, g/day 13.5(17.2)

Sodium, g/day

Potassium, g/day

Calcium, mg/day

Fruit and vegetables, serves/day

2296.7 (377.4)

2859.2 (926.2)

904.7 (326.2)
3.6 (1.5)
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Supplemental Table 5.3 Sociodemographic, behavioral, medical,
cardiometabolic, and sitting-related characteristics of the final analytic sample,
Australia, 2011/12, Continued.

Final analytic sample

(n=678)

Smoking status, n(%)*

Never smoker 383 (56)

Ex-smoker 247 (37)

Current smoker 48 (7)
Medical
Family history of diabetes, n(%) 191 (28)
Diabetes medications, n(%) 32 (5)
Blood pressure tablets, n(%) 69 (10)
Cholesterol tablets, n(%) 131 (20)
Oral contraceptives, n(%)

Not applicable (male) 297 (45)

No 143 (22)

Yes 221 (33)
Prior CVD diagnosis ¢, n(%) 41 (6)
Menopause, n(%)

Post-menopausal 219 (32)

Going through menopause 58 (8)

Pre-menopausal 104 (15)

Not applicable (male) 297 (45)
Cardio-metabolic biomarkers
Body Mass Index, kg/m? 27.4 (4.9)
Waist circumference, cm 93 (13.7)
Systolic blood pressure, mmHg 126.3 (17.3)
Diastolic blood pressure, mmHg 72.7 (10.5)
Fasting blood glucose, mmol/L 5.3(0.73)
HbAc (IFCC), mmol/L 5.6 (0.35)
HDL cholesterol, mmol/L 1.6 (0.41)
LDL cholesterol, mmol/L 3(0.82)
Triglycerides, mmol/L 1.3 (0.66)
2-hr postload plasma glucose, mmol/L 5.6 (2.02)
Sitting time and sitting accumulation
Total sitting time?, h/day 8.8 (1.7)
Prolonged sitting time 2, h/day 4(1.6)
Sit-stand transitions®, n/day 54.1 (14.5)
Usual bout duration, min 26.2 (8.9)
Alpha 1.3 (0.039)
Moderate to vigorous physical activity®, h/day 1.2 (0.4)

Table reports mean (standard deviation) or n(%) for categorical variables where means, standard
deviations, and % are corrected for the complex sampling design using linearized variance
estimation.

2 Variables adjusted for device wear time using the residuals method.

b Variable adjusted for daily sitting time using the residuals method.

¢ Measured via activPAL as "stepping" equivalent to > 3 METs.
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Supplemental Table 5.5 Mean differences between Quartile 1 and Quartiles 2 -5
for measures of adiposity and lipids by quintiles of sitting, prolonged sitting,
sit-stand transitions, usual bout duration, and alpha after additional
adjustment for MVPA; AusDiab (2011-12), n=678.
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Supplemental Table 5.6 Mean differences between Quartile 1 and Quartiles 2 - 5
for blood pressure and measures of glucose control by quintiles of sitting,
prolonged sitting, sit-stand transitions, usual bout duration, and alpha after
additional adjustment for MVPA; AusDiab (2011-12), n=678.
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a) Frequency distribution of sitting bout duration b) Cumulative distribution of sitting bout duration c) Temporal distribution of sitting bouts
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1. Anumber of sitting bouts of varying durations add 3. The midpoint (50%) of the cumulative 4. Breaks in sitting time are the non-sitting
up to total volume of sitting time as illustrated on distribution (above) that accompanies the periods between each sitting bout, shown
the frequency distribution (above). Total volume of frequency distribution is what we have above. The number of breaks is approximately
time spent sitting in bouts 230 minutes is a portion termed usual bout duration, and has been equal to the number of sitting bouts, and so
of this total volume of sitting time. referred to as w50 or x50. It was calculated requires correction for volume of sitting time to
2. The parameter alpha summarizes this distribution. by non-linear regression estimating the reflect the interruption of a fixed amount of
The higher the value of alpha, the steeper the slope. following sigmoidal curve function;, sitting time.
Alpha was estimated by maximum likelihood y= #, where t = sitting bout duration 5. Anumber of aspects of sedentary patterns
-1 o S .
methodsasd = 1 +n lz;':l in=L] " wheren= (min], n=a free parameter, x50 = usual bout visible in the temporal patterning are not
" tmin ‘ . . . captured by these pattern measures, e.g.,
number of sitting bouts, t = bout duration (min) and duration {min), and y=the proportion of - -
" i B . when sitting occurs (morning/evening, or
£, = ShOrtest bout recorded by the monitor. sitting time accumulated in bouts <t relative to meals)

Refarences: Chastin SE4, GGGALM*. Methods for objective measure, quantification and analysis of secentary Bellaut and inactivity. Gan Posture. 20104); 82-6. dol:10.1016/].gaitpost 2009.09.002
Chastin SEM, Winkler € A. H.. G4 EG, Gardiner P A_, Dunstan Qi¢. Owen N, at al ¥ to change derwed 1 sedentary behavior. Jg4s, BV EG BARGR Scl. 201505 138-167. dol:10.1080/1091367%.2015. 1050552

Supplemental Figure 5.1 Distributions of sitting bouts shown for one
participant over a seven-day measurement period.



Chapter 6: Conclusion
While evidence is mounting that sedentary behavior is associated with
cardiovascular disease (CVD) and diabetes, few studies have tested associations
among older adults, the segment of the US population that is most sedentary and has

the highest risk for CVD and diabetes.?’#7#2 Furthermore, much of the existing

evidence stems from self-reported measures of sedentary time, which often capture
only one sedentary behavior (television watching) or are based on recall of hours
spent sitting in a usual day. Measures based on recall of time spent sitting have low
correlations with measures derived from accelerometer data, potentially leading to
biased estimates. Chapters 2 through 4 examine associations of sedentary time with
CVD and diabetes among adults with an average age of 80 years using measures
derived from accelerometer data, which are not subject to the same errors as

measures derived from self-report.
Total sedentary time, cardiovascular disease, and diabetes

The first study (Chapter 2) showed that, after adjustment for several
covariates, increased CVD risk associated with higher levels of sedentary time (an
association previously observed in younger adults®**) was present among OPACH
women who range in age from 63 to 99 years. The associations followed a linear
dose-response pattern, with higher CVD risk associated with higher sedentary time
across the sedentary time distribution. For CVD events, linear associations persisted
after adjustment for body mass index (BMI), were slightly attenuated after adjustment
for moderate to vigorous physical activity (MVPA) leading to a marginally-significant
p-for-trend (p=.05), and were more strongly attenuated following adjustment for CVD

risk biomarkers suggesting at least partial mediation by these factors (i.e., serum
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fasting glucose, triglycerides, HDL-cholesterol, and systolic blood pressure; Table
6.1). For coronary heart disease (CHD) events, linear associations persisted after
adjustment for BMI, MVPA, and CVD-risk biomarkers. Tests for effect modification
revealed that associations of sedentary time with CVD and CHD events did not differ
between women with high and low levels of MVPA (high and low values were
determined using the median split of daily MVPA estimates). These results combined
with persistent linear associations after adjustment for MVPA suggest that higher
levels of sedentary time are related to incident CVD and CHD through mechanisms

that are not fully explained by MVPA.

It is noteworthy that associations between sedentary time and CHD were
attenuated by adjustment for CVD-risk biomarkers, but remained strong and
statistically significant, suggesting that higher sedentary time may increase risk for
CHD through evoking changes in traditional risk factors, but that other mechanisms
are also at play. Some research suggests that higher CVD risk may result from
damaged vascular structure that occurs both directly from high levels of sedentary
time and through reduced blood flow and reduced shear rate that are associated with
high sedentary time.”#142143 QOther proposed mechanisms include increased
inflammation and oxidative stress.” Further investigation of these potential
mechanisms using intervention and epidemiologic studies are needed as there is little
data available from prospective studies conducted “in the wild” and the intermediaries

could serve as intervention targets.

Chapter 3 extends previous findings (that high levels of sedentary time are
related to prevalent diabetes®387:88) to older adults. The study showed that the

increased relative odds associated with 1 hour of sedentary time were similar in our
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cohort of women aged 79+7 (odds ratio (OR) =1.19; 95% confidence interval (Cl) =
1.13-1.30) than for men and women of younger ages.1%61%7.144 The magnitude and
statistical significance of higher odds of diabetes associated with higher sedentary
time were similar in women with high and low MVPA (using a median split), in women
<80 years and 280 years, in obese and non-obese women, among those with high
and low physical functioning (using a median split), across racial/ethnic groups
(White, Black, and Hispanic), and among women with and without a family history of

diabetes, suggesting a high degree of generalizability.

Analyses of incident diabetes (Chapter 4) revealed that family history of
diabetes was a significant effect modifier of associations between sedentary time and
now-onset diabetes and results were therefore presented stratified by this
characteristic. Among those with a family history, the 25% of women with the highest
sedentary time had 2.4 times higher risk for diabetes than the 25% of women with the
lowest sedentary time. The 2.4 times higher diabetes risk associated with higher
sedentary time was not attenuated by adjustment for BMI or MVPA, though the linear
trend was only marginally statistically significant after adjustment for MVPA (p=0.06).
Taken together, however, the results suggest that for woman with a family history of
diabetes, risk for diabetes was higher with higher levels of sedentary behavior
independent of BMI and MVPA. Contrary to expectations, significant associations
between sedentary time and incident diabetes among women without a family history

of diabetes were not observed.

Family history of diabetes is a crude indicator of genetic predisposition for the
disease. Accordingly, our results could reflect a gene-behavior interaction where

sedentary time is associated with incident diabetes only among women with high
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gene-related risk for the disease. Consistent evidence is available that adults with a
family history of diabetes have a 2-fold higher risk for diabetes and the increased risk
is up to 5-fold when both parents have the condition.'*> However, evidence of gene-
lifestyle interactions with respect to diabetes is mixed, perhaps because the genetic
component of type 2 diabetes is still poorly understood. In a post-hoc analysis of the
Diabetes Prevention Program, 10 single nucleotide polymorphisms (SNPs) were
examined as effect modifiers of the lifestyle intervention that definitively improved
insulin functioning, on average, in adults at high risk for diabetes. None of the SNPs
were associated with insulin resistance or secretion, and just one SNP, in the
CDKN2A/B loci, had a trend toward modifying the lifestyle intervention.?? Similar
findings were observed in a cohort study among 8,600 Swedish adults with the same
genotype.'*® These findings motivate that gene-behavior interactions could play an
important role in diabetes etiology, but no diabetes studies specifically exploring
gene-sedentary behavior interactions have been conducted yet.

Family history of diabetes is also a marker for shared environmental
exposures, which play an important role in the diabetes epidemic as evidenced by the
rapid rise in new-onset diabetes coincident in time with increasing over-nutrition,
increasing sedentary behavior, and decreasing physical activity. As one example, it
is possible that increased risk of diabetes associated with sedentary behavior could
vary by shared familial dietary patterns that differ between FH+ and FH- women.
Exploration of environment explanations for the observed sedentary time-family
history interaction are needed. Type 1 error could also explain the observed
interaction, as it was discovered during routine data analysis and was not

hypothesized a priory. Accordingly, interpretation of these results should be made
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with caution, especially considering (1) that among OPACH women, sedentary
behavior increased the odds of prevalent diabetes irrespective of family history and
(2) no previous study has reported similar effect modification. Given that follow-up
time was relatively short (2-4 years) in this study, another possible explanation is that
women with family history of diabetes experienced increased rates of incident
diabetes rapidly due to their genetic risk, but that longer term follow-up could reveal
associations among women without family history. Replication of the differential risk
associated with high levels of sedentary time among women with and without a family
history of diabetes is needed, including in prospective studies with longer follow-up.
Table 6.1 summarizes the results related to total sedentary time from
Chapters 2 through 4. Overall, sedentary behavior had strong relations with CVD and
diabetes with women in the highest quartile of sedentary time having a nearly 2 times
the risk for CHD and (among women with a family history of diabetes) diabetes
compared to women in the lowest quartile of sedentary time. The difference between
those in the highest and lowest sedentary time was as little as 2 hours per day, which
is a reasonable duration of time to target in interventions. The observed associations
were independent of several covariates commonly controlled for, in addition to MVPA
and physical function, meaning that sedentary time may be an important modifiable

risk factor associated with two of the most burdensome chronic diseases on Earth.
Sedentary accumulation patterns, cardiovascular disease, and diabetes

Evidence has been emerging that the way in which sedentary time is
accumulated (sedentary accumulation patterns) has acute effects on postprandial
glucose control and lipid metabolism, but these findings have not yet been tested in

relation to clinical outcomes such as diabetes. Chapters 3 through 5 showed that
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prolonged sedentary accumulation patterns (vs. interrupted patterns) were
significantly associated with higher rates of prevalent and incident diabetes and were
deleteriously associated with biomarkers of obesity, glucose metabolism, and lipid
metabolism. Of the three accumulation pattern metrics used in this study, alpha
tended to have the largest effect sizes and was consistently more robust to

multivariable adjustment, especially adjustment for accelerometer-measured MVPA.

As was found in the only other study of accumulation patterns and diabetes,
our results indicated that the number of breaks in sedentary time per day was not
significantly related to diabetes. We also observed among Australian adults that more
breaks in sedentary time were associated with lower BMI and lower waist
circumference, but not significantly associated with any other cardio-metabolic
biomarkers. These observations are largely in agreement with the extant
epidemiologic literature which shows consistent associations between breaks and
obesity and mixed results for associations with other biomarkers.'2'* The overall
evidence, including results from this dissertation, suggests that while the frequency of
breaks may not be relevant for diabetes risk, the strategic disbursement of breaks
throughout long sedentary bouts would improve alpha and usual bout durations, and
therefore may reduce diabetes risk. Intervention studies are needed to test this

hypothesis.

It is important to note that among the older women (aged 79+7 years) studied
in Chapters 2 through 4, sedentary time and sedentary accumulation patterns were
highly correlated and therefore could reflect similar behavior patterns. The high
correlations prohibited formal testing for joint effects, which would better characterize

how the two exposures together associate with cardio-metabolic health. Among the
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Australian adults (aged 58+10 years) studied in Chapter 5, correlations between
sedentary time and sedentary accumulation patterns were notably weaker, possibly
due to the different ages of participants, or more likely due to differences in
measurement devices used (ActiGraph vs. activPAL) and/or the wear location of the
devices (hip vs. thigh). The lower correlations enabled analyses of joint associations
which showed that both sedentary time and usual bout duration were jointly related to
key diabetes-related biomarkers (2-hr post-load glucose, triglycerides, and HDL
cholesterol) in that high levels of sedentary time were more strongly (detrimentally)
associated with biomarkers when accumulated in longer sedentary bouts. This joint
relation is the first epidemiologic evidence that suggests both total sedentary time and

the way in which it is accumulated are relevant to diabetes.
Future directions

Most of the studies in this dissertation relied on data from hip-worn
accelerometers that, once processed using commonly used techniques,*! provided
objective measures of sedentary time and the way in which it was accumulated.
There is evidence that the resulting measures of breaks in sedentary time have low
accuracy, 19 potentially leading measurement error in all accumulation pattern
metrics used in Chapters 2 through 4. Future studies are needed to characterize the
measurement properties of accumulation pattern metrics that are computed using hip-

worn and thigh-worn accelerometers.

The results in this study were similar to those reported in studies relying on
self-reported TV time, but were less similar to results from studies relying on self-
reported total sitting time.323* There is mounting evidence that self-reported

sedentary behavior poorly estimates accelerometer measures with most correlations
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ranging between 0.12 and 0.33; furthermore, in all reported cases, the bias and/or
variability of estimates was systematically related to sedentary time.>%2-%° These
systematically inaccurate measures of self-reported sedentary behavior indicate that
previous associations of self-reported sedentary time with CVD and diabetes,
especially estimates of dose-response relationships,** may be differentially biased.
Summarizing and quantifying the measurement error in self-reported sitting time is an
important first step toward understanding the potential bias in previous estimates.
Concurrently, analyses of sedentary behavior in relation to CVD and diabetes risk
should be replicated using accelerometer measured sedentary time, as was done in

this dissertation.

High correlations between sedentary time and sedentary accumulation pattern
metrics in studies using OPACH data prevented investigations of joint relations
between the two sedentary behavior-related exposures, which may jointly increase
risk of diabetes as shown in Chapter 5. Improved measures of accumulation patterns
metrics, such as those computed using data from activPAL accelerometers, may
reduce the linear relation between exposures and enable studies of joint effects. Itis
also possible that adults in the highest age groups with the most prolonged
accumulation patterns, even when accurately measured, also have the highest
sedentary times. Further work is needed to characterize the joint relation between
sedentary time and accumulation patterns and to examine how the two exposures are

related to diabetes.

As technology advances, improved measures of sedentary behavior will be
available that will help increase the accuracy of point estimates of associations of

sedentary time and sedentary accumulation patterns with diabetes and CVD. Using
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improved measures, randomized trials are needed to confirm the results of this
dissertation that CVD and diabetes risk is related to sedentary time and sedentary
accumulation patterns. Furthermore, long-term trials that test whether reducing
sedentary time and/or improving accumulation patterns can reduce incident diabetes

and cardiovascular disease are needed.
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Table 6.1 Summary of associations of sedentary time with cardiovascular
disease and diabetes; OPACH (2012-2016)

Quartile 1 vs. . L .
. . Linear associations persist after
Outcome quartile 4 ratio and adiustment for-
95% Cl y ‘
BMI, . .
diabetes, CVD risk bio- MVPA
. markers
hypertension
CVD events, HR 1.44 (1.05-1.98) yes no no®
CHD events, HR 2.19 (1.09-4.40) yes yes yes
Prevalent diabetes, OR 1.96 (1.59-2.42) yes n/a yes
Incident diabetes, HR
Without family history 1.08 (0.67-1.73) no n/a no
With family history 2.38 (1.20-4.74) yes n/a no¢

Abbreviations: Cl = confidence interval; BMI = body mass index; CVD = cardiovascular disease;
CHD = coronary heart disease; MVPA = moderate to vigorous physical activity; HR = hazard
ratio; OR = odds ratio; n/a = not applicable

2 Linear trend was assessed using covariate-adjusted models by including sedentary time as a
continuous variable. Linear associations were said to persist after adjustment for additional
covariates if the p-value for sedentary time was < 0.05 after including additional covariates to
the confounder-adjusted model.

® The p-value was .054 after adjustment for MVPA
¢ The p-value was .056 after adjustment for MVPA
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